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Summary

Carbon nanotubes are nano-sized tubular allotropes of carbon and have a technological poten-
tial in many applications such as field emitters, field effect transistors, filters, interconnects,
sensors, displays, solar cell technology and flexible electronics. Among the various production
methods, chemical vapor deposition (CVD) growth of carbon nanotubes (CNTs) is nowadays
regarded as one of the most promising for CNT growth. This process allows a high degree of
control over the resulting growth and morphology by tailoring the catalyst that adsorbs and
dissociates the carbonaceous gas.

For several specific applications, localized growth of carbon nanotube structures and in partic-
ular laser-assisted CVD (LACVD) has recently emerged as a promising technique for growing
CNTs on selected places and sensitive substrates. Using a laser to locally heat the substrate
offers a fast, highly versatile process compatible with a broader range of substrates that can
have various shapes or temperature-sensitive elements already attached to them. However, for
laser-assisted CVD (LACVD) growth of CNTs, detailed process information, such as tempera-
ture evolution and process monitoring over time are lacking, due to the nature of the localized
process, and requires solutions for better control and optimization.

In this thesis, the investigation and optimization of a laser-assisted chemical vapor deposition
method for carbon nanotube growth is reported. A closed-loop control mechanism is developed
to precisely monitor and control the laser-assisted chemical vapor deposition process. Several
optical sensors are used to monitor and collect in situ information about the growth. These
signals are used in the feedback control and as a first approximation of growth kinetics.

For more precise control of gas flow conditions and composition, essential for studying growth
kinetics, a miniaturized reactor chamber has been designed. This chamber ensures a precise
control of the gas flow and composition at the laser-growth site by producing a laminar flow
of process gases over the substrate.

To further optimize the process, carbon nanotube growth kinetics is investigated. This allows
for the determination of activation energy as a function of experimental parameters such
as partial pressures and flow rates. A model has been developed, introducing four different
regimes that are linked to the quality and structure of carbon nanotube growth. For these
regimes, different activation energies were found, ranging from 0.3 to 0.8 eV.

Finally, as a proof of the versatility of the process several potential applications are demon-
strated. A forest of aligned carbon nanotubes is transferred into a polymeric layer by simple
spin-coating and release techniques. This could potentially be used as interconnects in flexible
electronics. As a second illustration, the localized growth of carbon nanotube structures is
performed inside a sealed glass micro-channel with potential applications in integrated sensors.
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Summary

The growth of a line of nanotubes was performed as well, showing the ability to make com-
plex structures of aligned nanotubes without the need for pre-patterning the surface. Lastly,
a demonstration of growth inside a narrow enclosure confirms the ability to grow nanotube
structures in the vicinity of other components or devices.

Overall, this thesis contributes not only to the understanding and optimization of LACVD for
CNT growth, but also provides new insights on CNT growth kinetics in general as well as their
potential applications.
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Chapter 1 |

Introduction to laser-assisted growth of
carbon nanotubes

Laser-assisted chemical vapor deposition (LACVD) is an attractive mask-less process for locally
growing carbon nanotubes at selected places on substrates that may contain temperature-
sensitive components. This chapter gives a comprehensive overview of the reported research
with respect to laser-assisted CVD. Advantages and disadvantages of local growth using laser
sources are discussed, with a focus on structural quality and properties such as length, position,
alignment and process controllability. After a brief introduction, this chapter is divided into
three parts. The first part deals with the influence that the three main parameters for nanotube
growth - gas, catalyst and thermal energy - have on the growth of carbon nanotubes by laser-
assisted synthesis. The second part describes various approaches to control different aspects
of local nanotube growth using a laser-assisted growth method. This literature review covers
the state-of-the-art of the technique up until present. In other words, the work described in
this thesis is done in parallel to some results described in this chapter. Finally, the objectives
of this thesis are outlined.

Part of this chapter has been submitted for publication in

Y. van de Burgt, Laser-assisted growth of carbon nanotubes - a review, submitted (2014).[1]
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Chapter 1 Introduction to laser-assisted growth of carbon nanotubes

1.1 A brief introduction on carbon nanotubes

The element carbon that constitutes carbon nanotubes (CNTs) is abundantly present on earth
and is crucial for all organic life. Carbon owes its special properties and its ability to bond
to its electronic configuration. It can "hybridize" one electron from the fully filled 2s shell,
promoting it to the 2p shell. This results in the ability to form two different types of bonds,
the σ-bond and the π-bond allowing a great variety of chemical structures and bonds.

Carbon nanotubes are nano-sized tubular carbon allotropes and can best be viewed as "rolled-
up" sheets of graphene, single layer sp2 hybridized carbon. Generally, two types of CNTs are
considered, single-walled CNTs and multi-walled CNTs, where the latter consists of two or
more concentric tubes. CNTs can either be metallic or semi-conducting depending on their
crystallographic structure. The structure is determined by the chirality of the CNTs, which
depends on the way the graphene sheet is rolled up. This is schematically shown in Figure 1.1
where the chirality is determined by a combined vector C = na1 + ma2. Here a1 and a2 are
the lattice parameters shown in Figure 1.1 and n and m are integers.

As shown in Table 1.1, the chirality vector C determines the electronic properties.

Table 1.1: Electronic properties of carbon nanotubes

Type Property
Arm-chair metallic

Zig-zag
metallic if n = 3j
semi-conducting if n 6= 3j

Chiral
metallic if n − m = 3j
semi-conducting if n − m 6= 3j

The hybridization necessary to form the planar bonds in carbon nanotubes is schematically
shown in Figure 1.2.

zig-zag (n,0)

armchair (n,n)

a1

a2

T

C = na1 + ma2

(c) Schematic representation of the chirality vector on
a graphene sheet .

Zig-zag (n,0) Arm-chair (n,n) Chiral (n,m)

(d) Schematic represenation of three different
types of single-walled carbon nanotubes

Figure 1.1: Chirality of carbon nanotubes.
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Section 1.1 A brief introduction on carbon nanotubes

+ +

1 2s 3 2p 1 2p3 sp2 120° in plane

Figure 1.2: Schematic representation of sp2 hybridized orbitals.

Because of this particular crystallographic structure, CNTs can exhibit extraordinary thermal,
electronic and mechanical properties,[8–11] of which a few are listed in Table 1.2.

Table 1.2: Properties of carbon nanotubes

Morphological Electronic

Nanometer size Semiconducting or metallic
High aspect ratio (up to 107) Ballistic conductor
High specific surface area High current density (109 A/cm2)
Hollow

Thermal Mechanical

High thermal conductivity (> 3000 W/mK) Flexible (SWNT) or (relatively) stiff (MWNT)
High Young’s Modulus (∼ 1 TPa)
High tensile strength (∼ 150 GPa)

Those excellent electronic and mechanical properties make them ideal candidates for a wide
variety of applications[12, 13] such as field effect transistors and logic operators,[14–17] field emit-
ters,[18–20] displays,[21] sensors,[22, 23] flexible electronics,[24]filters,[25–27] interconnects,[28] scan-
ning probe microscopy tips,[29] solar cell technology,[30] and computers.[31]

A prerequisite for most of these applications is the ability to control the CNT crystallographic
structure and length. Often this means that aligned CNTs must be grown with specific prop-
erties tailored to the particular application. Furthermore, the ability to grow CNT structures
locally can be advantageous. For instance, local grown CNTs can act as transistors, field
emitters, sensors, and interconnects.

The synthesis of CNTs is highly dependent on the process parameters such as temperature,
process gases, potential catalyst, substrate and time. The nature of the localized process
makes it difficult to control some of the process parameters, most importantly temperature, in
direct-growth processes. In order to obtain specific localized nanotube structures the process
must to be controlled. This thesis focuses on a specific method for local growth of CNTs,
laser-assisted chemical vapor deposition (LACVD).

Although many groups have published research regarding process control and optimization,
temperature uniformity, in situ growth measurements, fast temperature response etc. in
LACVD for CNT growth, an overview of all the different parameters influencing the syn-
thesis and control of this method is still lacking. Many process parameters are available which
makes it difficult to compare results. In this chapter, the aim is to fill this gap by providing a
comprehensive overview that combines the results of previous papers in a systematic manner.
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Chapter 1 Introduction to laser-assisted growth of carbon nanotubes

The main problems with process control and disadvantages of the technique are used as a
starting point, where the solutions published are summarized and put into a logical order.

First a brief history is given with respect to general carbon nanotube growth methods that
were developed initially. From here, with the focus of this chapter on controlled growth, the
different chemical vapor deposition techniques are discussed and their main (dis-)advantages
mentioned. Combinations of several techniques are presented, trying to use and combine
advantages of the techniques. Other methods for local growth of CNTs are presented and
laser-assisted CVD in general is explained.

The remaining part of the chapter is divided into a literature review and the outline of this
dissertation. The first part summarizes the unique results regarding the structure, quality and
type of CNTs specific for laser growth, with respect to the three main elements of CNT growth
by (laser-assisted) CVD: Catalyst and substrate, process gases and thermal energy. The second
part treats the research and solutions published with respect to enhancing the control over
the process. An overview of attempts and successes to control specific properties, geometry,
location and quality as well as techniques used to in situ monitor the growth are presented.
Next, a brief overview of applications of CNTs specifically fabricated using laser-assisted CVD
is given. Finally, the motivation and outline for this thesis are presented. Note that some of
the results presented in this chapter were done in parallel to our own work as the literature
review covers work until present day.

1.1.1 Chemical vapor deposition

Chemical vapor deposition is essentially a thin film deposition technique. The method relies
on chemical reaction at the surface which results in crystal growth of the pre-cursor gas.
In Figure 1.3 an example is schematically shown which shows the deposition of SiO2. A
heated substrate initiates the chemical reaction SiH4 + O2 → SiO2 + H2 which results in the
controlled deposition of a thin layer of SiO2.

1.1.2 Methods of carbon nanotube production

Before Iijima’s pioneering work in 1991,[32] it was already known since the late 1950’s that
carbon filaments or fibers could be catalytically grown using a chemical vapor deposition
method (CVD).[33–35] Already in 1976 Oberlin et al. proposed a method for the catalytic
decomposition of benzene on iron filaments.[36] However, the first reported research declaring
the growth of CNTs, did not use CVD but instead involved an arc-discharge method.[32] This
process comprises a high current between two graphite electrodes. The CNTs were found in the
soot of the graphite electrode and yielded both multi-wall[32](MWNTs) as well as single-wall
CNTs (SWNTs) in a follow-up study.[37] The disadvantage of this method is that the CNTs are
arbitrarily ordered and not aligned, making the method less suitable for many applications that
require a certain structure and/or position on a substrate. Also, the temperatures involved in
this process are very high, typically in the order of 3000 - 4000◦C.

Following up on this discovery, a group at Rice University used their laser evaporation method,
originally designed to produce metallofullerenes, to successfully grow MWNTs in 1995.[38]

Later that year, the same group added metallic nano-particles to produce single-wall CNTs.[39]
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Section 1.1 A brief introduction on carbon nanotubes

O2

SiH4
(a) Convection

Heated substrate

(b) Adsorption

(c) Reaction

(d) Desorption

(e) Surface di!usion
(f ) Film growth

(g) Exhaust

Figure 1.3: Schematic example of chemical vapor deposition of SiO2 from SiH4 and O2. (a)
convection drives the precursor gas to the heated substrate. (b) Adsorption of the
precursor molecules to the substrate. (c) Reaction of the precursor (d) Desorption
of the unused molecules. (e) Surface diffusion to position with minimal Gibbs Free
Energy. (f) Crystal film growth.

The laser evaporation method is a relatively expensive method but has the advantage that
high quality[40] SWNTs can easily be grown by controlling the reaction temperature.

Chemical vapor deposition for CNT growth

Producing carbon nanotubes by the CVD method is now adopted as the most widely used
process. This method comprises a pressure controlled chamber where a hydrocarbon gas
is catalytically decomposed on a metal catalyst at a temperature of about 500 - 1200◦C.
Ultimately, the growth of CNTs by CVD requires three main elements, namely energy, mostly
in the form of an elevated temperature, a carbon feedstock gas, and a catalyst.[41, 42] The
influence of all three components has been studied widely. The first report of CNTs grown by
the CVD method was already in 1993.[43] In 1996 Li et al. developed a method to grow aligned
CNTs using iron nanoparticles as catalyst.[44] The popularity of CVD over other methods is
mainly because the technique uses relatively low synthesis temperatures, compared to the laser
ablation and arc-discharge techniques. Because the diameter and, to some extent, the chirality
of the nanotubes are dependent on the catalyst diameter or film thickness,[45–49] the properties
of the growth product are highly controllable. Also the ability to grown aligned CNTs is
favorable since many applications such as Field Effect Transistors and interconnect applications
require alignment of the grown CNTs. Optimizing the advantages of the technique, a number
of other CVD techniques for the growth of CNTs, such as plasma-enhanced CVD,[50, 51] aerosol-
assisted CVD[52] and fluidized-bed CVD,[53, 54] were developed in the years thereafter.

Combinations of different growth techniques were developed as well. For instance, Kanzow
et al. developed a method which combined the laser vaporization method with CVD to
grow MWNTs.[55] The laser was used for producing the catalytic nano-particles whereas the
substrate was heated as in conventional CVD. Grobert et al. used a similar method, where the
laser was used only to deposit a thin metal catalyst film and aligned carbon nanotube bundles
were grown from solid organic precursors.[56] The group of Rümmeli and Löffler developed
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Chapter 1 Introduction to laser-assisted growth of carbon nanotubes

both a method comprising a laser-assisted CVD with solid carbon as feedstock rather than a
gas[57] as well as a laser ablation process combined with CVD.[58]

Another possible advantage of a combined CVD process was discovered by Maehashi et al.[59]

They developed a method to remove particular CNTs through selective absorption of the
exciting laser wavelength only by specific nanotubes after growing by thermal CVD. Similar
methods were reported later, by using a Free Electron Laser during growth to control the
chirality of the grown CNTs[60] and laser induced selective removal of metallic nanotubes.[61]

Although CVD is the most widely used method to grow CNTs, the technique also has a
number of limitations. Firstly, the process requires a catalyst which generally remains in either
the top or the root of the nanotube. This reduced purity can be a problem with respect
to the properties of the CNT as well as specific applications. Second, the relatively low
synthesis temperature decreases the structural quality of CNTs and results in a lower degree
of graphitization. Nonetheless, CVD is still considered the most promising method to grow
controlled nanotube structures for many applications and it has also been suggested that
SWNTs grown by the CVD method have less inferior properties than MWNTs.

Although not sufficient for optimal structural properties of the CNTs , the process temperatures
are still relatively high, typically above 500◦C.[62] In both a hot-wall reactor as well as a cold-wall
reactor the complete substrate is therefore heated to these high temperatures, which makes
it impossible to apply the technique to substrates and/or features that cannot withstand
these temperatures. This can be problematic when the CNTs are to be implemented in a
manufacturing line or product that has temperature sensitive features. A transfer step is then
necessary, introducing more complexity and higher costs to the production line. Local CNT
growth with localized heating would be a solution to this problem.

1.1.3 Methods of local growth of carbon nanotubes

Local growth of CNTs can be obtained by the localization of one of the three main components
required for CNT synthesis: catalyst, feedstock gas and thermal energy.

The catalyst can be localized by depositing it locally,[63] or by creating a pattern through
removing part of the catalyst layer. Usually this is done by an extra and expensive lithographic
step.[19, 64–66] Localization of the carbon feedstock gas has been demonstrated[67] but this is a
process difficult to control.

The most promising method for localization of the CNT growth is to confine the required
thermal energy to the area where the growth has to take place. A number of researchers
have used micro-resistive heaters[68–72] to induce the heat locally. Some groups succeeded
in growing local CNT structures on CMOS-compatible metal electrodes[66] and heaters.[71, 72]

Sosnowchik et al. used micro-induction to induce locally the thermal energy necessary for the
CNT synthesis.[73] A comprehensive overview of these and other techniques to localize heat
for the growth of local nanotube structures is given in a review paper by Sosnowchik et al.[74]

This thesis focusses on locally induced heat by a laser source. That means that CNT structures
are grown with a chemical vapor deposition process, but only at locations where the laser
provides the necessary thermal energy to reach the CNT synthesis temperature. Using a
laser as the heat source has the advantage that it is much more flexible than the approaches
mentioned above, since the laser can be focused virtually anywhere on the substrate. Also this
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(e)(e)
Ceramic
Chip Holder

Induction
Coil

Growth
Chip

Quartz
Tube

1 µm

(f)

(a)

Induction
Heating Initiated

Induction
Heating Ended

Approximate Temperature vs. Time

0

200

400

600

800

1000

0 10 20 30 40 50 60 70

Time (second)

T
e
m
p
e
ra
tu
re

(C
)

(c)

TemperaturePro le

10 20 30 40
X Pixel

10

20

40

30

899C

927C

954C

982C
(b)

2 µm

(d)

Figure 1.4: Experimental setup for CNT synthesis. (a) Schematic overview of the CNT synthesis
chamber, chip holder, and induction heating coil. (b) Thermal profile of inductively
heated silicon chip. (c) Estimated temperature profile for a one-minute test. Synthesis
has been demonstrated for (d) CNTs, (e) zinc oxide nanowires, and (f) titanium dioxide
nanoswords. Reprinted with permission from.[74] Copyright 2010, AIP Publishing LLC

.

approach does not require the difficult fabrication and integration of micro-heaters near the
growth side. The downside of this technique is the difficult process controllability. Table 1.3
lists several different properties, advantages and disadvantages and process parameters of
LACVD compared to conventional thermal CVD.

Considering the three main requirements for CNT growth: catalyst and substrate, process
gases and thermal energy, the physics of laser-assisted CNT synthesis is different from conven-
tional growth methods. For instance, catalyst reduction and structuring were found to be able
to be created in situ without a pre-treatment step in an inert environment. The synthesis gas
can be influenced by the laser wavelength and the temperature created on the substrate by the
Gaussian laser beam clearly has a very different profile than the flat and uniform temperature
profile of a conventional hot-wall CVD apparatus. These and other parameters influencing
growth are discussed in section 1.2. The control of the CNT synthesis using LACVD thus
requires a different approach. The combination of non-contact local laser heating with fast
temperature response and a non-uniform temperature distribution resulted in a variety of solu-
tions to enhance controllability over the process. The enhanced versatility of the process over
conventional growth methods, i.e. growing on small structures and writing lines and patterns
or single tubes across a certain geometry, resulted in some creative and unique opportunities.
This is discussed in section 1.3 with focus on process control. To understand the physics of
the process, first the laser-assisted CVD process in general is briefly discussed.

1.1.4 General laser-assisted CVD

Laser-assisted or laser-induced CVD for the decomposition of a certain precursor can be di-
vided into two categories: photochemical-, or -photothermal LACVD.[75] Both processes are
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Chapter 1 Introduction to laser-assisted growth of carbon nanotubes

Table 1.3: Comparison of different properties and process parameters between laser-assisted CVD
and conventional CVD for carbon nanotube growth.

LACVD CVD

Localized growth Complete substrate growth

– Temperature sensitive components /
substrates

– Versatile process

– Writing patterns

– Direction control

– High quantity growth of CNTs

– Necessity for pre-patterning

Fast heating / temperature response Low heating rate
– Catalyst structuring and activation in

situ

– Catalyst pre-patterning step

Direct, in situ measurement of growth (type,
length, and/or quality)

Indirect in situ measurement of growth (type,
length, and/or quality)

Non-uniform temperature distribution Uniform temperature distribution (hot wall)
No direct control of temperature Temperature set
Small amount of CNTs Large amount of CNTs

– Fast response to changes in environ-
ment

– High inertial environment

schematically depicted in Figure 1.5. The first process, photochemical (or photolytic) LACVD
is based on the decomposition of a precursor gas by selective excitation and breaking of the
molecular bonds, typically with lasers in the visible or UV range, such as gas or excimer lasers.
The result is that the decomposition takes place in the total laser-gas interaction volume.
Generally, this process is used for thin film deposition at relatively low temperatures making
the process ideal for the growth on temperature sensitive materials.[76] Photochemical LACVD
has also been proposed for the production of microstructures[77] but the results did not yield
well-defined deposits as a result of diffusion of the excited molecules.[78] Photolytic deposition
of metal-carbonyls (such as Fe(CO)5) is a more widely used process for the deposition of thin
metal films, with laser radiation wavelength typically below 350 nm. Other examples are the
deposition of thin CrO2 layers with UV lasers, requiring low deposition temperatures due to
its metastable state and boron carbide films, using a CO2 laser.[76]

The second process, photothermal (or pyrolytic) LACVD is based on the thermal activation
of the precursor by the laser beam. The process was developed in 1972 and among the first
reports of this technique were the deposition of silicon by an infrared CO2 laser[76] and the
deposition of carbon using the visible radiation of an Argon ion laser.[79] Pyrolytic LACVD often
requires high temperatures but enables the deposition of halogen compounds, hydrocarbons
and silanes.[75] This process solely uses the laser for heating the substrate on which the
precursor material is then deposited. The material is only deposited where the temperature is
high enough. Since laser beams generally provide a Gaussian distribution of irradiance on the
focus spot, the feature size of the deposit can be smaller than the spot-size of the focused
laser beam as long as the required temperature is only reached in a certain part of the center
of the spot.[80] To obtain the smallest structural features, usually excimer lasers with Argon
(193 nm) or Krypton (222 nm or 248 nm) are used due to their short wavelengths. Some
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Figure 1.5: Schematic for both laser-assisted chemical vapor deposition techniques: pyrolytic and
photolyitic.

LACVD processes consist of a combination of both of the previous processes where one of
the two can dominate the deposition rate over the other. This combined process is called
photophysical LACVD.

1.2 Parameters influencing carbon nanotube growth by

localized laser heating

When comparing laser-assisted synthesis of CNTs with a conventional CVD growth method,
the main difference is the localized heat provided onto the substrate. However, with this core
difference other aspects of the process are influenced as well. Actually, all three main elements
of the growth process are changed to a certain degree opening up new opportunities and
remarkable results as well as imposing several problems. When comparing LACVD with other
techniques, the resulting growth is assessed on structural and morphological quality of the
carbon nanotubes. Raman spectroscopy is generally used to quantitatively assess the quality
of the CNTs.[81, 82] At the same time, the type of nanotubes (single-walled or multi-walled),
alignment and growth direction can be viewed as a specific qualitative comparison between
the different growth techniques.

The first reported research[83] on laser-assisted CNT growth showed the possibility of growing
local CNT structures using a laser as the heat source. These reports also gave a first impression
of the changed influence of process parameters on the resulting growth. Catalyst formation
on the substrate, influence of gas and gas flows and temperature distribution are among the
parameters that are fundamentally changed. Also the laser source used in the process, its
wavelength, irradiance and whether it is a continuous-wave (CW) or pulsed laser, can have a
noticeable effect on the resulting growth. In Figure 1.6 a general schematic of laser-assisted
growth for carbon nanotubes is given, demonstrating several variations. The laser source,
providing the thermal energy necessary for CNT synthesis, can either be directed onto the
substrate from the top side or the bottom side. The substrate is usually placed on a stage and
can contain the catalyst, although catalyst precursors delivered through gas phase are possible
as well. Several sensors, such as a pyrometer or in situ Raman spectroscopy can be used to
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Figure 1.6: General schematic for a laser-assisted chemical vapor deposition setup including the
laser source, gas input, substrate and catalyst, stage and sensors. Between brackets
some variations or options are shown. The inset shows the two variations of CNT
growth, base-growth (left) and tip-growth (right).

monitor the process. The inset of the figure shows the two growth methods, common for CVD
growth, base-growth and tip-growth.

In what follows, the influence that the three main elements for nanotube growth, - catalyst and
substrate, gas, and thermal energy - have on the growth of carbon nanotubes by laser-assisted
synthesis is described.

1.2.1 Catalyst and substrate

The laser heating allowed for a different method of catalyst deposition and preparation. In
conventional CVD it is common to have a catalyst preparation step, prior to the growth, which
can take up to tens of minutes. In this step the temperature is gradually ramped to the desired
growth temperature in an inert gas, usually Nitrogen. In laser-assisted CVD this step can be
much faster and even done in situ. Alexandrescu et al. were the first to report on this.[83] A
CO2 laser with a maximum power of 100 W was directed onto a silicon substrate. The catalyst
precursor that was used was iron-pentacarbonyl gas, Fe(CO)5, which was formed in situ on
the substrate as iron nano-particles, by heating the substrate as well as the gas (photophysical
heating). The authors reported straight, curved and branched multi-wall as well as single-
wall CNTs and evidently showed the possibility of growing different types of CNTs using this
method. By depositing and forming the catalyst directly from the gas state onto the substrate,
they also proved the possibility of a fast in situ catalyst preparation step. Following their first
report, the same authors then optimized the process by reducing the supply of catalyst and
feedstock gas and investigated the separation of the catalyst deposition process from the CNT
growth process.[84] Both the co-deposition process as well as the two-step process resulted
in high quality CNTs but only with the co-deposition process a dense aligned MWNT film
was obtained, see Figure 1.7. Further, the nanotube diameters that were obtained by the co-
deposition process were found to be considerably smaller than those obtained by the two-step
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Figure 1.7: SEM images of a carbon nanotube film synthesized in a two-step experiment (left)
and SEM image of a densely packed aligned MWNT film. Reprinted with permission
from.[84] Copyright 2002, American Vacuum Society.

process which was attributed to smaller catalyst nano-particles in the case of co-deposition.[84]

This was explained by the fact that nanotube nucleation starts when the nano-particles reach
a critical diameter instead of the nano-particles having their diameters determined by the
duration of the preparation step.

Apart from the catalyst, the substrate and sub-catalyst layer beneath the catalyst also influence
the resulting growth. This is a result of the change in surface energy and wetting properties
of the catalyst[85] as well as the different heat distribution through the sub-catalyst layer
and substrate.[86, 87] On top of that, transparency of the substrate for certain wavelengths
is another property that significantly influences the growth method that can be used. The
most commonly used substrate is silicon, although fused silica,[86–88] graphite and grafoil[89]

and porous Al2O3 membranes[90, 91] were also used in combination with laser-assisted growth.
Shi et al. synthesized suspended multi-wall (650◦C) as well as single-wall (770◦C) nanotubes
on inverse opal templates of silicon covered with a NiFe catalyst.[92]

By using a substrate transparent for the laser wavelength, Chen et al. were able to grow
nanotubes from the backside of the substrate.[86] However, the problem arose of how to
efficiently heat up the very thin catalyst layer. As a solution, Chen et al. proposed using a
light absorbing layer to support the catalyst. Their laser-assisted CVD process used a low
power diode laser operating at 808 nm as the heat source. The glass substrate used was
transparent to the laser wavelength and a layer of either carbon black, or commercial graphite
inner coating was used to absorb the laser light. Chen et al. succeeded in growing arrays
of well-aligned multi-wall CNTs. Park et al. used a quartz substrate in combination with a
focused green (frequency-doubled) Nd:YVO4 laser and used a combination of chromium and
an aluminum buffer layer to absorb the laser light.[87]

The sub-catalyst layer co-determines the properties of the catalyst particles.[85] Oxides such as
alumina (Al2O3) or silicon-oxide (SiO2) are the most commonly used sub-catalyst layers and
they both prevent strong wetting of the metal catalyst ensuring the proper catalyst morphology
while enhancing charge transport through catalyst and support.[41] The presence of the sub-
catalyst layer also narrows the size distribution of the catalyst.[62] The complex interactions
that play a role in these mechanisms are not yet completely understood and as such also the
role of local photo-physical heating by laser irradiance is not clear. The influence of the laser-
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induced photons on the reactions, as well as the induced temperature gradient on temperature
sensitive chemical reactions might not be neglected. At the same time, a reduction of these
stable oxides by thermal energy under hydrogen atmosphere is not expected.[85]

1.2.2 Gas

Gas supply plays a significant role in the nanotube formation process. The binding energy of
the carbon-containing gas typically determines the absorption rate of the gas on the catalyst
and therefore indirectly influences the growth rate. Hydrogen, ammonia and inert carrier
gases influence the growth as well, by co-determining chemical and thermodynamic process
parameters.[62] On top of that, the precursor gases can influence the catalyst reduction and
re-structuring,[93] effectively determining the CNT growth.

For some laser-assisted CVD growth the photo-chemical heating of gases should also be con-
sidered. Ethylene has a resonant absorption at the CO2 laser wavelength of 10.6µm. This
effect was used to co-heat iron-pentacarbonyl gas, Fe(CO)5 and decompose this catalyst on
the substrate[83] although follow-up research has shown that the mere thermal heating of the
substrate provides sufficient energy for iron catalyst nano-particles to form. In contrast, in
thermal CVD, particularly at low temperatures, it is suggested that the pre-heating of the
process gases can be useful to improve and enhance the growth process.[94, 95]

A few studies have been done linking the CNT quality to gas concentration for laser-assisted
growth. Rohmund et al. reported that high quality CNTs were only obtained when a signif-
icantly reduced acetylene concentration was used in the co-deposition process, with respect
to their two-step process.[84] The result was a high quality dense MWNT film and this was
explained by a decreased growth rate. A lower carbon supply rate results in a lower growth
rate and thus a lower defect formation at the same temperature.

Conversely, Bondi et al. reported on more and denser tubes with increasing acetylene concen-
tration.[89] However, the growth took place in a statically filled chamber with no flow. The
authors argued that a sufficiently large reaction-chamber ensured that the feedstock gas was
not consumed during the experiment since the laser heating only resulted in a small amount
of CNT growth. However, the authors did not measure the quality of the nanotubes, only the
amount and the density.

Morjan et al. investigated the influence of acetylene and ethylene precursor gas on LACVD
growth. The authors reported that their experiments did not lead to any CNT growth by
only using ethylene as a feedstock gas which was consistent with their previous work.[84, 96]

The higher bonding energy of ethylene with respect to acetylene was given as an explana-
tion,[97] implying that the activation energy of the process is much higher, requiring higher
temperatures to initiate growth. Consistent with thermal chemical vapor deposition,[98] an
increase in ethylene concentration in laser-assisted CVD was found to increase the mean CNT
diameter and the diameter size distribution to become broader,[97] see Figure 1.8. At high
temperatures, ethylene gas can decompose thermally resulting in more amorphous carbon de-
position. This effect is larger when the ethylene gas is directly heated in the gas phase by the
laser as well, which can explain the lower quality and larger diameter CNTs at higher ethylene
concentration.[96, 97]
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Figure 1.8: SEM images of as-grown CNT films with increasing ethylene flow rates (up to bottom
direction) and their respective diameter distributions (on the right side of each image).
Reprinted from[97] with permission from Elsevier.

Some addition of ammonia-gas is commonly used to improve the growth by ensuring the
presence of nucleation sites on the catalyst[96] and preventing the formation of amorphous
carbon.[65] It can also be used to reduce the oxidized catalyst and remove amorphous carbon.
However, in combination with laser-assisted growth, too high concentrations of ammonia were
found to decrease the quality of the CNTs.[96] This was likely a result of the low absorption
of ammonia gas at the laser wavelength causing cooling effects.

Very high temperature gradients around the laser hot spot can also introduce local turbulences
in the local gas supply. Particularly if the growth takes place in a chamber with steady-
state pressure and gases, without a forced flow of process gases, turbulence or uncontrolled
convection and local undersupply of carbon precursor might become a problem. However to
date no systematic studies exist supporting this statement. Sufficient carbon feedstock supply
to the hot spot is necessary to ensure stable growth, although Bondi et al. argued that in the
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Figure 1.9: (a) Schematic of the different carbon growth regions observed on the substrate after
laser heating. SEM image of (b) dense packed carbon nanotube material, (c) scat-
tered carbon nanotubes, (d) a region covered with a thin layer of ultra-dense carbon
nanotubes and (e) a thin layer of pyrolytic carbon covering the substrate and catalyst
particles. Reprinted from[99] with permission from Elsevier.

case of laser-assisted growth in a static chamber, the consumption of acetylene gas is so small
that no noticeable depletion is occurring.[89]

A specific example of exploiting the localized nature of laser-assisted growth combined with
local gas control is given by the open-air apparatus of Kwok et al.[99] Their approach was
to separate the process gasses from the surrounding by generating different flows around the
substrate. With this method the authors were able to grow MWNTs on a quartz substrate in
a controlled manner without the need for a vacuum chamber. A Schematic and results are
shown in Figure 1.9.

As a final note, high flow rates directed onto the heated surface could also lead to temperature
drops as a result of additional cooling effects. This effect is largest with high thermally
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conducting gases such as hydrogen and helium and was found to significantly affect process
conditions in a thermal CVD setup.[100] Therefore it is likely that this effect will be larger with
smaller heated surfaces, as is the case with laser-assisted growth. To overcome this problem,
temperature control can be implemented which will be discussed in subsection 1.3.1.

1.2.3 Thermal energy

One of the main advantages of using a laser as the heat source is that very high heating
rates are achieved and the catalyst activation process is much faster. The whole process is
therefore much faster. This is a direct result of the local concentrated photo-physical heating
of the substrate. Using a CO2 laser in combination with ethylene gas, this can even be further
enhanced by exploiting the laser absorption at the substrate-gas interface.[97]

On the other hand, lasers have the disadvantage of introducing a non-uniform temperature
distribution over the heated spot. This effect can be stronger for more tightly focused spots,
due to the thermal conduction over the substrate. This is caused by the Gaussian distribution
of the laser beam and often requires solutions to the heat dissipation over and through the
substrate. The grown CNTs can therefore differ in type, quality and amount throughout the
laser-affected zone. This was first shown by Fujiware et al.[101] The authors used an Ar-ion
laser focused to a spot with a diameter of 5 - 40µm as the heat source. Similar to the laser
intensity profile, the resulting temperature profile had a Gaussian distribution as well. The
corresponding growth resulted in the absence of CNTs in the center of the laser spot, where
the temperature was too high, and SWNTs around the edges of the spot. By reducing the
power of the laser beam the authors succeeded in achieving growth over the complete focused
laser spot. However, as expected, there was a variance in nanotube size, quality and type over
the radius of the spot.

Kasuya et al. proposed a solution to the problem of the non-homogeneous temperature
distribution.[102] Their solution also tackled the problem of the heat dissipation through the
highly thermally conductive silicon substrate that is often used. Because of the conductive
silicon, a focused beam can result in a very flat temperature distribution much larger than
the spot-size. To overcome these problems the group proposed to use a substrate with an
"energy confining layer".[102] This layer consists of a 100 nm thick chromium layer to absorb
the Nd:YAG laser source and a heat insulation layer of SiO2 with a thickness of 1.5µm,
see Figure 1.10. Using this layer, they successfully confined the heat into the area of laser
irradiation which resulted in a rapid, 1 second, localized synthesis of SWNTs.

Similarly, in the research of Park et al. the chromium layer between the transparent quartz
substrate and nickel catalyst acted as the light and heat absorbing layer while the aluminum
buffer layer contributed to the uniformity of the growth, as shown in Figure 1.11.[87] By using
iron as a catalyst Park et al. also succeeded in growing MWNT pillars[103] and by using a
modified catalyst deposition process high density SWNTs were grown as well.[104]

Another solution to the problem of non-uniform temperature distribution could be to use beam-
shaping or profiling. This technique has been successfully demonstrated in laser curing[105] and
requires the inverse of the temperature distribution as an input in the beam profiler. A few
examples are flat-top laser beams or donut shaped intensity profiles. To date, no research with
laser-assisted growth of CNTs with these beam profiles has been presented.
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Figure 1.10: Schematic of the laser-assisted CVD synthesis of SWNTs on a multilayer substrate
with the Energy Confining Layer as proposed by Kasuya et al.[102] Copyright 2007
The Japan Society of Applied Physics.

Figure 1.11: Illustration of the direct laser writing of CNTs using the proposed LCVD method on
multiple catalyst (Ni/Al/Cr) layers. Reprinted from[87] with permission from Elsevier.

From a global point of view, thermal energy can be provided by any type of heat source.
However, different energy sources can also influence the kinetics of the heating process differ-
ently. In fact, the laser type and wavelength could influence the resulting growth. Apart from
the most commonly used CO2 lasers, a wide variety of different laser sources have been re-
ported to grow CNT structures, such as Ar-ion lasers,[90, 91, 101, 106] Nd:Yag lasers,[102, 107] diode
lasers,[2, 3, 6, 86, 108] Nd:YVO4 lasers[87, 103, 104] and a solid state laser.[88] These reported laser
sources all are continuous-wave (CW) lasers where the beam irradiates the substrate continu-
ously for a certain duration. In 2008 Liu et al. reported for the first time CNT growth using
a high-power pulsed-laser source instead of the conventional continues-wave lasers.[109] The
reason for doing so was to be able to investigate kinetics of nucleation and growth of CNTs.
Using a pulsed Nd:YAG laser, Liu et al. grew exclusively SWNTs with estimated growth rates
between 10 and 100µm/s and a minimum nucleation time of 0.1 seconds. Similarly, Uchida
et al. used a pulsed Nd:YAG laser to grow SWNTs as well but combined this with resistive
heating of the substrate.[110]

A special case arises when a laser is used with a frequency equal to the resonance frequency
of the catalyst nano-particles. The surface plasmon resonance effect of metal nanoparticles
is the basis for the plasmon-assisted CVD process.[111] The laser-light is efficiently converted
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into heat inside the particles. In the research of Cao et al.[112] and Hung et al.[113] a low-power
532 nm CW-laser is used to locally induce the surface plasmon reaction on nano-particles. As
a result, these particles are quickly heated to an elevated temperature, allowing the synthesis
of CNTs on nickel[112] and gold particles.[113] Formally, the method described does not fit the
laser-assisted CVD methods; nevertheless it can be argued that it is in fact a CVD process
using a low-power focused laser to stimulate the growth of CNTs. Actually, using this method
it has been demonstrated that local growth occurred only there, where the laser beam was
focused and a metal nano-particle was present, with even better confined heat distribution than
in other laser-assisted CVD processes. As a result the growth of CNTs on an SU-8 polymer
substrate was demonstrated.[113]

1.2.4 Summary of parameters influencing carbon nanotube growth

Laser-assisted heating significantly influences the process parameters in CNT growth. The
rapid heating allows for a fast in situ preparation and deposition of the catalyst without the
need for a pre-treatment in an inert environment, while the substrate characteristics result in
a number of interesting applications such as direct local growth initiated from the bottom.
Although focused laser spots tend to induce a widened and non-uniform temperature distri-
bution, a number of solutions were proposed involving different, less thermally conductive,
substrates and energy confining layers. However, the resulting CNT growth might still vary
over the radius of the heated area, and beam profiling could limit these effects.

The process gases and their partial pressure and flow rates significantly influence the growth,
morphology and structural quality of CNTs. Similarly to thermal CVD, this is a result of the
binding energies that determine dissociation and absorption rates. For laser-assisted growth
however, ethylene and ammonia gas can be influenced by co-heating of the gas phase as a
result of the CO2 wavelength absorbance of these gases, although it seems that the co-heating
has no or a negative influence on the growth. The general influence of gas on growth kinetics
in combination with laser-assisted growth has not been investigated widely and systematic
studies are missing.

Also the type of laser that is used directly affects the resulting growth, as the co-heating of
ethylene with a CO2 laser demonstrates. Numerous different lasers have been used where the
power and wavelength generally are most important to the resulting growth. A pulsed-laser
source opens up special possibilities including growth kinetics investigations.

1.3 Process control

This section deals with the different control aspects of the LACVD growth. Using a laser
as the localized heat source introduces difficulties with respect to process control but at
the same time opens up different opportunities with respect to controlling, measuring and
monitoring the CNT growth process in situ. Because of the small area that is heated, the
laser provides an almost instantaneous temperature response, making it much faster and more
flexible in controlling the process than a global heating process. The laser source itself can
also provide information on the process by for instance monitoring the reflection or a scattered
Raman signal. However, the Gaussian distribution of the laser beam results in a non-uniform
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temperature distribution over the laser spot and surrounding, and control over the growth
temperature is therefore not straightforward.

1.3.1 Temperature control

Temperature control is crucial to the control of the carbon nanotube growth. In conventional
CVD systems the temperature control is relatively straightforward. The process consist of
either a tube furnace heating both the furnace and substrate, or a resistive or induction heater
just below the substrate, heating only the substrate.[114] With laser-assisted CVD the control
of temperature is much less straightforward. Generally, not the complete substrate is heated so
using a thermocouple or conducting another physical measurement of temperature within the
laser affected zone is not possible. However, if the locally heated area is large and sufficiently
uniform[83][84][97] or if the thermocouple is close enough,[108] a first approximation of the growth
temperature can be obtained.

Pyrometer controlled temperature

A better option is to use an optical pyrometer to measure the temperature within the laser
spot directly[84, 90, 92, 97, 99, 107, 109, 115–117] if the laser-affected zone is large and uniform enough.
Uniformity is necessary because the relatively small center of the laser spot should not have a
temperature much higher than the overall spot temperature, since that would lead to biased
temperature estimation. A number of different pyrometers are available, measuring in a range
from 0 - 3000 ◦C and a spot diameter of 2 mm and larger. Liu et al. used a pyrometer
in combination with a pulsed Nd:YAG laser source to investigate nanotube nucleation and
growth.[109] The 2 ms temporal and 2 mm spatial resolution of the two-color pyrometer enabled
them to investigate the effect on sample temperature of a 50 ms pulse. The calculated ramping
rate was ∼3.3x104 ◦C/s, as the sample was heated to 900◦C in 25 ms. The pyrometer is
generally used to maintain a certain temperature in the laser spot at the surface but can also
be used as feedback to dynamically change the temperature in time. This was demonstrated
by Mahjouri-Samani et al. by showing the ability to control and dynamically change the local
temperature during growth.[117]

In situ Raman spectroscopy for temperature control

For a more precise control of temperature, an in situ Raman spectroscopy signal can also be
used. This enables the direct measurement of the temperature of the substrate in the laser
spot by measuring the Raman shift of the silicon substrate.[118] The spatial resolution is thus
determined by the optics and ability to focus the Raman excitation laser while the temporal
resolution is depending on the intensity of the Raman intensity. It has also been reported that
Raman shift, peak width, and intensity of the radial breathing mode (RBM) are a function
of temperature.[119] Using these methods Hung et al.[113] and Chiasi et al.[106] were able to
determine in situ the temperature during CNT growth by laser irradiation. This is graphically
shown in Figure 1.12. Bock et al. used the in situ Raman signal for a first approximation of
the temperature.[88] A downside of this technique is the difficult implementation of the Raman
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Figure 1.12: Time variation of the silicon and the G-band peak intensities during the entire laser
heating CVD process. While the silicon peak intensity (b) was almost constant, the
intensity of the G-band (a) appeared after the supply of ethanol gas (at 1 min) and
increased with time. Published under a CC BY-NC-SA license by IOP Publishing
Ltd.[106]

laser source in a growth setup. The high costs of the Raman laser source and setup are also
contributing to the fact that not much research has been published with this technique yet.

Modeling of temperature

Next to the possibility of a direct measurement of temperature, using in situ Raman or ap-
plicable pyrometer, another approach to investigate temperatures involved in the process is
to use finite element method modeling (FEM) to calculate the corresponding temperatures.
This was first demonstrated by Bondi et al. who used a combination of computational fluid
dynamics and finite difference modeling to implement the different heat transport mechanisms
and convective fluid flow around the heated zone.[89] The model also had the ability to include
a scanning laser beam. A thermal camera was used to validate the model by comparing tem-
peratures within the range of that camera. Kasuya et al. used a model without temperature
dependent properties of the materials to investigate the temperature around the laser spot and
as a function of time.[102] In their case the results should be interpreted qualitatively and mainly
provide a first approximation of the rise time for the temperature and the spatial distribution
of temperature around the laser heated spot. Neglecting convection and radiation effects, Cao
et al. used thermal modeling to describe their plasmon resonance process calculating the local
temperature around a nano-particle.[112] The model included a frequency-dependent absorbed
fraction of the laser power, which was highest at the surface plasmon resonance.
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1.3.2 Carbon nanotube diameter control

Since the beginning of CNT research, controlled synthesis has been widely investigated and
many attempts to optimize the growth have been made. Specifically chirality- and diameter-
control is of great importance to be able to fully utilize the exceptional properties of CNTs
in electronics and related fields.[120] The CVD process opened up more control of growth
direction, alignment, location and properties of the nanotubes, using a controllable metal
catalyst as the basis for the growth. Ultimately, the research on CVD for CNT growth led to the
well-known relation between catalyst particle size and diameter of the carbon nanotube.[45–47]

Even a direct relation between deposited catalyst precursor metal film thickness and nanotube
diameter has been reported.[48, 49] Catalyst and morphology thus are an important control
parameter in the controlled growth of nanotubes.

Numerous different catalysts have been studied but nickel, iron, cobalt and their alloys or
compounds appear to be at the basis of most CNT growth. Laser-assisted CVD research shows
a wide variety of catalysts as well. The early reports used iron-pentacarbonyl gas Fe(CO)5 as
catalyst precursor[83, 84, 89, 96, 97] but iron has been reported most.[2, 3, 6, 88, 103, 104, 108, 109, 116] The
control of catalyst morphology allows for a better control of the process, although there has
not been a significant advantage of laser-assisted CVD over other CVD methods with respect
to catalyst morphology control. In fact, the non-uniform temperature distribution most likely
results in non-uniform size distribution of the formed nano-particles and consequently a larger
variety of CNT diameter and chirality. However, the quick temperature response to variations
of the laser intensity allowed Mahjouri-Samani et al. to modulate the SWNT diameter during
growth.[117] The resulting SWNT with changing diameter is shown in Figure 1.13. Also, the
rapid temperature rise characteristic to laser heating could provide an advantage as research
on the formation of nano-particles using laser ablation techniques suggests.[121] Some groups
have exploited laser-assisted growth combined with catalyst size control to better control the
nanotube diameter distribution. For instance, Kwok et al. used gold-palladium nano-particles
that were created in a separate process requiring a preparation step in nitrogen gas.[99] This
enabled them to have greater control over the diameter distribution of the nano-particles.
As expected, they were able to show a relation between the size of the nano-particles and
the nanotube diameter under constant laser radiation. Also Morjan et al. investigated CNT
diameter with respect to process parameters. Well-defined iron-carbon composite nanoparticles
with a narrow particle distribution were used as catalyst for the laser-assisted growth. The
catalysts were produced by a pyrolysis of acetylene, ethylene and iron-pentacarbonyl gas.[122]

Using pre-created catalyst nanoparticles with a narrow diameter distribution allowed for a
greater control over the resulting nanotube diameters.[96, 97] As an explanation for the observed
widening of the nanotube diameter distribution, the tendency for the nano-particles to cluster
has been proposed. This tendency occurs when the substrate and catalyst have a higher
temperature resulting in larger particles.[97] The temperature rises with higher laser energy
but can also be influenced by other process parameters. Bondi et al. also found a relation
between nanotube diameter and process parameters, although they used a gas phase catalyst,
iron-pentacarbonyl.[89] The authors found that a reduction of catalyst precursor gas pressure
resulted in more growth and smaller diameters.

A more effective heating of substrate and catalyst has also been proven to positively affect
the control over diameter distribution. Longtin et al. succeeded in having a greater control
over the diameter distribution by directly heating a laser-annealed nickel catalyst layer, electro-
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Figure 1.13: TEM image of a 2µm long SWNT grown with a descending temperature profile.
The close up views, (1-5), corresponding to the labeled areas of the tube, show
about 0.5 nm variation in the diameter from one end to the other. IOP Publishing.
Reproduced by permission of IOP Publishing. All rights reserved.[117]

chemically deposited within the pores of a porous Al2O3 membrane.[90]

1.3.3 Localization and direction of carbon nanotube growth

One of the major reasons for the popularity of CVD over other CNT growth techniques is
the high controllability over properties, alignment and growth direction of the resulting CNTs.
Yet, control over specific position and direction sometimes proves to be challenging, especially
when integrating the process with other processes and (temperature-) sensitive materials.
The unique nature of laser-assisted CVD growth has been found to show some interesting
solutions to enhance the controllability of the specific position and direction of the grown
CNT structures.

Local aligned growth

Numerous applications require specific alignment of the CNT structures. Particularly vertically
aligned CNT structures are preferred. Rohmund et al. were the first to demonstrate aligned
CNTs using LACVD.[84] They showed films of vertically aligned multi-walled carbon nanotubes
of extremely high packing density. In 2008, Haluska et al. grew vertically aligned single-walled
and multi-walled carbon nanotube forests[108] at this university. Bock et al. reported on radially
aligned multi-walled CNT structures.[88] Also large mats of aligned carbon nanofibers were
reported.[90, 91]

However, laser-assisted CVD opened up the possibility to grow local aligned CNT structures,
with a structural size in the order of the laser spot-size. Chen et al. were the first to show
local aligned CNT structures.[86] The authors reported on well-aligned multi-walled carbon
nanotube arrays on glass, using a back side laser illumination in combination with a carbon
black layer. Park et al. also used back side laser illumination to grow vertically aligned pillars
of MWNTs.[103] The pillars were roughly 4µm in diameter and grew with 1µm/s to a height
of around 60µm, see Figure 1.14

Apart from local vertically aligned growth it can also be useful to align the CNTs in any other
arbitrary direction. It has been known for some time that an electric field can align the CNT
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Figure 1.14: SEM images of position-controlled CNTs produced using LACVD with growth times
of (a) 1 s, (b) 3 s and (c) 15 s. The magnified images show the (d) top, (e) middle
and (f) bottom of the vertically-aligned CNT pillar in (c). (g) Variation of the height
of vertically-aligned CNT pillars with respect to irradiation time. Reproduced by
permission of IOP Publishing. All rights reserved.[103]

growth along the field lines.[123, 124] However, applying an electric field over the growth area is
not easy. Other groups have shown that also a flow of process gasses could be used to align
the nanotube growth in the direction of the flow.[97, 125, 126]

To combine the localized laser-assisted growth process with direction control would even further
enhance the possibilities for future nanotube-based electronic devices. The control of alignment
and direction of CNT growth using LACVD was first demonstrated by Bondi et al. They used
an electric field in combination with H2 gas flow to align the tubes in a certain direction.[89]

The group of Yongfeng Lu investigated the ability to grow suspended aligned CNTs over a
variety of structures and geometries. By exploiting the ability of the laser to heat suspended
structures, smaller than the laser spot-size, they were able to grow (single) CNTs bridging
electrodes or other suspended geometries.[92, 107, 116, 117] They reported on SWNTs bridging
two Mo electrodes using an unfocused as well as a focused CO2 laser in combination with an
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Figure 1.15: SEM micrograph of patterned Mo electrodes. Circle "A" is the typical unfocused 2
mm CO2 laser beam irradiated on the substrate, while circle "B" is the typical focused
laser beam with beam size of 340µm using a 10 cm ZnSe lens. (b) Magnified
electrode pairs inside circle B shown in (a). (c) SEM micrograph of two SWNTs
bridging the electrodes inside circle "C" shown in (b). (d) Raman spectroscopy of
SWNTs shown in (c). (e) I-V curve of the SWNTs shown in (c). Reprinted with
permission from.[107] Copyright 2006, AIP Publishing LLC

electrical field.[107] The field applied was varied between 1 - 1.5 Vµm−1. An Ampere meter
was used to monitor the completion of the bridging, when a current flow was observed. This
typically took around 20 - 30 seconds. The result is shown in Figure 1.15. Following up on
this, the group also reported on the local growth of semi-conducting SWNTs bridging two
Ruthenium electrodes, using optical near-field effects in the laser-assisted CVD process.[116] A
DC voltage of 1 Vµm−1 assisted the self-aligned growth. The growth took place at 550◦C,
considerably lower than commonly reported for LACVD. A recent review article provides a
comprehensive overview of the techniques developed and used in their lab regarding laser-
assisted growth techniques.[127]

Using a focused CO2 laser Ruan et al. grew forests of CNTs directly on small suspended
structures.[128] They succeeded in growing tens of nanometers thick MWNTs on suspended
silicon micro-structures smaller than the laser spot-size using iron as catalyst. Due to the low
thermal mass and heat dissipation of these small structures the authors only required a low
power CO2 laser source.

The plasmon resonance process described by Hung et al. was used to create a method to
control the growth and direction of suspended carbon nanotubes moving the laser in three
dimensions.[113] It is believed that the large temperature gradient generated in the vicinity of
the laser spot was responsible for the direction controlled growth.
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Figure 1.16: SEM images of line-patterned
synthesis of SWNTs by scanning of laser-
irradiation spot: (a) entire region, (b) en-
hanced area, and (c) highly magnified im-
age of enhanced area. Reprinted with per-
mission from reference.[102] Copyright 2007
The Japan Society of Applied Physics.

Figure 1.17: Scanning electron
microscope images of the CNTs:
(a) dot and line patterns, (b)
magnified view of a dot pattern,
(c) magnified views of cross lines.
Reprinted from[87] with permission
from Elsevier.

Writing lines and patterns

Another advantage of using a laser as the localized heat source over other local heat sources
such as micro resistive heaters is the flexibility to heat any part of the substrate desired and
to move the substrate with respect to the laser spot while growing. Bondi et al. were the first
to use this advantage and were able to write dot and line patterns of CNTs with a width of
200µm using a focused CO2 laser.[89] Their approach was to scan multiple times with a high
speed rather than one scan at low speed. It appeared this method resulted in less unwanted
and uncontrolled growth at the laser spot. However, the influence of the laser beam on already
grown CNTs was not yet investigated.

Combined with their energy confining layer, Kasuya et al. were able to write thin 2µm
wide SWNT lines with a writing speed of 1µm/s using their focused Nd:YAG laser.[102] In
Figure 1.16 SEM pictures of the resulting growth are presented. Park et al. succeeded in
writing dense multi-walled dot and line CNT patterns below 10µm in size.[87] Their resulting
patterns are depicted in Figure 1.17. The energy absorbing layer that was used proved to be
critical in their results as well. It ensured the uniformity of growth, reducing the sensitivity of
the catalyst layer to local temperature variations.

1.3.4 In situ process monitoring

To study dynamics of nanotube growth, in situ and real-time information from the growth
process is essential. In thermal CVD nanotube growth several techniques, such as using a
displacement sensor,[129] a shadow technique[130] or a probe beam reflection technique[131]

have been used for that purpose. The shadow technique links the dynamically changing
intensity of a light source on a CCD chip with the length of the vertically aligned nanotube
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forest. Dynamic reflection techniques use a laser beam which is focused on the growth side
and reflection is measured to study the growth rate, size and other dynamic properties.[131, 132]

To obtain similar in situ information about the CNT growth process using LACVD, the same
laser beam used for the local heating can be used, although to date no research has been
published regarding in situ measurement of growth kinetics of a laser-assisted CVD process.

Nonetheless, the laser beam used for heating the substrate can be used for a number of
other measurement techniques. Using in situ Raman for instance, Chiashi et al. were able to
characterize SWNT growth as a function of time as shown in Figure 1.12.[106] The authors
were successful in growing SWNTs using a HeNe laser but for the in situ Raman experiments,
the Raman-excitation Ar-ion laser was also used as the heating source. Hung et al. used
a similar in situ Raman process to investigate and monitor the growth of the SWNT and
co-induced metal oxide process as well as the temperatures involved during growth.[113] Bock
et al. reported on optical feedback mechanisms during growth of MWNTs.[88] In situ Raman
and reflection spectroscopy are related to the growth products. A strong positive feedback
was observed during different stages of the growth. More laser energy is absorbed as a result
of the enhanced substrate absorbance during CNT growth so the temperature increased and
this eventually resulted in amorphous carbon deposition above 900◦C.

1.3.5 Summary of process control

Process control in laser-assisted CVD growth of CNTs is essential. As CNT synthesis depends
largely on process conditions and particularly on temperature, a well-controlled temperature
is crucial. A thermocouple, optical pyrometer or Raman signal can be used to measure tem-
perature directly where the Raman is most precise but also most difficult to implement and
most expensive. With no direct temperature measurement, thermal modeling can be used
to calculate temperatures involved in the process afterwards or to predict the temperature
upfront. Using the fast temperature response in combination with direct temperature mea-
surement, the growth temperature can be instantly varied. This enables direct control over
the diameter of the CNT. Other attempts to increase control over the diameter of the CNTs
generally consisted of more control over the catalyst size and morphology.

The localized nature of the laser-assisted growth enables fast local aligned growth as well as
writing lines and patterns on substrates with temperature sensitive components making it a
highly versatile process.

Finally, a direct result of the laser-assisted CVD process is the ability to in situ monitor the
process. The dynamically changing reflected laser signal can be used to investigate growth
kinetics or even be used as a Raman signal, characterizing CNT quality growth as a function
of time.

In Table 1.4 a chronological overview of this literature review is presented including several
process parameters such as laser type and power, substrate and catalyst that were used, time
and temperature range and the most important results. Not all publications mention and
discuss every parameter so a few gaps can be noticed.
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Table 1.4: Chronological overview of research published on laser-assisted CVD for carbon nan-
otubes.

Laser
(focus)

Power Substrate Catalyst
Feedstock gas
(process gas)

Temperature
range

Time range Results Ref.

CO2

unfocused
100 W Silicon Fe(CO)5 C2H2,C2H4 770 - 860 ◦C

3 min
(15-20 min)

MWNT /
(aligned)
SWNT

[83, 84]

Ar-ion
focused

180 mW Silicon

Fe(NO3)3.
9H2O +
MoO2 +
Al2O3

C2H5OH 1 min SWNT [101]

CO2

unfocused
30 W Quartz Au-Pd C3H8 1000 - 1400 ◦C 10 min MWNT [99]

CO2

focused
100 W

Silicon,
graphite/
grafoil

Fe(CO)5 C2H2 (Ar) 1130 ◦C 200 sec MWNT [89]

CO2/
Nd:YAG
(un)focused

20-25 W
60 W

Silicon
Fe-Mo-
Al2O3

C2H2 (NH3) 690 - 720 ◦C 3 - 6 min SWNT [107]

CO2

unfocused
20-45 W Silicon Ni-Fe C2H2 (NH3) 650 - 770 ◦C 5 min

SWNT
MWNT

[92]

Nd:Yag
focused

50 mW Silicon Co C2H5OH ∼800 ◦C 1 sec - 10 min SWNT [102]

CO2

unfocused
80 W Silicon

Fe(CO)5,
FeC

C2H2, C2H4

(NH3)
800 - 900 ◦C 5 min MWNT [96, 97]

Diode
focused

2 W
Glass,
ITO

Fe-Mg C2H2 (Ar) < 600 ◦C 5 - 30 sec MWNT [86]

Ar-ion
unfocused

∼1.5 W Al2O3 Ni C2H4 790 - 1848 ◦C
750 ms - 5 sec
(360 sec)

Nanofibers
aligned

[90, 91]

Solid
state
focused

20 mW
Fused
silica

Ni CH4, C2H4 45 sec MWNT [112]

HeNe/
Ar-ion
focused

30 mW
40 mW

Silicon
Fe-Co,
Mo-Co

C2H5OH 800 - 830 ◦C 15 min SWNT [106]

Nd:Yag
(pulsed)
unfocused

600 W
Silicon,
SiO2

Fe, ferritin CH4, C2H4 650 - 770 ◦C 50 ms - 30 sec
SWNT
bridge/

[109]

Nd:YVO4

focused
57 - 125
mW

Quartz
Al-Cr

Ni
C2H2 (H2) /
C2H4 (H2)

60 sec
(1 - 180 sec)

MWNT
aligned /
SWNT

[87]

[103, 104]

Diode
focused

5 - 30 W
Silicon,
Al2O3

Fe C2H4 (Ar, H2) 9 - 180 sec
MWNT
aligned /
SWNT

[2, 3, 108]

Solid
state
focused

5 W Si/glass Au CO (Ar, H2) 1180 ◦C 10 min SWNT [113]

CO2

unfocused

Silicon,
SiO2 /
Ru

Fe C2H2 (NH3) 550 ◦C
SWNT
bridge

[116]

CO2

unfocused
Silicon,
SiO2

Al-Fe-Al C2H2 (NH3) 450 - 650 ◦C 1 - 4 min
SWNT
(aligned)

[117]

CO2

focused
5 W Silicon Fe C2H4 (Ar, H2) ∼660 ◦C MWNT [128]

Nd:Yag
(pulsed)

Silicon Co-Fe C2H5OH SWNT [110]

Solid
state
focused

10 - 180
mW

Fused
silica,
Al2O3

Fe C2H2 ∼700 - 900 ◦C 2 min MWNT [88]
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1.4 Outline and objectives

From the literature review followed that a number of opportunities, but also problems specific
to the growth of CNTs with laser-assisted CVD, remained largely unexplored. The influence of
the laser on the growth characteristics was found to be significant. Catalyst preparation and
substrate selection introduced unique opportunities specific for laser-assisted growth. Process
control however, was proven to be challenging, although essential for control over the growth
product and properties, and as such ultimately over the properties of possible applications. In
the literature several solutions were proposed regarding temperature-, alignment- and position
control. Past and ongoing attempts enhanced the ability to tune the properties of the CNTs,
as the demonstration of diameter control by fast temperature control has shown. However, an
integrated, systematic investigation of well-controlled laser-assisted CNT growth as a function
of the experimental parameters - temperature, gas and catalyst - is not yet available.

Together with temperature, the process gases influence the growth morphology and structural
quality of CNTs as the bonding energy of the carbonaceous gas co-determines the decompo-
sition rate onto the catalyst. However, the general influence of the process gases on growth
kinetics in combination with the fast heating inherent to laser-assisted growth has not been
investigated widely and systematic studies are missing.

The objective of this thesis is to investigate and optimize laser-assisted carbon
nanotube growth.

On the one hand, the technological objectives include the feedback control of
the process, the ability to control the flow and the composition of the process
gases to the growth site and improving the experimental throughput and re-
producibility. On the other hand, the thesis adds new material insights such
as structural quality assessment of CNTs as a function of temperature and gas
composition as well as detailed investigation of CNT growth kinetics.

This thesis follows a semi-chronological approach which helps to fully appreciate the develop-
ment of the technological aspects of the project towards an understanding of the physics and
chemistry behind the process. At the start of the project in 2010, open-loop growth of carbon
nanotubes was successful and a paper had been published[108] showing the time dependency of
the laser-assisted CVD process on the resulting CNT growth. At the same time, other research
groups were also competitively looking into the same issues.

In order to investigate and optimize the process several methods for identifying the resulting
CNT growth are essential. Scanning Electron Microscopy (SEM) and Raman spectroscopy are
used to ex situ determine geometry and structural properties of the CNTs. Two sensors are
used to in situ monitor the growth. One sensor measures the reflected laser intensity which
provides a first approximation of the growth dynamics at the laser heated zone. The other
sensor monitors the emitted thermal radiation.

For a systematic investigation and identification of the key process parameters - temperature,
gas and catalyst - process control in laser-assisted CVD growth of CNTs is essential. As
CNT synthesis depends largely on temperature, a well-controlled temperature is crucial. In
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chapter 2, a closed-loop control method based on the emitted thermal radiation is presented
and discussed, to enhance the controllability and reproducibility of the CNT growth process.
Together with a finite element method model it is possible to quantitatively relate growth
temperature with structural quality of the CNTs. The influence of the temperature on the
catalyst activation and formation is discussed as well.

In chapter 3, the development of a miniaturized reaction chamber is demonstrated. The
necessity for this chamber followed from the fact that a large statically filled CVD reaction
chamber suffers from a number of disadvantages. Firstly, the actual gas composition around
the heated surface is unknown as the thermal gradients could induce local turbulence and the
consumption of carbonaceous gas could result in a local minimum of that gas, resulting in
an unpredictable concentration of process gases at the growth site. Furthermore, as a result
of the size of the reaction chamber, experimental time is long and throughput is low. It is
shown that the development of the miniaturized reaction chamber overcomes these problems
by the ability to apply a forced laminar flow over the substrate. The precisely known gas
concentration and composition enables the study of growth kinetics. At the same time the
size of the chamber ensures a short experimental time and high throughput.

The dynamically changing reflected laser signal is used to investigate growth kinetics in chap-
ter 4. Combined with the known composition of the process gases as a result of the forced
laminar flow, the kinetics of the CNT growth is investigated in detail for a broad range of
experimental conditions. To further optimize the growth process, the rate-limiting mecha-
nisms are explored by determining growth regimes, correlated to the chemical rate equations
governing the process.

To highlight the versatility of the process, in chapter 5, a perspective on a number of applied
techniques with LACVD is demonstrated, such as writing CNT lines and transferring CNTs
to a polymeric layer, as well as various potential applications. Finally, in chapter 6 the main
conclusions of this thesis are listed and a perspective on future work is given.

In summary, this thesis contributes to a better understanding of the catalytic
CVD growth of carbon nanotubes. It offers an integrated approach on investi-
gating CNT growth kinetics, using a dedicated miniaturized reaction chamber in
combination with both closed-loop control as well as multi-parametric thermal
modeling.
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Chapter 2 |

Closed-loop controlled laser-assisted
carbon nanotube growth

In this chapter, CNT growth results from open-loop experiments demonstrate the presence of
different growth regimes during laser-assisted CVD growth. On basis of these observations, a
closed-loop control system is designed to precisely monitor and control the process. Several
sensors are used to monitor and collect in situ information about the growth. Emitted thermal
radiation in the mid-IR range is measured from below the substrate and is used to obtain a
first approximation of temperature. The variation of the reflected laser irradiance is collected
and is used to investigate first order growth kinetics; also, this parameter is used for detecting
the onset of catalyst formation and activation. A PID-controller is developed to accurately
control on emitted thermal radiation while the reflected laser irradiance can act as a trigger
or stop.

Part of this chapter has been published in

M. Haluška, Y. Bellouard, Y. van de Burgt, A. Dietzel, In situ monitoring of single-wall carbon nanotube

laser assisted growth, Nanotechnology 21, 075602 (2010).[2]

Y. van de Burgt, Y. Bellouard, R. Mandamparambil, M. Haluška, A. Dietzel, Closed-loop control of

laser assisted chemical vapor deposition growth of carbon nanotubes, Journal of Applied Physics 112,

034904-034904-8 (2012).[3]
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2.1 Introduction

In the previous chapter it was demonstrated that laser-assisted chemical vapor deposition
(LACVD) offers an attractive method for the local growth of CNTs. Previous studies have
demonstrated the possibility of growing different types of carbon nanotubes such as, single-
walled[117] or multi-walled,[84] with different laser types[89] and catalysts.[103]

Apart from the temperature, an important parameter for CVD processes that co-determines
the CNT properties and diameter, are the catalyst nano-particles and their preparation pro-
cess.[41, 94] It is generally assumed that the catalyst layer is first oxidized[133] in air and then
has to be reduced by a heat treatment in the presence of hydrogen[94] to finally form nanopar-
ticles.[41, 133] In the case of a laser CVD process, the sequence of events and their dynamics
leading to the formation of nanoparticles is unknown. However, the behavior is suspected to
be quite different from conventional CVD as a result of the high heating rate characteristic
to laser heating. This step is nevertheless crucial for controlling the growth product and its
characteristics.

In this chapter, a feedback control mechanism for a laser-assisted CVD process is demonstrated,
based on monitoring the mid-infrared radiation from the laser affected zone. This radiation is
essentially of thermal origin and provides indirect information about the average temperature
at the irradiated spot. To monitor morphological surface changes during laser exposure as well
as to detect the onset for CNT growth, the reflected laser intensity is measured. In the first
part of this chapter, results with the LACVD setup without feedback control are presented.
In this case the process is partly controlled by modifying the laser irradiance and experimental
time. By measuring the reflected laser intensity, several stages of CNTs growth are identified.

By applying feedback control to the process, an enhanced reproducibility is then demonstrated.
In addition, it is shown that the reflected laser light signal can be further used for identifying
the catalyst formation and their activation to catalyze the carbonaceous gas dissociation and
CNT nucleation. To quantitatively relate the temperature to its influence on the quality of
the CNTs, a finite element model is developed that takes into account time-dependent laser
absorbed intensity.

2.2 Experimental setup

The setup is schematically shown in Figure 2.1. The substrates are 4x4 mm silicon substrates
with a 20 nm aluminum-oxide (Al2O3) layer and a 1.5-1.8 nm iron (Fe) catalyst layer both
deposited by e-beam evaporation. The stainless steel cylindrical chamber has a volume of
3.4 L with a gas inlet and outlet. A K-type thermocouple is placed at the substrate holder,
a pressure sensor is placed in the gas inlet and an optical window provides visual access. A
fiber-pigtailed laser diode (Unique Mode) emitting up to 30 W at λ = 808 nm is incident
at an angle of 35◦. An InGaAs photodiode is placed beneath the substrate to measure the
emitted IR radiation. In this configuration, the Si substrate acts as a high-pass optical filter
with a cutoff wavelength of 1µm. The reflected laser light is measured with a Si photodiode
in combination with a laser line band-pass optical filter. Another Si photodetector is placed
above the substrate, to monitor emitted visible light. The chamber is filled with a mixture
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Figure 2.1: Overview of the laser-assisted chemical vapor deposition setup equipped with detectors
for in situ measurements of the substrate temperatures as well as the intensities of
reflected and emitted light. The inset illustrates the formation of the nanoparticles
(right) on the catalyst followed by the CNT growth (left) on the substrate during laser
irradiation. The different wavelengths of radiation present in the system are shown.
The incoming laser light is λL (808 nm), λL,refl is the reflected laser light, λL,scatt

is the scattered laser light, λCNT is the fluorescence of the CNTs during growth, and
λT,1 and λT,2 are the emitted thermal radiation from the spot.

of argon, hydrogen and ethylene to 950 mbar in the ratio 8/2/5, respectively. The results
are analyzed using a scanning electron microscope (FEI Quanta 600F ESEM) and a Raman
spectrometer (632 nm, Horiba LabRAM HR).

2.3 Open-loop growth to identify characteristic regimes

To interpret the photodetector signals in the feedback control scheme and identify character-
istic regimes, in situ and ex situ obtained data for each specimen was compared. For a given
set of the specimens, a series of repetitive experiments were carried out with the same process
parameters but with different laser exposure times.

2.3.1 Optimal irradiance level

Si/Al2O3/Fe substrates reflect more than 20% of incoming light as concluded from the mea-
surement of the optical power. A vertically aligned forest of CNTs has very low reflectance as
shown by Yang et al.[134] The decrease of the reflected light intensity caused by the growth
of vertically aligned CNTs was also shown by Puretzky et al.[132] An increase of absorbed
laser radiation in the CNTs raises the sample temperature and simultaneously increases the
non-catalytically activated rate of thermal decomposition of ethylene. Consequently, amor-
phous carbon is deposited on the CNTs and catalyst particles preventing the growth of CNTs.
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Chapter 2 Closed-loop controlled laser-assisted carbon nanotube growth

The LACVD process is characterized by a very fast temperature elevation at the laser spot,
which helps to transform the metal film into small catalyst particles required for the SWNT
nucleation and growth. These densely packed clusters form the seed structure for vertically
oriented SWNTs.

Using a steeply increased laser irradiance of the substrate in a single step, the conditions for
’flash’ heating were created, necessary for the formation of small clusters on which SWNTs
can grow. To find the optimal irradiance level for SWNT growth, several experiments were
performed at different irradiance levels. Figure 2.2(a) shows the Raman spectra of CNTs
grown on Si/Al2O3/1.8 nm Fe substrates for different laser irradiances. The exposure time
was 10 s for all the experiments except for the one performed at the lowest irradiance, where
the exposure time was 15 s. In Figure 2.2(a), Si labels indicate silicon substrate Raman modes,
G and D* are modes corresponding to sp2 hybridized carbon and D is the mode allowed in
sp2 hybridized carbon only if defects are present.[81, 135] It is well known that the level of
graphitization is proportional to the growth temperature.[136] Further, the radial breathing
mode (RBM) together with the position and shape of the G-mode indicate the presence of
SWNTs.

Figure 2.2(b) shows the ratio of the D-mode and the G-mode intensities of the Raman spectra.
The ratio is - in a first approximation - a measure of the graphitization level of nanotubes or,
in other words, a sign of the CNT wall quality (i.e. the lower the ratio the higher the quality
of the CNT walls). Both Figure 2.2(a) and Figure 2.2(b) indicate that for low laser irradiance
more defects in the CNT wall are formed. Above ∼1.2 x 105 W cm−2, SWNTs are found. The
dominant RBM mode at ∼ 198 cm−1 represents SWNTs with diameter ∼1.2 nm. Above 1.33
x 105 W cm−2, the ratio I(D)/I(G) increases, indicating that this irradiance level induces the
formation of defects in the nanotubes. Another possible explanation for the increase of the
I(D)/I(G) ratio is that at the high irradiance level the temperature at the center of the laser
spot increases above the threshold limit for thermal non-catalytic dissociation of ethylene and
amorphous carbon formation.

2.3.2 Growth regimes

Figure 2.3(a)-(c) show SEM images of three samples irradiated with the power density of
1.07x105 W cm−2 for three different exposure times of 8, 10.5 and 16 s, respectively. From
these observations, various growth regimes could be identified. Figure 2.3(a) and Figure 2.3(b)
display the clusters formed from a Fe film after 8 s and CNTs obtained after 10.5 s of laser
exposure, respectively. For the latter, the nanotubes probably grew partly in a short time
period after the laser was turned off while the substrate was cooling down. Lower temperature
may have caused the growth of lower quality nanotubes. This is clearly visible in the Raman
spectrum with a high I(D)/I(G) intensity ratio shown with the black line (lower curve) in
Figure 2.3(f). Figure 2.3(c) shows an aligned forest of SWNTs found after 16 s laser irradiation
time. Here, the presence of SWNTs is confirmed with a red line (upper curve) Raman spectrum
in Figure 2.3(f). Figure 2.3(d) and Figure 2.3(e) show the temperature and its time derivative
for the three samples, respectively. Temperature starts to decrease after switching off the
laser. The evolutions of the temperature are very similar and reproducible for the experiments.

Next, to further improve the LACVD process and to better interpret the in situ data collected
with various optical sensors, a set of experiments were performed to correlate in situ measure-
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Figure 2.2: (a) Raman spectra of CNTs prepared at different laser irradiances on substrates with
a 1.8 nm Fe film. The curves are shifted in the vertical direction for clarity. The level
of irradiance is indicated next to each spectrum. (b) Ratio of Raman intensities of the
D and the G modes from (a).

ments with ex situ observations. Figure 2.4 shows normalized signals of the reflected light
intensity, the substrate temperature, the time derivative of the temperature as well as the IR
and visible emitted light signals, obtained during a constant laser irradiance of the substrate.
Three different regimes are identified.

Regime I: Fe restructuring

During this time period, the Fe film melts locally and forms clusters of catalyst nanoparticles
(an example is shown in Figure 2.3(a)). Fluctuations in the photodetector signals are observed
but remain difficult to interpret. This stage is attributed to the catalyst activation and may
have variable duration depending on the laser irradiation power density (that controls the
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Figure 2.3: Effect of irradiation time on CNT growth. Three irradiation times are considered: 8,
10.5 and 16 s, labeled (#1), (#2) and (#3), respectively. ((a)-(c)) SEM images, (d)
temperature, (e) time derivative of the temperature, and (f) Raman spectra (shifted
in the vertical direction for clarity). Note that the Raman spectrum for sample #1 is
not plotted because it does not show presence of carbon mods.

temperature of the laser-affected area) as well as on the metal film thickness. Rather than
measuring the temperature of the irradiated area which is technically challenging, the local
minimum of the time derivative of the temperature measured using the thermocouple is used
to identify the onset time for the CNT growth.

Figure 2.5 shows various Raman spectra for specimens prepared at high (upper curve), inter-
mediate (middle curve) and slow (lower curve) heating rates. Fast heating rates cause the
formation and growth of SWNTs while slow heating rates yield low quality MWCNTs. The
Raman spectra for specimens prepared at the intermediate heating rate indicates the presence
of both SWNTs and MWCNTs since the ratio of I(D)/I(G) is relatively high but an RBM-peak
is present as well.
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Section 2.3 Open-loop growth to identify characteristic regimes

Figure 2.4: Normalized in situ signals that characterize the growth process. The red bullets, the
blue crosses, the blue triangles and the green squares represent the temperature (T),
the intensity of reflected light (R), the IR detector signal (IR), and the visible light
detector signal (E), respectively. The red curve displays the time derivative of the
temperature signal (D). The Roman numbers represent the process regimes.

Figure 2.5: Raman spectra obtained for the samples produced at different heating rates. The
heating rates are indicated.

Regime II: CNT growth

A second regime is identified triggered by a steep drop in reflected light intensity (blue crosses
in Figure 2.4). The temperature measured using the thermocouple (red bullets) goes through
an inflexion point after which the heating rate increases again. This temperature change is
also observed with the IR photodetector (blue triangles). This second regime is attributed to
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2 μm

Figure 2.6: SEM image of a top layer covering the center of a vertically aligned forest of CNTs.

the growth of a CNT forest (Figure 2.3(c)).

Regime III: amorphous carbon deposition

The onset of the final regime is defined by an increase of emitted light (green squares in
Figure 2.4) followed by a slight increase of the reflected light intensity. This regime seems to
be directly correlated with the formation of an amorphous layer that covers the CNT forest.
This amorphous deposit is shown in Figure 2.6. It terminates the growth of nanotubes and has
a very interesting morphology that resembles frozen liquid droplets. Note that similar carbon
spherical objects were reported for thermal non-catalyst activated dissociation of acetylene
during chemical vapor deposition.[137]

2.4 Closed-loop control

Open-loop laser-assisted CVD is intrinsically sensitive to perturbations due to the small size of
the heated zone but also to rapid changes of surface properties that modify the laser absorption
and in turn the temperature. A feedback control mechanism is added to the setup to overcome
these problems. A schematic of the setup with feedback control is presented in Figure 2.7.

In Figure 2.8, a schematic of the open-loop system is presented in the top right blue area. In
open-loop, the laser intensity determines solely the process temperature and the rate at which
the temperature increases (dT/dt). During growth of CNTs the absorbance of the substrate
changes, resulting in a different thermal behavior and ultimately a different temperature.
Extreme situations such as overheating can occur, preventing the CNTs from growing further.

To counteract perturbations and to better control the growth process, a closed-loop model
is developed as depicted in the bottom section of Figure 2.8. The reflected laser beam and
the emitted thermal radiation from the irradiated spot on the substrate are given as inputs for
the closed loop control. The strategy is to monitor and control the emitted radiation E(T )
from the laser spot which is directly related to the temperature. The reflectance of the laser
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Figure 2.7: Overview of the laser-assisted chemical vapor deposition setup with feedback control.
The flow of operation is depicted by arrows. The set process parameters are laser
irradiance saturation level and the reference radiation. The thermal radiation from the
substrate is controlled by means of a feedback signal from the infrared detector. The
reflected laser light is collected by a Si-detector with a bandpass-filter to isolate the
laser wavelength. The inset illustrates the formation of the nanoparticles (right) on the
catalyst followed by the CNT growth (left) on the substrate during laser irradiation.
The different wavelengths of radiation present in the system are shown. The incoming
laser light is λL (808 nm), λL,refl is the reflected laser light, λL,scatt is the scattered
laser light, λCNT is the fluorescence of the CNTs during growth, and λT,1 and λT,2

are the emitted thermal radiation from the spot.

heated surface ρ(λ, T ) is assumed to be the direct complement of the absorbance α(λ, T )
of the substrate (in other words, the transmitted laser energy through the substrate can be
neglected). As a consequence, a decrease in reflectance results in more absorbance of the laser
irradiation and therefore an increased heating.

As shown in Figure 2.8, a PID controller is used for the feedback process. For a step response
to a given reference radiation, the initial laser irradiance will be equal to the selected laser
irradiance saturation level. This level determines the maximum value the controller will achieve
and ensures that no integrator wind-up can occur. This phenomenon could otherwise occur
when the output is limited (i.e. a maximum laser diode output) but the reference set-point is
not yet reached. In this configuration it therefore also limits the maximum irradiance output
for the laser diode. In contrast to the open-loop situation, at the onset of the closed-loop
process, the laser saturation irradiance determines the heating rate during the start of the
process. However, it does not determine the temperature at the laser spot, since the irradiance
is controlled to keep the radiation constant during the continuation of the process.

In Figure 2.7, the sensors are shown in their actual configuration in the setup. The flow of
operation is depicted by arrows. The inset of the figure shows a detailed schematic of the
different radiated, reflected, scattered and emitted wavelengths involved in the process. The
incoming laser light is λL (808 nm), λL,refl is the reflected laser light after hitting the surface
of the substrate, λL,scatt is the scattered laser light, λCNT is the fluorescence emitted by the
CNTs during growth and λT,1 and λT,2 are a spectrum of emitted thermal radiation from the
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Figure 2.8: Block diagram of the laser-assisted carbon nanotube growth process and all the rel-
evant components. In open-loop, a set current is converted into certain laser energy
Ee which is irradiated on the substrate. The substrate transforms this energy into a
temperature T (t) at which the CNT growth starts. This growth and the temperature
increase change the absorbance αs of the substrate which in turn re-affects the ther-
mal model. Along the open-loop process line perturbations are present. The reflected
laser flux ϕ(λL, T ) is depending on the absorbance α(λ, T ) of the substrate and is
measured by a Si-photodiode. The emissivity εs of the system transforms the tem-
perature of the laser spot and surroundings into a flux ϕ(λ, T ). This flux is measured
by an InGaAs photodiode after passing through the silicon substrate which acts as a
high-pass filter. A PID controller with a set saturation level is used to close the loop.

spot. The light emitted by the CNTs is currently not measured dynamically and therefore not
taken into account in the close-loop control process.

2.5 Thermal modeling

One of the difficulties of laser-assisted growth of CNTs is to accurately predict the temperature
at the laser spot. As shown in Figure 2.8, the thermal model is an essential parameter of the
control process. Since the growth process is mainly dependent on temperature evolution in
time it is desirable to understand and adapt the growth process in relation to that. Finite
Element Analysis software (COMSOL) is used to implement the thermal model of the process
to be able to calculate the temperature evolution during the growth process. A 3D sketch of
the geometry used in the model is shown in Figure 2.9. The substrate holder is an aluminum
cylinder with a hole in the middle covered by a fused silica slide. The silicon substrate is fixed
by two iron springs on top of the fused silica. The substrate holder is itself placed on top of a
steel cylindrical part of the chamber. The inside of the cylinder is hollow so that the emitted
radiation can be collected beneath the substrate. In the model, the temperature is calculated
for each time step using the relevant heat conduction, radiation and convection of different
materials and gasses in the system.
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Figure 2.9: 3D Sketch of the setup used in the finite element model. In the figure, the different
materials and components are labeled. The inset shows the corresponding part of the
schematic setup from Figure 2.7

.

The temperatures at the spot and surrounding are in the order of 600 - 1100 K so the thermal
conductivity and heat capacity of silicon, fused silica and iron are given temperature-dependent
values, see Figure 2.10 and Figure 2.11. To model convective effects, the thermal conductiv-
ity, kinematic viscosity and thermal diffusivity of the surrounding gases (argon, ethylene and
hydrogen[138]) are also given a temperature dependency, see Figure 2.12 - Figure 2.14.

The heat transfer considered in the model is based on conduction, radiation and free convec-
tion. To calculate the heat transfer coefficient for the free convection, the Nusselt numbers
for free convection from a horizontal top (NuHT ) and bottom (NuHB) respectively a vertical

Figure 2.10: Thermal conductivity of the
solids used in the model.

200 400 600 800 1000 1200 1400 1600 1800 2000

-1000

-500

0

500

1000

H
ea

t c
ap

ac
ity

 (K
 k

g-1
 K

-1
)

Temperature (K)

 Silicon
 Iron
 Fused Silica

Figure 2.11: Heat capacity of the solids
used in the model.
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Chapter 2 Closed-loop controlled laser-assisted carbon nanotube growth

Figure 2.12: Thermal conductivity of the
gases used in the model.[138]
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Figure 2.13: Kinematic viscosity of the
gases used in the model.[138]
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Figure 2.14: Thermal diffusivity of the
gases used in the model.[138]

plate[139] (NUV P ) are used,

NuHT = 0.54 Ra1/4 (2.1)

NuHB = 0.27 Ra1/4 (2.2)

NuV P = 0.68 +
0.67 Ra1/4

1 + (0.492/Pr)9/16
(2.3)

where Ra and Pr are the Rayleigh and the Prandtl numbers. Note that these relations assume
an average temperature through the substrate.

Ra =
gβ

να
(Ts − Tinf)L

3 (2.4)

Pr =
ν

α
(2.5)
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Section 2.5 Thermal modeling

Here, g is the gravitational constant, β the thermal expansion (ideal gas is assumed, so β equals
1/T ), ν is the kinematic viscosity (Figure 2.13), α (Figure 2.14) is the thermal diffusivity, Ts

the substrate temperature, Tinf the (cold) wall temperature and L the characteristic length.

The Nusselt number is defined as the ratio between the convective and conductive heat trans-
fer. The heat transfer coefficient is given by,

hc = Nu × kf/L (2.6)

Where kf is the thermal conductivity of the gas mixture and L is the characteristic length.
Using this method, the heat transfer coefficient was estimated for several surfaces, locations
and gas composition ratios. The thermal radiation is modeled by the Stefan-Boltzmann law,

Qrad = εσ
(

T 4 − T 4
inf

)

(2.7)

where Qrad is the emitted thermal radiation per unit area, σ is the Boltzmann constant and
Tinf is the surrounding temperature, in this case assumed to be room temperature.

The laser spot is modeled as an ellipsoid with dimensions 65 x 80 µm to take into account
the incidence angle of 35◦. The beam is modeled with a Gaussian intensity profile and could
be dynamically varied as a function of time, corresponding to experimentally obtained data.

To compare the model with reality, three different experiments are performed in an ar-
gon/hydrogen environment to ensure the absence of ethylene where no growth can take place.
In Figure 2.15, the temperature evolution of these experiments using different laser irradiances
is shown and compared with the experimental data from the thermocouple positioned at the
edge of the substrate. The model is slightly calibrated by tweaking the heat transfer coefficient
that acts on the different locations of the substrate.
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Figure 2.15: Comparison of the temperature at the edge of the silicon substrate from the thermal
model with experimental data for different laser irradiances. Two different laser
irradiances and two different switch off times are presented. All experiments are
performed in open-loop configuration.
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Chapter 2 Closed-loop controlled laser-assisted carbon nanotube growth

2.6 Catalyst

The formation of nano-particles from the catalyst layer is a crucial process since it determines
the crystallographic properties and characteristics of the carbon nanotubes. To investigate the
formation of the catalyst nano-particles, the substrates used in the open-loop experiments of
Figure 2.15 are observed since they do not contain any carbonaceous growth. In Figure 2.16 the
radiation and reflection detector responses for Exp. 1-2 are presented. The radiation is lower
for Exp. 1 due to the lower laser irradiance. For both experiments, an increase of the radiation
signal was observed. This increase in thermal radiation is attributed to the reduction and
formation of the catalyst nano-particles. The 1.5 nm-thick iron catalyst layer is fully oxidized
prior of starting the process.[133] The absorbed energy is used to reduce with hydrogen and
melt the oxidized iron layer that turns into small metallic nanoparticles on top of the Al2O3

layer. The higher the laser irradiance, the faster this process is completed. This is confirmed
by the reflected laser signal in Figure 2.16.

In Figure 2.17, a schematic overview of the reflected laser signal over time and the proposed
mechanism corresponding to the different signal intensities is given. Inset (a) illustrates the
starting configuration. The reflection first drops (inset b) due the increase in absorbance of
the laser irradiance as a result of the temperature increase. The reduction into metallic iron
and the melting of the layer consumes energy which results in a further drop in reflection (c).
However the metallic iron layer increases the reflection of that layer (d). The formation of
small nano-particles reduces the actual covered area of the layer which also contributes to an
increase in reflection (e). The heating of the substrate further decreases the reflectance due
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Figure 2.16: Detector response for experiment 1 (blue line) and 2 (red line). The emitted radiation
of experiment 1 is lower which is due to the lower laser irradiance. For the radiation
of experiments 1 and 2, an increase is visible around 1 and 2 s, respectively (see
vertical dashed lines). At the same time, a small "step" in the reflection is visible.
This increase is attributed to the formation and reduction of the iron catalyst nano-
particles.
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Figure 2.17: Schematic of the catalyst nano-particle formation process. (a) Starting configuration.
(b) Reflection is decreased due to enhanced absorbance as a result of temperature
increase. (c) Reflection is decreased due to the absorbance of energy for the reduction
process. (d) Reflection is increased due to the formation of the metallic layer. (e)
Reflection is increased due to the enhanced passing of the reflection from the layers
beneath the catalyst as a result of the nanoparticle formation. (f) Reflection is
decreased by further enhanced absorbance and interference effects as a result of the
growth of SiO2.

to the enhanced absorbance and possible additional interference effects associated with the
thermal growth of SiO2 (f). The resulting peak in intensity takes longer to occur for the lower
laser irradiance in Figure 2.16 and corresponds in time to the increase in radiation. A higher
laser irradiance generally leads to smaller catalyst particles and ultimately to nanotubes with a
smaller diameter.[48, 140, 141] However, an overly long laser exposure will lead to the destruction
of the catalyst layer and the formation of oxides. In Figure 2.18 the Scanning Electron
Microscopy (SEM) pictures of the catalyst layer are shown for different laser irradiances and
exposure time. It is observed that at higher laser irradiance and longer exposure time more
discrete separation of the catalyst nano-particles occurs. This can be seen in Figure 2.18(a)-
(d). However, (e) and (f) show a destruction of the catalyst layer and the formation of oxide
crystals for a further increase in exposure time.

To demonstrate that the peak in the reflection signal is a result of the formation and reduction
of the catalyst, the reflected laser signal from three experiments is compared; two substrates
without the iron catalyst and one with the catalyst layer. These results are shown in Fig-
ure 2.19. As seen in this figure, the peak only occurs when the iron layer is present. When
the substrate with the iron layer is exposed again to the same laser exposure conditions, the
peak in the reflection is not observed, indicating that the formation and reduction of the iron
catalyst nano-particles already took place. At this stage and due the lack of experimental data
for various catalyst thicknesses, no possible correlation between the amplitude of the peak and
the size of the nanoparticles can be concluded. The inset of the figure shows an extension of
the reflected laser intensity for 3 minutes. Since both curves (Si and Si/Al2O3/Fe) are showing
an equal oscillation pattern, these oscillations are attributed to an optical interference effect
caused by the thermal growth of a SiO2 layer, as proposed in Figure 2.17, since that is the
only material present on both substrates.

To further confirm this assumption, the influence of the surrounding process gasses is investi-
gated. Previous research has already indicated the importance of hydrogen in the formation
and reduction (de-oxidation) of the iron catalyst nano-particles.[94] It is generally believed
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Chapter 2 Closed-loop controlled laser-assisted carbon nanotube growth

Figure 2.18: Scanning electron microscopy pictures of the laser affected zone of the catalyst layer
after different exposure irradiances (I) and times (t): (a) I = 7.7x108 W/m2 and t =
4 sec. (b) I = 9.4x108 W/m2 and t = 4 sec. (c) I = 1.1x109 W/m2 and t = 4 sec.
(d) I = 1.1x109 W/m2 and t = 6 sec. (e) I = 1.1x109 W/m2 and t = 10 sec. (f) I
= 1.1x109 W/m2 and t = 40 sec. The scale bar represents 500 nm.

that the thin iron layer is quickly oxidized after being exposed to air into a combination of
magnetite (Fe3O4) and maghemite (γ-Fe2O3), a form of hematite.[133] The thermal energy
from the laser in combination with the hydrogen reduces this iron-oxide back to iron using the
following redox relations,[142, 143]

3Fe2O3 + H2 → 2Fe3O4 + H2O (2.8)

3Fe3O4 + 4H2 → 3Fe + 4H2O (2.9)

The high temperature melts the iron and surface energy minimization of the iron liquid on the
alumina surface causes the formation of small nano-particles as a result of the strong catalyst-
support interaction.[144] Note that the size, mobility and distribution of the nanoparticles is
also dependent on the method of deposition of both the support and the catalyst.[145] At
a temperature above 577 ◦C, wüstite (FeO) can nucleate. This oxide is more stable and
harder to reduce.[146] To avoid the nucleation of this oxide, the time that the process exceeds
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Figure 2.19: Reflected laser irradiance re-
sponse for three different cases: 1: a silicon
substrate with only native oxide. 2: a sil-
icon substrate with only 20 nm Al2O3 and
3: the conventional substrate, a silicon sub-
strate with 20 nm Al2O3 and 1.5nm iron. It
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Figure 2.20: Reflected laser irradiance re-
sponse for a silicon/Al2O3/Fe substrate in
different environments: hydrogen, argon or
air, with the same laser irradiation. Only
the hydrogen case shows a peak in the
signal, which indicates a reduction process
which is therefore attributed to the forma-
tion and reduction of the Fe2O3 layer into
Fe nanoparticles.

this temperature in the absence of CNT growth should be minimized. Equation 2.8 and
Equation 2.9 indicate that the formation of iron nano-particles will not occur in the absence
of hydrogen. In Figure 2.20 the laser reflection is shown for a substrate with the iron catalyst
in the presence of different gases. When only air or argon is present, there is no observable
peak in the reflection signal. When only hydrogen is present in the reaction chamber, there is
a prominent peak present in the reflection. This experimentally confirms that the peak in the
reflection signal is a result of the reduction and formation of the iron catalyst nano-particles.
The in-situ catalyst observations demonstrate that the reflected signal can be used to monitor
the onset of the catalyst layer activation. This important information can be used to trigger
the growth process by introducing the ethylene at that time.

2.7 Results of temperature closed-loop control

Using the time dependent laser irradiance and reflected laser signal, the finite element model
is used to calculate the temperature as a function of time for experiments in the closed-
loop configuration as described before. In Figure 2.21, the reference radiation, measured
in voltage, is compared with the modeled maximum temperature calculated from different
experiments. The figure demonstrates the direct relation between the reference radiation set-
point and the process temperature at the laser spot. The inset of the figure shows the relation
between the selected saturation laser irradiance level and the calculated temperature for a
constant reference set-point (in this case 0.4 V) for the radiation signal. It shows that there
is no significant change of the temperature at the growth site for increasing laser irradiance
saturation level.
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Figure 2.21: Plot of the modeled peak temperature vs the set-point reference radiation measured
as voltage from the InGaAs detector. Plotted are the maximum peak values at the
laser spot. The inset shows the temperature as a function of selected saturation laser
irradiance with the reference radiation set at 0.4 V.

In subsection 2.3.1 it was shown that in open-loop the laser set-point, as one would expect,
governs the rate of temperature increase and is related to the quality of the growth product,
see Figure 2.5. A high temperature increase rate - in other words, a fast heating - yields
higher quality CNTs. In the closed-loop situation, a higher laser irradiance saturation level
would mean a faster response to the set-point value, which is analogue to achieving the CNT
growth temperature faster. This can be seen in Figure 2.22 for two different laser irradiances.
For a laser saturation irradiance of 1100 W/mm2 the set point is reached faster than in the case
of 770 W/mm2. A too fast response (i.e. too high laser irradiance) can lead to an overshoot
in the set-point (or would require adapting the PID coefficients). In Figure 2.22 the difference
between the temperature at the laser spot for the controlled and uncontrolled situation is also
depicted. Both experiments start with a saturation laser irradiance level of 770 W/mm2. The
laser irradiance of the controlled experiment, on the other hand, drops in time to keep the
radiation at the constant reference value. Until around 4 seconds the temperature increase is
more or less equal for both situations.

The quality of the CNTs is characterized using Raman spectroscopy[81, 82, 147] as previously
discussed in subsection 2.3.1. The ratio of the D-band to G-band spectral intensity is used
as a measure for the quality of the nanotubes in terms of the presence of structural defects
on nanotube walls and of amorphous carbon as well. High quality nanotubes with a low
concentration of structural defects and amorphous carbon deposit thus have a low I(D)/I(G)
ratio. At the Raman shift between 0 and ∼350 cm−1 the Radial Breathing Modes (RBM) of
SWNTs can be found. This mode can be used to calculate the diameter of the SWNT using
the following relation:[147]

ωRBM = 248/dt (2.10)

where ωRBM is the Raman shift and dt is the diameter of the tube. The diameter of the single-

Page | 46



Section 2.7 Results of temperature closed-loop control

0 2 4 6 8 10 12 14 16 18 20

100

200

300

400

500

600

700

800

900

 770 W/mm2 
 770 W/mm2 
 1100 W/mm2 

 

Te
m

pe
ra

tu
re

 (
C

)

Time (s)

set-point

overshoot

open-loop

closed-loop

Temperature at laser spot

Radiation (a.u.)

open-loop

closed-loop

Figure 2.22: Temperature at the laser spot as a function of time for the uncontrolled, open-loop
(blue lines) and radiation-controlled situation (red: 770 W/mm2 and green: 1100
W/mm2). The set-point for 1100 W/mm2 is shown with an overshoot. The radiation
in also plotted for both situations.

500 1000 1500 2000 2500 3000

RBM

* D*

*

*

1100 W/mm2

1100 W/mm2

840 W/mm2

810 W/mm2

770 W/mm2

±510 oC

583 oC

638 oC

 

In
te

ns
ity

 (a
.u

.)

Raman shift (cm-1)

662 oC

740 W/mm2

* = Si

*
D

GRBM

200 300

 

 

Figure 2.23: Raman spectra of CNTs prepared at different laser saturation irradiances and tem-
peratures. All experiments are performed for the duration of 20 seconds. The curves
are shifted in the vertical direction for clarity. The level of irradiance and temperature
is indicated next to each spectrum or group of spectra. The inset shows a detailed
zoom of the RBM area of the top three spectra.

walled CNTs grown by the LACVD method is calculated to be in the range of 1.1-1.6 nm. The
most abundant diameter was 1.3 nm which is slightly smaller than the thickness of the original
iron layer.

In Figure 2.23, the Raman spectra for a number of closed-loop controlled experiments are
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shown. There are two types of experiments. First the laser saturation irradiance level is
increased and the radiation (and thus the temperature) is kept constant. In this case, the
radiation was set at 0.4 V corresponding to 510 ◦C. In this figure it can be seen that
increasing the laser saturation level does not improve the quality of the nanotubes. This
is shown in more detail in Figure 2.24(a). The black dots depict the I(D)/I(G) ratio as a
function of laser intensity for the same experimental conditions which is more or less constant
as confirmed by the linear fit. For comparison, two open-loop experiments are shown. It is clear
that the ratio is much higher for both open-loop experiments. In the case of 1100 W/mm2, the
SEM analysis shows that the substrate was overheated and that a thick amorphous layer was
formed (see for instance Figure 2.6). Increasing the reference radiation (i.e. the temperature)
for the top three Raman spectra in Figure 2.23, the temperature at the laser spot is increased
yielding higher quality nanotubes. Indeed, the I(D)/I(G) ratio decreases and the presence of
the RBM peak demonstrates the presence of SWNTs. The RBM peaks are shown in more
detail in the inset of Figure 2.23.

In Figure 2.24(b), the I(D)/I(G) ratio is plotted as a function of the process temperature with
constant laser saturation irradiance level of 1100 W/mm2. The error bars show the standard
deviation over multiple experiments and positions at the center of the laser affected zone.
The temperature is calculated using the finite element model as well as the time dependent
laser irradiance and reflection as described before. The saturation laser irradiance level was
set to the maximum value (1100 W/mm2) to achieve the highest heating rate. A quadratic
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Figure 2.24: Structural quality of the CNTs, measured by Raman spectroscopy I(D)/I(G) ratio,
versus several parameters, in closed-loop and open-loop.
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fit is added and a minimum is found around 675 ◦C. This result demonstrates the capability
of a temperature-controlled laser-assisted CNT growth process. Further, it shows that the
CNT quality is a function of the growth temperature in the investigated temperature range
if all other parameters are kept constant. Based on Raman spectra, SEM analysis and the
non-uniform temperature distribution of the experiments, the grown CNTs are most likely to
be a mix of metallic and semi-conducting CNTs as well as MWNT and SWNT.

In Figure 2.25, the SEM pictures of a number of the experiments are shown. Figure 2.25(a)-
(c) correspond to the second, fourth and fifth spectra in Figure 2.23 and Figure 2.25(d)-
(f) correspond to the top three spectra in Figure 2.23. In (a) to (c) the increase of the
saturation laser irradiance level seems to affect the length of the CNTs forest. This might be
a consequence of the temperature heating rate which influences the efficiency and the nature
of the catalyst decomposition. In Figure 2.25(d)-(f) it seems that the amount of CNTs is
decreased drastically by increasing temperature. The increase in temperature results in a few

Figure 2.25: SEM pictures of the CNT growth for 6 experiments. (a) I = 770 W/mm2 and T =
510 ◦C. (b) I = 940 W/mm2 and T = 510 ◦C. (c) I = 1100W/mm2 and T = 510 ◦C.
(d) I = 1100 W/mm2 and T = 583 ◦C. (e) I = 1100 W/mm2 and T = 638 ◦C. (f) I
= 1100 W/mm2 and T = 662 ◦C. The scale bar represents 1µm.
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Chapter 2 Closed-loop controlled laser-assisted carbon nanotube growth

high quality CNTs (low I(D)/I(G)) while at the same time the growth conditions are changed
such that an overall forest growth is absent. This type of growth could be the result of the
sensitive process conditions around the laser spot at those high temperatures. The temperature
is high enough for SWNTs to grow but is also closer to thermal decomposition temperature
of ethylene and above the wüstite formation temperature of 577 ◦C. A formation of that oxide
can slow down the reduction with hydrogen bringing the growth to a pre-mature stand-still.
Although there is no clear evidence to support it, the crystal structure of the oxide nevertheless
resembles that of other iron-oxides.

2.8 Catalyst activation control

Using the information from the reflected laser irradiation as described earlier, the onset of the
catalyst layer decomposition can be detected, which could be used to optimize the gas feeding
schedule. For non-laser CVD, a catalyst preparation step is common prior to the CNT growth.
Here, it is shown that the same preparation step can be done with laser-assisted CVD. As a
consequence of the fast heating rate due to the low thermal inertia of the system, the catalyst
preparation step is considerably shortened.

The catalyst activation and carbon nanotube growth processes are strongly coupled. In order
to investigate and identify the complete process and growth kinetics (chapter 4), de-coupling
of the two processes is desirable. It follows from the results of this chapter that the closed-loop
controlled LACVD method developed here has the ability to do so.

2.9 Summary

In this chapter, a closed-loop control process based on the infrared emission from the laser spot
is presented and developed, for reproducibly growing local CNT forests using a laser-assisted
CVD method. Open-loop CNT growth revealed different growth regimes which are related to
the sensors used to monitor the process. The results from these experiments demonstrated
the necessity of closed-loop control.

In combination with closed-loop control, finite element modeling, calibrated with experimental
data, is used to determine and compare process temperatures. From experiments in a non-
growth environment, the iron catalyst properties were investigated and it was found that
the optimal catalyst reduction and formation occurs when the maximum laser irradiance of
1100 W/mm2 is used to expose the catalyst layer for 6 seconds to ensure formation of small
particles but to avoid the formation of oxide crystals. A unique method to detect the onset of
the catalyst layer was found, by monitoring the reflected laser irradiance. Increasing the growth
temperature yields the same trend as for conventional CVD growth with respect to the quality
of the CNTs. A minimum of the I(D)/I(G) ratio in the Raman spectra is observed around
675 ◦C for a fixed laser irradiance of 1100 W/mm2 in this setup. However, the amount and
alignment of the CNTs changes rapidly for high temperatures suggesting iron-oxide formation
and thermal decomposition of ethylene at high temperatures. This novel laser-assisted CVD
method successfully demonstrated that growing local CNT structures is possible in a controlled
manner.
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This chapter demonstrates the necessity of closed-loop control, with respect to open-loop CNT
growth in enhancing reproducibility and preventing overheating. Closed-loop controlled growth
is also essential to simulate the temperature of the process, in itself crucial for qualitatively
evaluating the CNT growth as well as studying growth kinetics. However, to further investigate
and optimize the process, a precise knowledge of gas composition at the growth site is necessary
and local induced turbulence should be avoided.
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Chapter 3 |

Miniaturized reaction-chamber for
optimized carbon nanotube growth

To overcome the challenges of the large statically filled reaction chamber, such as low through-
put time, local induced turbulence and process gas depletion, and to be able to study growth
kinetics, a miniaturized reaction chamber is presented in this chapter. The chamber provides
a laminar gas flow over the substrate with precise control of the gas composition at the laser
growth-site. The particular design of this miniaturized reactor results in a high reproducibility
as well as fast growth cycle time. A multi-parameter finite element method (FEM) model is
implemented to link substrate temperature at the laser spot with emitted radiation, taking
into account the gas flow, the process time and other temperature-dependent physical pa-
rameters such as forced convection, thermal conductivity and heat capacity. The resulting
growth of carbon nanotubes is assessed using Scanning Electron Microscopy (SEM) and Ra-
man spectroscopy. Combined with results from the thermal model, process information is used
to calculate activation energy for the nanotube nucleation.

Part of this chapter has been accepted for publication in

Y. van de Burgt, Y. Bellouard, W. van Loon, R. Mandamparambil, Miniaturized Reaction Chamber for

Optimized Laser-Assisted Carbon Nanotube Growth, Journal of Laser Micro / Nanoengineering (2014).[4]
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3.1 Introduction

In the previous chapter, a feedback control in the laser-assisted CVD process for CNT growth
was introduced. The process itself is monitored and controlled by different optical sensors,
controlling temperature and monitoring the CNT growth. To further optimize the process,
laser-assisted CVD also requires a localized gas flow control, eliminating possible effects of
turbulence.

In this chapter, a miniaturized LACVD reactor is presented (shown in Figure 3.1), where a
precise control of the gas flow at the laser-growth site is provided. The particular design of
this miniaturized reactor results in a high reproducibility as well as a high production yield. A
multi-parameter finite element model (FEM) is implemented to link substrate temperature at
the laser spot with emitted radiation, taking into account gas flow, process time and other
temperature-dependent physical parameters such as forced convection, thermal conductivity
and heat capacity.

To validate and calibrate the model, a series of test-experiments is performed. The ther-
mal model then is applied to find a relation between reference radiation and temperature at
the laser spot. The resulting CNT growth for certain process parameters is assessed using
Raman spectroscopy and Scanning Electron Microscopy. To illustrate the versatility of the
process, the ability to calculate the characteristic activation energy for nanotube nucleation is
demonstrated.

3.2 Design and setup

The necessity for a small reaction chamber originated from limitations of the large, statically
filled gas reaction chamber described in the previous chapter. Growth kinetics requires a
precisely known gas composition at the growth site. For accurate predictions of gas concen-
tration around the laser hot-spot a laminar flow is required with the ability to control the gas
flow. A miniaturized CVD reaction chamber was designed for this purpose, at the same time
significantly reducing the experimental cycle time.

The laser-assisted chemical vapor deposition process for the growth of local carbon nanotube
structures comprises of three main components. All three are essential to the growth of
carbon nanotubes. Thermal energy, gas supply and catalyst are the building blocks for any
CVD process. Here, a CW short-IR laser (808 nm) is used to heat up the substrate. In
this case the laser hits the substrate from the top surface. Although this method allows
a higher spatial resolution for localized growth, it suffers from the fact that the substrate
absorptivity dynamically evolves as CNTs start to grow. The enhanced absorbance during
CNT growth results in overheating of the CNTs and amorphous carbon deposition as was
described in subsection 2.3.2. To overcome this problem, in the previous chapter a closed-
loop control synthesis method was developed, which uses the emitted radiation in the mid-IR
spectrum from the laser hot-spot as the controller input. This radiation is directly related to
the temperature at the laser spot and enables a better control over the process and prevent
overheating. The growth itself is monitored by means of the intensity variation of the reflected
laser beam, providing a first approximation of the growth kinetics.[131]
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Figure 3.1: CAD overview of half of the reaction chamber including the focused laser beam. Also
indicated are the thermal properties and materials that are used in the FEM model.

3.2.1 Design

The miniaturized reaction chamber design requirements comprised a laminar gas flow over the
substrate and the ability to easily replace substrates and specimens while remaining optically
accessible for the laser path and sensors. Further, by decreasing the size of the reaction-
chamber, the system can be placed onto an x-y-z stage, enabling the creation of lines, patterns
and arrays of CNT structures. The laser source is placed completely outside of the chamber.
Taking advantage of its optical and thermal properties, fused silica was chosen as a covering
top window. For similar reasons fused silica was also used as the bottom window. Especially,
the low thermal conductivity and shock resistance of fused silica were proven to be essential
for the growth process where the former enhances the thermal confinement.

The chamber is schematically shown in Figure 3.1. To ensure a laminar flow, the reaction
chamber was designed with an "inlet-compartment" to reduce any turbulence possibly present
in the gas before entering the main reaction compartment of the chamber. The dimensions
of the chamber ensure the Reynolds number (defined as the ratio between inertial forces
and viscous forces) does not exceed 35 for the maximum flow rates of the flow controller,
significantly lower than 2000, where the transition to turbulent flow starts.

The chamber is sealed with flexible O-rings and clamped with bolts to avoid leaking. The
substrate is held to its place by a substrate-holder fabricated by Electrical Discharge Machining
(EDM) from stainless steel and comprises a small spring pushing the substrate on its place.

3.2.2 Experimental setup

The optical setup for the chamber is more or less similar to the optical setup presented in the
previous chapter, section 2.2. In the current setup however, the laser beam is focused through
the window onto the substrate under an angle of 45◦ and the reflection signal is captured by
the Si-detector under the same angle. A schematic of the setup is shown in Figure 3.2. The
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Figure 3.2: Overview of the laser-assisted chemical vapor deposition setup with feedback control
similar to Figure 2.7 in chapter 2. In this miniaturized setup the laser is placed outside
the chamber and is focused through the fused silica window. The gas flow is controlled
and flows in laminar fashion over the substrate.

chamber is placed on an x-y-z stage by an extended clamping plate to ensure the bottom
window is visible by the radiation detector from beneath the chamber. The laser diode is
connected to the computer by a data acquisition board enabling real-time control over the
laser irradiance. Simulink is used to create a PID-controller that controls the radiation. The
process gases, argon, hydrogen and ethylene can be individually controlled with a maximum
flow rate of 500 sccm (standard cubic centimeter per minute).

3.3 Thermal modeling

A finite element method (FEM) model is developed in COMSOL Multiphysics 4.3a. Like
for the model described the previous chapter, in section 2.5, this thermal model is necessary
in order to investigate temperature evolution in time and space. A schematic of the model
including the heat transfer properties was shown in Figure 3.1. In this particular design, heat
and flow are strongly coupled. Here the model evaluates forced and natural convection as a
function of input parameters such as gas flow and laser irradiance.

3.3.1 Modeling of heat transfer

The miniaturized reaction chamber designed in this chapter allows for the heat and flow
problems to be coupled so that heat transfer through forced and natural convection is calculated
by the model itself. This means that the input gas flow and the concentration will be directly
related to the calculated temperature and vary for different input conditions.

All the materials and gases described in the model have temperature dependent properties.
That is, heat capacity, thermal conductivity, and thermal diffusivity for the gases; heat capacity,
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Section 3.3 Thermal modeling

thermal conductivity and thermal expansion for the solids. See section 2.5 and Figure 2.10-
Figure 2.14. Gases are modeled using the ideal gas law, which is assumed to be valid within the
pressure and temperature range considered here. The inlet and outlet boundary conditions are
prescribed mass flow and constant pressure, respectively. Further, on all exterior and interior
free boundaries surface radiation is applied and natural convection in air is applied on the
exterior free boundaries. From estimations of the Grashoff and Rayleigh numbers it followed
that forced nor natural convection can be neglected. Since the thermal model couples gas
flow with heat transfer this is incorporated for the internal domains. The laser is modeled
with a Gaussian intensity profile and can be stationary, in the case of open-loop experiments,
or time-dependent, in the case of closed-loop experiments. The laser irradiance is applied as
a boundary heat source and for the latter the recorded laser irradiance in time is used as the
input instead of a constant laser irradiance.

3.3.2 Experimental validation of the model

To validate the model, two different flow conditions (flow of Argon of 50 sccm and 500 sccm)
are selected and the corresponding temperature is calculated for a range of laser irradiances.
Since measuring the temperature directly in the laser spot is not possible, a thermocouple
has been placed at the edge of the substrate. Stationary temperature is measured when the
substrate is exposed to various preselected laser irradiance levels. The results are shown in
Table 3.1. It appears that the model slightly over-estimates the temperature at high laser
power and under-estimates the temperature at lower laser power. This effect seems to be
larger for the lower flow rate of 50 sccm. The discrepancy can be explained by a number
of factors. Most importantly, the calculation is done on a highly complex multi-parameter
model and therefore the coupling between the forced gas flow and the thermal heat transfer
in solids is very sensitive. It could be that the gas inlet flow differs somewhat from reality,
changing the kinetics and ultimately the temperature. Furthermore, an ideal gas is assumed,
which is reasonable under the current conditions but not perfect. Considering the complexity
of the model and the multiple approximations made, the results show a rather good agreement
between the measured temperature and the predicted one with a relative error between -13
and 4 %.

Table 3.1: Stationary temperature at edge substrate for different laser irradiances and flow condi-
tions.

Irradiance Ar flow Experimental Model Rel. error
(W/mm2) (sccm) (%)

9.7 500 sccm 278 ◦C 241 ◦C -13.4
50 sccm 303 ◦C 275 ◦C -9.2

17.9 500 sccm 429 ◦C 406 ◦C -5.4
50 sccm 472 ◦C 454 ◦C -3.8

26 500 sccm 546 ◦C 548 ◦C 0.4
50 sccm 583 ◦C 605 ◦C 3.8
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Figure 3.3: Modeled temperature as a function of time in closed-loop setup compared with mod-
eled temperature in open-loop. Also plotted is the radiation in volts as a function of
time. This radiation is the controlled parameter.

3.4 Results

Our miniaturized reaction chamber, in combination with the closed-loop control system re-
sults in fast, temperature-controlled growth of carbon nanotubes with a precise known gas
composition. These benefits can be demonstrated by comparing the closed-loop process with
the open-loop case.

3.4.1 Experimental results

To evaluate and quantify the temperature response of the system, the thermal model is used
to compare the closed-loop control system operation with an open-loop system. The results
are plotted in Figure 3.3. As the emitted radiation is used as the controlled variable this
signal (solid line) is plotted together with the reference set-point (dashed line). The particular
choice of the PID-controller values results in this case in an over-damped response, without
any overshoot. The result is that the radiation set-point is reached after about 15 seconds.
A similar response is found in the model, when looking at the temperature at the edge of the
substrate (solid line). The real values measured by thermocouple at certain times (squares)
are compared with the model and correspond well. The temperature in the center of the
laser-spot (solid line) shows a small overshoot but settles around 12 seconds as well. The
nature of the overshoot in temperature is not fully understood as the controlled radiation
shows no sign of overshooting. It is assumed that the high sensitivity to the input power over
time as well as the still simplified model and assumptions could account for the difference
between temperature and emitted radiation. The time-step used in the FEM solution might
be too large and the real, non-linear response to an instant laser pulse is difficult to model.
This assumption is to some extent confirmed by the temperature response at the edge of the
substrate. This position is further from the spot and is thus less affected by near non-linear
effects. The smooth temperature response, very similar to the radiation signal confirms this.
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Figure 3.4: Modeled temperature as a function of set-point radiation. The temperatures at the
center of the spot (triangles) are fitted with a power law. The temperature at the
edge of the substrate is given both by experimentally measuring for open-loop (filled
squares) and closed-loop (open squares) as well as the modeled temperature (open
triangle).

To find a direct relation between the radiation set-point and temperature, closed-loop experi-
ments were carried out for a range of different radiation set-points. Similar responses as shown
in Figure 3.3 were found and the steady-state temperatures of both the center at the laser
spot as well as at the edge of the substrate are plotted against the set-point radiation. This
is shown in Figure 3.4. The triangles (filled and open) represent the modeled temperature at
the center of the laser spot and the edge of the substrate, respectively. To further validate the
thermal model, the measured temperature at the edge of the substrate is plotted in this figure.
The filled black squares are temperatures obtained with an open-loop experiment reaching a
steady-state value and the corresponding emitted radiation. The open squares represent the
temperature of the radiation-controlled experiments, measured by thermocouple. Note that
the thermocouple could have a systematic error of about 4 ◦C at 500 ◦C.

Using the miniaturized reaction chamber, with a radiation-controlled temperature of 850 ◦C
and flow rates of 200, 250 and 50 sccm, for argon, ethylene and hydrogen, respectively a
localized hill of aligned carbon nanotubes has been grown, as depicted in Figure 3.5.

3.4.2 Flow simulation results

The forced flow coupled with heat transfer that is solved in the FEM-model allows for a closer
investigation of the interaction between applied heat transfer and the corresponding gas flow
alteration. In Figure 3.6(a), a typical result is depicted of half of the chamber where the arrows
show the direction of the flow and the different colors show the temperature. The gas flow is
laminar over the substrate. Looking more closely to the flow, by zooming in to the hotspot,
it can seen that just before (Figure 3.6(b)) the laser is switched on, the flow is laminar but
right after the laser is switched on (Figure 3.6(c)) a sudden change in streamlines is apparent.
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Figure 3.5: SEM Micrographs of a localized hill of vertically aligned carbon nanotube forest cre-
ated with the miniaturized reaction chamber. (a) Overview. (b) Zoom of the aligned
nanotubes after scratching the surface. (c) Enhanced zoom of the top of the nan-
otubes. (d) Side view. Inset shows Raman intensity signal and indicates multi-walled
nanotubes.

Figure 3.6: Finite Element Modeling results depicted for different times. The red lines are stream
lines while the colors depict temperature. (a) Overview of half of the chamber. (b)
Zoom of the substrate with flow streamlines at 1 sec. (c) Zoom of the substrate just
after laser has been switched on. The flow streamlines show a sudden increase in
pressure which affects the flow direction. (d) Zoom of the substrate after 40 sec. The
flow has been normalized again.

This effect is due to the instant temperature increase which results in a localized high pressure
affecting the flow. After some time (Figure 3.6(d)), the flow is stabilized again, indicating
that using this chamber, the forced flow ensures a stable well-known flow of process gases at
the growth site.
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Figure 3.7: Graph comparing nucleation time to reference temperature. Also depicted is the time
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maximum irradiance. When that time exceeds the nucleation time, the nucleation
time does not decrease anymore. The inset shows the laser and signal response for
experiment 1. Indicated are the max laser power time and the nucleation time.

3.4.3 Nucleation

The miniaturized reaction chamber has the advantage of being optically accessible. To inves-
tigate growth kinetics, the Si-detector is used to collect the reflected laser light (see subsec-
tion 2.3.2). Any growth of carbon nanotubes absorbs laser irradiance, decreasing the reflected
laser light. This sensor can thus be used for investigating certain basic growth characteristics.
As a proof-of-concept of the capabilities of this method, the nucleation characteristics are
investigated. The nucleation and onset of the growth is characterized by a sudden drop in
the reflection signal, as was shown in Figure 2.4. The time it takes for the drop in reflec-
tion to occur depends on the temperature and the catalyst characteristics. The temperature
dependency of the nucleation is shown in Figure 3.7.

At a certain temperature, the nucleation time does not decrease anymore. This is a conse-
quence of the closed-loop system. The laser has a maximum laser irradiance level and for
temperatures above 800 ◦C the time it takes to reach the radiation set-point at the maximum
laser irradiance exceeds the nucleation time. Therefore, the nucleation starts while the laser
is still ramping up to the reference temperature. The time to reach the set-point is plotted
in circles in the figure. Notice that this time does not exceed four seconds, a consequence
of the specific PID-controller characteristics which result in a faster reaching of the set-point,
allowing some overshoot to occur. The inset of the figure shows the laser and reflection char-
acteristics for the experiment labeled "1" in the figure. The top part of the inset shows a
typical laser irradiance response to a certain input reference radiation set-point. The drop of
the laser irradiance shows the set-point is (almost) reached ensuring the radiation to remain
constant. The resulting reflection is also characterized by a drop, indicating the start of the
growth process.
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Figure 3.8: Arrhenius plot of the nucleation of the process where the inverse of the temperature is
plotted against the nucleation rate, the inverse of the nucleation time. Above a certain
temperature the time to reach the reference temperature exceeds the nucleation time,
so the rate doesn’t increase anymore.

For temperatures below the threshold of 800 ◦C, it is possible to make an Arrhenius plot where
the inverse of the temperature is plotted versus the natural logarithm of the nucleation rate.
Arrhenius law states that a process can be characterized by a rate constant k which is given
by,

k(T ) = νe−EA/RT (3.1)

Here, ν is the prefactor which is reaction dependent, EA, the activation energy, R the universal
gas constant and T the temperature. In this case, the nucleation rate is defined as the inverse
of the nucleation time. The slope can be calculated by taking the natural logarithm of the
rate and plotting it against the inverse of calculated temperature. The results are presented
in Figure 3.8. The linear fit of the part below 800 ◦C is shown as a straight line. From the
slope of this line, the apparent activation energy for this nucleation process can be extracted.
The apparent activation energy is calculated to be 0.60 eV. The activation energy is usually
calculated from measuring the growth rate of the nanotubes instead of measuring the onset
of growth, as is done in this study. Nevertheless, the catalyst reduction and re-structuring
process are important processes with respect to the resulting CNT growth and morphology.
However, as seen in section 2.6, the catalyst preparation process is difficult to comprehend. To
fully model the multi-parameter problem, molecular dynamical simulations are required which
goes beyond the scope of this thesis.

To validate the experimentally obtained activation energy, the results from the thermal model
are used to evaluate the internal energy of the process around the laser hot spot. For the
different experiments the specific internal energy is evaluated at the time the nucleation starts
(see Figure 3.7). The internal energy is calculated by multiplying it by the molar mass of the
iron catalyst. The values obtained from the thermal model range from 0.52 eV to 0.62 eV,
in good agreement to the experimentally obtained value. In the next chapter, the activation
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energy of carbon nanotube growth will be discussed in more detail and the characterization of
the process will be continued.

3.5 Summary

This chapter shows the versatility of the specifically designed miniaturized reaction chamber.
As a direct result from the laser-assisted growth process, a fast heating rate is achieved while
the radiation feedback control prevents overheating. A precise knowledge of gas composition
during synthesis is now available due the forced laminar flow over the substrate. This resulted
in the ability to grow a well defined forest of vertically aligned CNTs.

Thanks to an enhanced FEM thermal model combining heat and flow, the temperature is
known with an accuracy of within 13% in open-loop. With this information, nucleation kinetics
and corresponding apparent activation energy can be investigated as demonstrated by the
proof-of-principle in subsection 3.4.3. An additional result of the small reaction chamber is
the much shorter experimentation time and the ability to move the chamber during laser
irradiance as will be discussed in chapter 5, Application perspectives.
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Chapter 4 |

Growth kinetics

In this chapter, a detailed investigation of carbon nanotube growth kinetics related to physical
and chemical process characteristics is presented. Specifically, the growth kinetics is investi-
gated by monitoring the dynamical changes of reflected laser beam intensity during growth.
Benefiting from the fast growth and high experimental throughput, a wide range of experi-
mental conditions is investigated and several growth regimes are proposed. Rate-limiting steps
are determined using rate equations linked to the proposed growth regimes, which are further
characterized by Raman spectroscopy and Scanning Electron Microscopy (SEM). Activation
energies for the proposed regimes are found in the range of 0.3 - 0.8 eV.

Part of this chapter has been published in

Y. van de Burgt, Y. Bellouard, R. Mandamparambil, Kinetics of Laser-Assisted Carbon Nanotube Growth,

Physical Chemistry Chemical Physics 16, 5162-5173 (2014).[5]
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4.1 Introduction

Vertically aligned carbon nanotube (CNT) structures are desirable for many applications. Their
unique structural, electronic and thermal properties make them ideal candidates for applica-
tions such as field emitters,[18, 19] field effect transistors,[15][16] filters,[25–27] interconnects[28]

and sensors.[22] So far, producing aligned nanotube structures has been achieved almost ex-
clusively by chemical vapor deposition (CVD). This process allows a high degree of control
over the resulting growth and morphology by tailoring the catalyst that adsorbs and dissoci-
ates the carbonaceous gas. Despite enhanced control, the quality of CVD-produced nanotubes
is generally poor as a result of a relatively high defect presence. Further improvements can
be achieved through a better understanding of the growth kinetics and the various catalytic
mechanisms.

Carbon nanotube growth kinetics and its dependence on process gases are currently not fully
understood. The precise reaction process is still under debate.[114] Growth-limiting reaction
steps depend on precise growth conditions and resulting activation energies vary widely between
experimental conditions such as temperature, pressure, catalyst and gas composition but also
between subsequent experiments with seemingly identical conditions.

The small reaction chamber with precise control of the composition of the laminar flow of pro-
cess gases is used, as described in the previous chapter. This allows for in situ determination
of the growth kinetics while maintaining a higher experimental throughput than conventional
CVD growth. Specifically, the influence of feedstock gas flow and composition as well as
the corresponding kinetics involved in laser-assisted CVD growth of carbon nanotubes is in-
vestigated. From kinetic relations, several different growth regimes and corresponding rate
constants are derived and proposed. The regimes are linked to elementary steps of the CNT
growth process, as schematically proposed in Figure 4.1. The influence of the three different
process gases, ethylene, argon and hydrogen, is related to the proposed regimes and confirmed
by micro-Raman spectroscopy quality measurements. Using time-resolved reflectivity measure-
ments, first order dynamics of the growth of carbon nanotubes are obtained which are used
to calculate activation energies for the different regimes. Finally, by exploring the growth rate
of the carbon nanotubes as a function of several partial pressures, the various reaction orders
are derived.

The laser-assisted growth method investigated in this thesis is of specific interest for deter-
mining carbon nanotube growth kinetics in general, as the nature of the localized laser-heated
process allows for a fast and high throughput in situ investigation of the growth characteristics
with respect to the experimental conditions.

4.2 Experimental setup for measuring growth kinetics

The experimental setup consists of a feedback-controlled laser-assisted carbon nanotube growth
process, as described in chapter 2, combined with the miniaturized reaction chamber from
chapter 3 that allows the process gases (argon, hydrogen and ethylene) to flow in a controlled
manner over the substrate. To investigate growth kinetics, the reflected laser signal is dynam-
ically measured. A sudden drop in reflection is attributed to the initiation and growth of the
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Figure 4.1: Schematic of the carbon nanotube growth process investigated in this study. 1. Dif-
fusion of the ethylene through the CNT forest. 2. Adsorption of ethylene onto the
catalyst. 3. Dissociation of ethylene into adsorbed carbon and hydrogen gas. 4.
Diffusion through the catalyst. 5. Growth of the carbon nanotube.

carbon nanoforest (see subsection 2.3.2), indicated with tn in Figure 4.2. The average growth
rate is calculated by dividing the estimated length of the nanotube forest by the growth time
(t20% − tn) as indicated for two cases in the figure. This is done for several process conditions
to confirm the CNT length for a specific intensity. The time t20% is chosen to be shorter than
the lifetime of the catalyst since the growth continues, demonstrated by the exponential decay
of the reflected laser intensity. Combined with FEM modeling, the temperatures involved in
an experiment can be calculated which allows for the investigation of activation energies. The
decay of the intensity seems to follow the Beer-Lambert law,

I(z, t) = I0e−2αz(t) (4.1)

where I is the intensity, z is the average thickness of the layer and α its absorbance. In that
case the absorbance α can be estimated with,

α =
ln (I0/I)

2z
(4.2)

Several lengths of CNTs and corresponding intensities were used to estimate α. Surprisingly,
this resulted in a variation of the absorbance over time in contrast to results from Puretzky
et al.[132] This dynamically changing absorbance might imply a CNT density variation during
growth. For that reason, the CNT forest lengths at their highest point under different ex-
perimental conditions is manually measured. This method bypasses the uncertainties in the
growth rate calculations as a result of the varying absorbance α and an estimation of the
average growth rate can be made.

4.2.1 Growth rate

The growth rate changes dynamically over time as well, where a much higher growth rate is
measured at the beginning than at the end of the process. This can also be seen in Figure 4.2,
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Figure 4.2: Plot of the intensity of reflected laser signal versus time for two different experiments.
Indicated in the figure are the nucleation time tn and the intensity level of the signal
of 80% and 20% of the maximum value, I80% and I20% respectively. For the 20%
intensity the time at which this is reached is depicted for both experiments as well.
Also shown are the corresponding SEM pictures of the nanotube forest at the intensity
levels 80% and 20%. The inset shows a schematic representation of the growth of
CNTs by laser irradiance and the laser reflected signal.

where the CNTs have a length of already 1.6µm at I80% and grow only to about 5µm at I20%,
significantly later. At I40% the length was estimated to be 2µm. The corresponding growth
rates for 780 ◦C were found to be 3.3µm/s, 0.75µm/s and 0.74µm/s respectively. These
results indicate that the initial growth rate is much higher but eventually becomes constant.

4.3 Growth kinetics

The catalytic chemical vapor deposition growth of carbon nanotubes can be schematically
represented by a number of elementary steps.[132, 148] Those steps are graphically presented in
Figure 4.1. The ethylene gas has to reach the catalyst, by a forced flow or natural diffusion.
Diffusing through the nanotube forest might play a role, although that process is assumed to
be very fast; giving notable effects only at nanotube lengths much greater (in the order of mm)
than what is expected here.[149] When the ethylene reaches the catalyst, it is adsorbed onto
the iron catalyst surface. This step is followed by a dissociation step, resulting in adsorbed
carbon and hydrogen. The adsorbed carbon diffuses through or over the catalyst to the growth
side where it precipitates as part of the carbon nanotube.

4.3.1 Rate equations

The following relations can be given regarding the growth kinetics of the different elementary
steps,

C2H4

k+

0−−⇀↽−−
k−

0

C2H4 ads (4.3)
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C2H4 ads

k+

1−−⇀↽−−
k−

1

2Cads + 2H2
k+

2−→ 2CCNT (4.4)

Here k+ and k− are the rate constants for the forward and backward reaction, for respectively
the reaction from ethylene gas into adsorbed ethylene k0, from adsorbed ethylene into adsorbed
carbon and hydrogen k1, and from adsorbed carbon into carbon nanotube k2.

Equilibrium of gas phase ethylene with adsorbed ethylene under normal process conditions is
assumed. With the further assumption that the gas phase concentration of ethylene does not
change, i.e. a sufficient supply of ethylene gas is present, Equation 4.3 becomes,

d [C2H4]

dt
= 0, → K0 =

k+
0

k−

0

=
[C2H4 ads]

[C2H4]
(4.5)

where K0 is an equilibrium constant for the reaction between ethylene and adsorbed ethylene.
From the theory of kinetics and Equation 4.4, the rate equation for the adsorbed carbon as a
function of the concentration (or partial pressure) of the different components can be written,

d [Cads]

dt
= 2k+

1 [C2H4 ads] −
(

k+
2 + k−

1

)

[Cads] [H2] (4.6)

Note that for a total pressure of 1 bar, the concentration and partial pressure of the differ-
ent gases are interchangeable in these relations. The hydrogen concentration is assumed to
be constant, i.e. the produced hydrogen from dissociation is much less than the feedstock
hydrogen. In other words,

d [H2]

dt
= 0, [H2 diss] ≪ [H2 feed] (4.7)

Solving the linear differential Equation 4.6 results in

[Cads] =
C

e(k+

2
+k−

1
)[H2]t

+
2k+

1

k+
2 + k−

1

[C2H4 ads]

[H2]
(4.8)

where C is an integration constant. With the assumption that no carbon is adsorbed at t = 0
this can be further reduced to

[Cads] =
2k+

1

k+
2 + k−

1

[C2H4 ads]

[H2]

(

1 − e−k+

2
[H2]t

)

(4.9)

In this expression the exponential term defines the "start-up" phase, which depends on the
hydrogen partial pressure. In steady-state, i.e. for sufficiently large t, the exponential term
disappears. The growth rate, RG, of the carbon nanotubes can be expressed as,

RG =
d [CCNT]

dt
= k+

2 [Cads] (4.10)

Taking into account all elementary steps depicted in Figure 4.1, different growth regimes
are identified, having specific rate-limiting steps that arise for different process conditions.
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Figure 4.3: Schematic overview of different catalytic carbon nanotube growth regimes. (a)
Adsorption-limited: For low ethylene partial pressure, the adsorption on the catalyst
is the rate-limiting step. (b) Surface diffusion-limited regime: diffusion through the
catalyst and precipitation of the nanotube are expected to be the rate-limiting step.
(c) Dissociation limited regime: the dissociation of ethylene into carbon is considered
the rate-limiting step. (d) Mass diffusion-limited: for low velocities, the renewal rate
is low which results in local under-supply of ethylene.

It is generally assumed that the rate-determining step is equal to the process step with the
highest energy barrier. However, different experimental conditions can lead to different energy
barriers and corresponding growth regimes. This can be explained by the fact that energy
barriers are usually a combination of different elementary steps, which can act differently
under different conditions such as temperature and partial pressure but also the coverage
degree of the catalyst. The resulting activation energies have been found to vary widely in
literature depending on the rate-limiting mechanism. The rate-limiting growth regimes for the
catalytic CVD growth of carbon nanotubes that are considered here are adsorption-limited,[150]

surface diffusion-limited,[150, 151] dissociation-limited,[152, 153] and mass diffusion-limited [154, 155]

and are schematically depicted in Figure 4.3. By varying the experimental conditions, the
characteristics of these regimes are investigated.

4.3.2 Growth regimes

Adsorption-limited regime

It was shown by Lebeveda et al.[150] that for low ethylene partial pressure, the adsorption of
ethylene on the catalyst surface is the rate determining step. Although in the system described
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in this thesis also a carrier gas is present, this inert gas does not participate in the chemical
reaction and as such this regime is assumed to be equivalent to the one described by Lebeveda
et al. The effective coverage of ethylene on the catalyst is very low and the dissociation step,
k+

0 , becomes the pre-dominant step. This is schematically shown in Figure 4.3(a) where the
red colored rate constant k indicates the rate determining step. For this, the dissociation step
from adsorbed ethylene to adsorbed carbon, k+

1 is assumed to be much faster. Furthermore,
k+

0 is lower than the surface diffusion and precipitation step, k+
2 . This will result in low growth

rates and, without sufficient carbon supply, the introduction of defects.

For a constant pressure of 1 bar, this regime only occurs with a high partial pressure of argon
gas and corresponding high flow rate. These high flow rates ensure a steady-state ethylene
concentration around the catalyst and as a result the local gas phase ethylene concentration
and partial pressure do not change.

Surface diffusion-limited regime

With increasing ethylene partial pressure, sufficient ethylene can reach the surface of the cat-
alyst and can reach equilibrium with the adsorbed ethylene and carbon. The surface diffusion
and nanotube precipitation become the rate-determining step, where the reaction rate of the
growth k+

2 is much lower than the rate of reaction back to ethylene, k−

1 , see Figure 4.3(b).
This means the first step is virtually at equilibrium and a steady-state of the adsorbed carbon
can be assumed; in which the carbon nanotube growth does not affect the concentration of
the adsorbed carbon

d [Cads]

dt
= 0, k+

2 << k−

1 (4.11)

This further simplifies Equation 4.6,

K1 =
2k+

1

k−

1

=
[Cads] [H2]

[C2H4 ads]
(4.12)

where K1 is an equilibrium constant. Using Equation 4.10 and K0 from Equation 4.5, it then
follows that

[Cads] = K1K0
[C2H4]

[H2]
(4.13)

RG = k+
2 [Cads] = k+

2 K1K0
[C2H4]

[H2]
(4.14)

This relation suggests that the growth rate in this regime is depending on both the ethylene
and hydrogen concentration. The growth rate is also proportional to the equilibrium constants
K0 and K1 of the reaction between gas phase ethylene and adsorbed ethylene and the reaction
between adsorbed ethylene and carbon and hydrogen, respectively.
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Dissociation-limited regime

A further increase of the ethylene partial pressure causes the equilibrium of adsorbed ethylene
and carbon to shift towards a nearly complete covering of adsorbed ethylene on the catalyst.
In this case any dissociated ethylene will almost immediately be incorporated into a nanotube.
Typical for the dissociation-limited regime is that the dissociation rate becomes the rate-
limiting step. In this case, the rate-determining chemical equation is,

C2H4 ads

k+

1−−⇀↽−−
k−

1

2Cads + 2H2 (4.15)

Because the dissociation transition from adsorbed ethylene into adsorbed carbon is the rate-
determining step, the process of diffusion and incorporation of the carbon into a nanotube is
assumed to be faster and thus k−

1 is assumed to be negligible. In fact, a very high partial
pressure of ethylene could cover the whole catalytic active surface. The saturated catalyst
could prevent the reaction back into adsorbed ethylene. This is schematically represented in
Figure 4.3(c).

Overall, this reaction is limited by the reaction rate constant k+
1 and as such the concentration

of adsorbed ethylene is assumed to be in equilibrium with the gas phase ethylene via the
equilibrium constant K0. Using Equation 4.9, for the steady-state situation can be written,

[Cads] =
2k+

1

k+
2

[C2H4 ads]

[H2]
(4.16)

where the k−

1 term is neglected. Using Equation 4.10 and Equation 4.5 the growth rate can
then be written as,

RG = k+
2 [Cads] = 2k+

1 K0
[C2H4]

[H2]
(4.17)

This result suggests that the growth rate is similar to the surface diffusion-limited regime
except it is now only depending on k+

1 and K0, where k+
1 is the dissociation term.

Mass diffusion-limited regime

Finally, the mass diffusion regime is considered, which also occurs at a high ethylene partial
pressure. However, this regime is characterized by very low flow velocity around the catalyst so
that the mass diffusion of ethylene to the catalyst becomes the rate-limiting step. In this case,
the consumption of ethylene exceeds its supply by diffusion. On increasing ethylene partial
pressure, as a result of a decreasing argon flow, the diffusion constant decreases which can
finally result in an undersupply of carbon at the catalyst.[150] This regime is characterized by
a low activation energy.[148]
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4.4 Results

With the different proposed regimes, combined with the rate equations for CNT growth, the
rate-limiting steps as proposed in Figure 4.1 can be investigated. A wide range of experimental
conditions is considered in order to study and optimize the carbon nanotube growth. The
quality and morphology of the resulting growth is compared as a function of temperature
and partial pressure of the different process gases, linking the results to the growth regimes
described in the previous section. The fast in situ growth of the laser-assisted CVD method
results in the ability to rapidly explore a wide range of different experimental conditions and
to determine the activation energies for the different rate-limiting mechanisms.

4.4.1 Influence of temperature

Thermal modeling of the process, as described in chapter 3 is used to investigate the influence
of temperature. For ideal gases, the rates of reaction are dependent on the temperature T ,
the universal gas constant R and the activation energy EA following Arrhenius law,[156]

k(T ) = νe−EA/RT (4.18)

where ν is the frequency factor. Similarly, the equilibrium constant K is dependent on the
temperature and gas constant through the following relation,

K(T ) = e−∆H/RT (4.19)

where H is the reaction enthalpy. As a direct consequence, the growth rate of CNTs generally
is higher for higher temperatures. To investigate the quality of the grown nanotubes, micro-
Raman spectroscopy is used.[81] The Raman signal includes several peaks that are characteristic
for certain vibrational modes of molecules. The quality of the carbon nanotubes is usually
assessed by the ratio of the intensity of the defect-peak (D) with the graphite peak (G). The
lower this ratio, the higher the quality.

In general, the quality of the nanotubes grown with a CVD process with ethylene and iron
increases until about 900 ◦C.[109, 157] A similar trend is found in Figure 4.4, where the ratio of
D and G intensity is plotted against estimated process temperature. The data is fitted with a
polynomial fit and shows a minimum around 950 ◦C. The figure inset shows two typical Raman
spectroscopy graphs, with graph 1 showing low quality mostly multi-wall CNTs while graph
2 clearly shows single-walled high quality CNTs. These results indicate the highest quality
CNTs at a higher temperature than proposed in section 2.7. The reason for that could lie
in the different experimental conditions. The local gas composition in the statically filled
reaction chamber in chapter 2 is unknown as a result of possible higher carbon consumption
than supply. Together with a high thermal gradient that could induce local turbulence, this
could result in a different temperature for the highest quality. The enhanced accuracy of the
thermal model could play role as well. The thermal model of the miniaturized chamber does
not include an estimated natural convection term but relies on the numerically calculated value
of this term instead.
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Figure 4.4: Estimated process temperature versus I(D)/I(G). The figure inset shows typical Raman
intensity spectra for two different experiments specified in the figure. Indicated in the
figure are characteristic peaks for the radial breathing modes (RBM), Silicon (Si), the
defect-peak (D), the graphite-peak (G) and the second order graphite peak (G’).

Figure 4.5: SEM pictures showing the influence of the temperature. (a) 718◦C (b) 1044◦C.

The decrease in the quality after a certain temperature can be attributed to an increase
in the pyrolysis of ethylene. At high temperature the non-catalytic decomposition of ethy-
lene increases, usually in the form of amorphous carbon deposition. This trend can also be a
consequence of the increased reaction rate in the surface diffusion-limited regime. Higher tem-
peratures can also lead to a more efficient dissociation and thickening of the nanotube walls,
introducing defects and decreasing overall quality of the CNTs.[97] Although the growth rate
and quality generally are higher for higher temperatures, at very high temperatures the resulting
growth morphology consists of predominantly un-aligned CNTs forming a thin spaghetti-like
nano-carpet (see Figure 4.5). Most probably a few high quality single-wall nanotubes con-
tribute to the low I(D)/I(G) ratio and the growth terminates quickly, hampering the formation
of forests. In the growth rate study, the structure of the CNTs are assumed to be more or less
identical, i.e. aligned multi-wall CNTs.
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4.4.2 Growth rate and activation energy

The CNT growth rate is proportional to the reaction rate k and the concentration or partial
pressure of adsorbed carbon, according to Equation 4.10. Using Equation 4.18 the activation
energy, EA, of a reaction rate process can be found. Assuming the CNT growth rate RG is
proportional to k, the natural logarithm of the growth rate can be plotted against the inverse
of the temperature and the same Arrhenius law can be used to find the activation energy for
RG using

RG ∼ e−EA/RT (4.20)

In this case EA, is the apparent activation energy, since it includes all elementary steps included
in the carbon nanotube growth. Although the precise underlying mechanism is still under
debate, different groups have determined the rate-limiting step and activation energy for carbon
nanotube growth.[70, 130, 148, 150–153, 158–175]

Baker et al. argued that the rate-limiting step must be carbon diffusion in bulk iron resulting
from the resemblance of the activation energy of bulk diffusion with their calculated activation
energy.[159] Other groups found similar results relating the activation energy to bulk carbon
diffusion[161, 164, 169] as the activation energy was between 1.3 and 2 eV corresponding to the
bulk diffusion energy of fcc-iron of 1.53 - 1.57 eV.[85, 176] On the other hand, diffusion of carbon
in bulk bcc-iron has an activation energy of about 0.8 eV.[85, 176] In contrast, other research
has shown that the surface diffusion of carbon has a much lower activation energy of about
0.2 - 0.3 eV and is thus energetically favorable.[151, 160]

The activation energies that were found must be a combination of both dissociation as well
as diffusion, as was also proposed by Bronikowski et al.[167] The low values of 0.2 - 0.3 eV
were also found in fluidized bed reactors.[171, 173] Nessim et al.[172] found a very low activation
energy of 0.1 eV if the process was carried out without pre-heating of the process gases while
with pre-heating an activation energy of 0.9 eV was reported.

Liu et al.[152] and Pirard et al.[153] argued that the mechanism must be surface reaction- or
dissociation- limited and reported activation energies of 1.65 eV and 1.25 - 1.4 eV respectively.
In comparison, acetylene and ethylene dissociate on the iron surface via CHx radicals with an
activation energy of about 0.6 - 1.4 eV.[177]

Without experimental estimation of the activation energy, mass diffusion was proposed as the
limited process by Zhu et al.[154] and Louchev et al.[165]

These results illustrate the diversity between the attributed underlying mechanisms that de-
termine the apparent activation energy. It is fair to say that the growth process is not fully
understood and the variation of the activation energy between 0.1 and 2 eV reflect the strong
influence that different process parameters have on the growth mechanism. The direct in situ
laser-assisted growth process proposed in this thesis offers a quick and versatile method to
investigate activation energy for multiple growth regimes.

4.4.3 Influence of ethylene

Using a constant flow of argon and hydrogen, the influence of the flow of ethylene on the
growth has been investigated. The partial pressure of ethylene was increased from 0.04 bar
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Figure 4.6: SEM pictures showing vertically aligned nanotube forests grown under similar condi-
tions with only partial pressure of ethylene changed. (a) Flow of ethylene 20 sccm
(partial pressure = 0.07 bar). (b) Flow of ethylene 250 sccm (partial pressure = 0.5
bar).
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Figure 4.7: Quality of grown CNTs plotted versus ethylene partial pressure for two growth tem-
peratures. Different growth regimes are indicated in the figure.

to 0.7 bar. This was achieved by flowing argon and hydrogen at a constant flow of 200 and
50 sccm respectively and changing the flow rate of ethylene from 10 to 500 sccm. From
Equation 4.9 and Equation 4.10, it is expected that a higher ethylene partial pressure leads to
higher growth rates. To confirm this, the length of the CNTs is estimated using SEM. This is
shown in Figure 4.6. It is clear that the CNT length is lower for a partial pressure of 0.07 bar
(ethylene flow of 20 sccm) than for 0.5 bar (ethylene flow of 250 sccm).

By comparing Raman spectroscopy intensity signals a clear trend for increasing ethylene partial
pressure is found. Higher pressures, thus higher growth rates, result in lower CNT quality. This
could be attributed to defect formation at high growth rates.[97] An additional reason could
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Figure 4.8: Arrhenius plot of the surface diffusion-limited and the dissociation-limited regimes.
The CNT growth rate is shown versus the inverse of the growth temperature. Indicated
is the partial pressure of ethylene for both graphs as well as the experimental flow
conditions.

be the transition to a different regime with a higher density of defects due to the oversupply
of carbon and poisoning of the catalyst. In Figure 4.7, the quality of nanotubes is shown as a
function of the ethylene partial pressure for two different temperatures and argon flow rates.
In this figure, a distinction is made between surface diffusion-limited growth and dissociation-
limited growth. The transition between both regimes is positioned around a partial pressure
of ethylene of 0.2 bar. For the lower temperature graph (triangles), the decrease in quality
starts at a slightly lower ethylene partial pressure, resulting from the lower total flow rate. The
overall quality is also lower, in accordance with Figure 4.4.

Activation energies for both regimes are calculated using Arrhenius law, see Figure 4.8. The
activation energies for the surface diffusion-limited regime (ethylene partial pressure of 0.09
bar) and for the dissociation-limited regime (ethylene partial pressure of 0.5 bar) are found to be
0.8 and 0.6 eV, respectively. The dissociation-limited regime has the lowest activation energy
of about 0.6 eV with a growth rate that is generally higher, in accordance with Equation 4.17.
This seems realistic, as the dissociation step is always present and the surface diffusion can
vary as a result of the total coverage of carbon on the catalyst surface. High temperatures
are excluded from the analysis as they show a sudden decrease in growth rate, a result of the
non-aligned growth as discussed before.

Our calculated activation energies are lower than other reported activation energies for surface
diffusion- and dissociation-limited processes. However, using plasma-enhanced CVD, Hofmann
et al.[151] also reported a very low activation energy of 0.2 eV, which was attributed to surface
diffusion only; the plasma involved accounted for the decomposition of the ethylene. Such
effects cannot be excluded from these experiments. Another possibility is that in the process
the catalyst is quickly transferred into iron-carbide, Fe3C, where the diffusion of carbon is
calculated to be 0.38 eV by Liu et al.[152] Sharma et al.[178] have proposed that the growth of
CNTs takes place on cementite that is formed during the reduction process of iron-oxide. A
more detailed study of the catalyst chemical composition is necessary to confirm or disprove
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a less significant drop in reflection. Experiments 1 and 2 correspond to experiments 1
and 2 in Figure 4.7.

these assumptions. Finally, the results exhibit uncertainties due to errors introduced by fitting
with this amount of data points[70] and the average growth rate used in the calculations could
also account for some deviations.

The reaction rate order of ethylene is investigated by measuring growth rate as a function of
ethylene partial pressure. The results are illustrated in Figure 4.9. For both regimes a linear
relation is found and as such the reaction order is assumed to be 1, in correspondence with
other reported results[130, 150, 169] and Equation 4.17. The surface diffusion-limited growth has a
much lower linear relation to the ethylene partial pressure than the dissociation-limited growth,
which corresponds to both a lower reaction rate constant k and the weaker dependence on
ethylene partial pressure for diffusion-limited growth.[152]

4.4.4 Influence of argon

The rate equations do not include a term for the partial pressure of argon. In fact, the flow
of argon and the partial pressure do not influence the ratio of the partial pressures of ethylene
and hydrogen, as they will both be changed equally by any change of partial pressure of argon
and as such Equation 4.14 will not change. However, the carrier gas argon still influences
the growth of the carbon nanotubes. The dilution of the process gases by argon can indeed
change the rate-limiting process steps. In effect, the argon flow rate determines the flow speed
through the chamber. At the same time, a high argon flow results in a low concentration of
both ethylene and hydrogen which may result in an undersupply of those gases at the catalyst
site. In that case, the argon molecules will shield the surface sites, decreasing the mean free
path of ethylene molecules, effectively preventing them to reach the catalytic surface. On
the other hand, with no argon flow, the flow velocity is low which could result in a local
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Figure 4.10: SEM pictures showing influence of argon flow and partial pressure on growth rate.
(a) Argon flow 10 sccm (partial pressure = 0.14 bar). (b) Argon flow 500 sccm
(partial pressure = 0.9 bar). Both insets show a detailed zoom of the morphology of
the aligned nanotube forest.
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Figure 4.11: Quality of nanotube growth versus argon partial pressure. Indicated are also the
ethylene partial pressure and the separation between both regimes. Experiments 1
and 2 correspond to the SEM pictures of Figure 4.10(a) and (b), respectively.

undersupply of carbon, when consumption is higher than supply. For both a low and a high
argon partial pressure, the resulting growth is analyzed. This can be seen in Figure 4.10. The
SEM pictures show the growth for similar experimental conditions where only the argon flow
is changed and demonstrate the similarity of the growth rate of both cases. The insets in
the figure show the morphology of the aligned CNT forest which indicates that although the
growth rate might be comparable; the morphology of the CNTs is not.

In Figure 4.11 the quality of the CNTs is assessed as a function of argon partial pressure. The
other two gases, ethylene and hydrogen, are kept constant. The quality of CNTs is assessed for
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Figure 4.12: Arrhenius plot of the mass diffusion-limited and the adsorption-limited regime. The
growth rate is potted against the inverse of the calculated growth temperature. The
partial pressure of ethylene is indicated for both graphs as well as the experimental
flow conditions.

two different ethylene flows, 10 sccm, Figure 4.11(a) and 25 sccm, Figure 4.11(b), respectively
while the hydrogen flow was 50 sccm throughout.

A clear trend is visible in both graphs. For low argon partial pressures, the quality of the
nanotubes is low. This is attributed to the mass diffusion-limited regime where the local
consumption of ethylene by the catalyst is higher than the supply of ethylene by diffusion as
a result of the very slow flow rate of gases around the hot-spot. In this case that means k+

0

< k+
1 . With insufficient carbon in the catalyst, the growth is not stable which results in low

quality CNTs. An optimum value of the quality is found around 0.65 - 0.75 bar argon partial
pressure where the change between growth regimes is assumed to be located.

In contrast, an increase in argon flow to high partial pressure also leads to a reduction in the
quality. It is hypothesize that this regime is dominated by the adsorption-limited regime. With
a high argon flow, the surface coverage of the ethylene is low and the not enough carbon
atoms are absorbed to ensure a stable growth. This results in both low quality nanotubes as
well as lower growth rates. This effect seems to be larger for the ethylene flow of 10 sccm
which is plausible considering the amount of ethylene molecules around the catalyst is much
lower in that case.

To qualitatively assess both regimes, the activation energy for experimental conditions 1 and
2 from Figure 4.11(b) is calculated. The result is shown in Figure 4.12 where both regimes
are fitted with an Arrhenius plot. The resulting calculated activation energies are very low.
However, note that the fits are rather inaccurate due to the large scatter of the experimental
data; the adsorption-limited regime in particular shows large deviation from the fit. A high
sensitivity to changes in process conditions is assumed to be the cause for the large errors.
In the adsorption-limited regime, the argon partial pressure is very high, preventing ethylene
molecules from reaching the catalyst surface; small deviations in process conditions might
therefore have a large impact on the growth rate.
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Figure 4.13: Growth rate as a function of argon and ethylene partial pressure for two different
ethylene gas flows, 10 and 25 sccm, respectively. From the graph it is clear that
argon has negligible influence on the growth rate. The growth rate for the ethylene
flow of 25 sccm is larger than that of 10 sccm and larger errors are present in the mass
diffusion-limited regime. Indicated in the figure is the transition between the mass
diffusion-limited and adsorption-limited regime. Experiments 1 and 2 correspond to
experiments 1 and 2 in Figure 4.11 as well as Figure 4.10(a) and (b), respectively.

The mass diffusion-limited regime is expected to have a low dependence on temperature[150]

and thus a low activation energy. Because the driving force is diffusion by concentration
difference, it is an unstable regime and also sensitive to small deviations in experimental
conditions.

The reaction rate order of argon is investigated by plotting the growth rate as a function of
argon partial pressure Figure 4.13. In the figure the proposed growth regimes from Figure 4.11
are indicated. From the figure it is clear that the reaction rate order is not zero but the
influence on the growth rate is minimal in the case of an ethylene flow of 10 sccm. For the
higher ethylene flow, an increase in argon partial pressure leads to a slight increase in growth
rate up to a maximum around an argon partial pressure of 0.67 bar. This can be explained by
the increased total flow rate, ultimately overcoming the diffusion-limited growth by forced flow
of new ethylene supply. At high argon partial pressure and high flow rates, a visible reduction
of the growth rate predicts a reaction order of -1, which can be explained by the increased
coverage of the argon molecules on the catalyst, preventing the ethylene from adsorbing and
dissociating on the catalyst.

Nucleation rate

In subsection 3.4.3 the nucleation of the process for a certain combination of experimental
conditions was discussed, as a proof-of-concept of the abilities of the miniaturized reaction
chamber. The nucleation rate NR was defined as the inverse of the nucleation time tN . The
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Figure 4.14: Nucleation rate as a function of partial pressure of argon and ethylene for two different
flows. The nucleation rate has an optimum around 0.67 bar, i.e. around the transition
between the mass diffusion-limited and adsorption-limited growth regimes.

nucleation rate may be seen as a measure of the efficiency of the process. For the nucleation
rate experiments, all three gases are flowing through the chamber before the experiment starts,
so that the exact time of the nucleation can be extracted as a function of input gas ratio.
Similarly as described in subsection 3.4.3. For both ethylene flows, the nucleation rate is
plotted in Figure 4.14 as a function of argon partial pressure and ethylene partial pressure. In
this figure the maximum nucleation rate is reached around 0.65 bar of argon partial pressure.
This value corresponds to the assumed separation of regimes indicated in Figure 4.11. The
change in nucleation rate between both regimes is more profound in the case of an ethylene
flow of 10 sccm, which follows naturally from the fact that ethylene gas is necessary for the
nucleation to start. The trend in the figure can be explained the same way as the trend in
Figure 4.11. In the adsorption-limited regime, the amount of argon covering the catalyst is
very high; this results in a non-ideal adsorption and decomposition of ethylene on the catalyst
and thus a low nucleation rate. In the mass diffusion-limited regime the partial pressure of
the ethylene is high enough, but the amount of ethylene around the catalyst is expected to be
depleted fast, resulting in a slower nucleation.

4.4.5 Influence of hydrogen

Hydrogen has previously been found to be a key player in the CNT growth process. For
instance, it plays a significant role in the reduction process of the iron-oxide catalyst layer and
is an excellent thermal conductor and as such has been used as a carrier gas, optimizing growth
kinetics. Hydrogen has also been suggested to decompose inactive metal carbides[179, 180] and
plays a significant role in the removal of amorphous carbon from the catalyst surface, preventing
catalyst poisoning and increasing the process lifetime.[181, 182] In contrast, hydrogen has also
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Figure 4.15: SEM pictures of the influence of hydrogen on resulting CNT growth. (a) Hydrogen
flow 400 sccm (0.64 bar). (b) Hydrogen flow 25 sccm (0.1 bar).
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Figure 4.16: Quality of CNTs as a function of hydrogen and ethylene partial pressure for two
experimental growth times: (a) 150 seconds and (b) 20 seconds.

been reported to suppress the CNT growth by the formation of methane from carbon.[179, 180]

The hydrogen incorporated in the ethylene gas can also be used in the reduction process
at high temperatures, therefore the influence of hydrogen on CNT morphology and quality
is investigated by varying the flow between 0 and 200 sccm (partial pressure 0 - 0.47 bar)
while keeping the argon and ethylene flow at 200 and 25 sccm, respectively. The growth
rate equations, Equation 4.9 and Equation 4.10 suggest that the hydrogen partial pressure
influences the growth rate negatively. In Figure 4.15, two SEM pictures are presented with
similar growth conditions except for the hydrogen partial pressure. A high hydrogen partial
pressure, Figure 4.15(a), results in a very thin layer of nanotubes while a low hydrogen partial
pressure, Figure 4.15(b), results in a forest of longer CNTs.
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Since hydrogen is involved in multiple stages of the growth process, the quality of the CNTs
is also expected to be influenced by the hydrogen partial pressure. In Figure 4.16, the quality
of CNTs is plotted as a function of hydrogen partial pressure and ethylene partial pressure for
two durations of laser exposure, 150 and 20 seconds respectively.

A small shift in the minimum I(D)/I(G) ratio can be noticed between the two graphs towards
the lower hydrogen partial pressure for shorter laser exposure. Although the overall quality
of the 150 second experiments is generally better, the best quality is reached at a higher
hydrogen partial pressure than in the 20 second case. As an explanation, Equation 4.9 and
Equation 4.10 are considered. The exponential term goes to zero for sufficiently large t.
However, the hydrogen partial pressure also plays a role in this term. The difference between
both experimental times is that the extra time in the longer experiment, will ensure that the
growth rate is stabilized, i.e. an equilibrium is reached, even for low hydrogen partial pressures,
and will result in high growth rates due to the inverse relation with hydrogen. High growth
rates can introduce more defects. On one hand, a low hydrogen partial pressure for the 20
second case might still be outside equilibrium, resulting in a lower growth rate and more defect
free growth. On the other hand, a high hydrogen partial pressure will result in lower growth
rates and generally higher quality CNTs. However, the resulting ethylene partial pressure also
drops, i.e. the coverage of the catalyst surface by ethylene molecules becomes very low which
could result in a transfer to the adsorption-limited regime, similar to the case of high argon
partial pressure.

Nucleation rate

Since hydrogen pre-dominantly determines the start and nucleation of the growth process, due
to its influence in reduction of the oxidized catalyst and the exponential term in Equation 4.9,
the nucleation rate of the process is investigated as a function of hydrogen partial pressure. The
temperature set-point was set to 950 ◦C. The experiment already starts (and all three gases
are present) during the ramping to this set-point to investigate nucleation characteristics. The
nucleation rate NR was defined as the inverse of the nucleation time tn and can be extracted
from Equation 4.9 by introducing a nucleation constant CN ,

NR = CN
[C2H4]

[H2]

(

1 − e−k+

2
[H2]

)

(4.21)

The nucleation rate is plotted against the hydrogen partial pressure in Figure 4.17. Two parts
can be distinguished in this figure. The first (left) part shows an increase in nucleation rate
while the second (right) part shows an exponential decay. The decline can be explained by
fitting Equation 4.21. However, in this equation no hydrogen would result in an infinitely
high nucleation rate. Since hydrogen also plays a role with the reduction of the catalyst,
the first part of the figure can be explained by an increase in catalyst activity. Without
hydrogen, the ethylene has to provide the hydrogen, which can only decompose thermally at
high temperatures. So the catalyst is reduced faster with more hydrogen, until the point at
which more hydrogen would start suppressing the nucleation rate. A similar trend for the
influence of hydrogen concentration was found by Pérez-Cabero et al. for acetylene on iron
catalyst.[183]
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Figure 4.17: Nucleation rate as a function of hydrogen partial pressure. Also indicated is the
resulting ethylene partial pressure. The nucleation rate first shown an increase due
to increased catalyst activity. The resulting part of the graph is fitted with with an
exponential decay.
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Figure 4.18: Carbon nanotube growth rate as a function of hydrogen partial pressure. Also in-
dicated is the resulting ethylene partial pressure. The growth rate shows an inverse
relation to the hydrogen which is fitted by the blue line.

The reaction rate order of hydrogen is estimated in Figure 4.18 where the hydrogen flow is
varied between 10 and 50 sccm (partial pressure 0.04 - 0.18 bar). The ethylene gas is added
after the temperature set-point is reached to exclude the influence of start-up and nucleation.
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From Equation 4.9 an inverse relation between growth rate and hydrogen partial pressure is
expected, i.e. growth rate ∝ [H2]−1. In the figure the growth rate is fitted with this relation,
which shows that the reaction rate order of -1 proposed in the rate equations seems probable.
Note that for these experiments the growth temperature was too low (∼850 ◦C) to result in
CNT growth without any hydrogen.

4.5 Summary

In this chapter the growth kinetics of laser-assisted carbon nanotube growth is investigated.
The localized nature of the laser-assisted process allows for a fast in situ determination of
growth kinetics with high throughput in comparison to conventional CVD. As a result, the
investigation of the influence of the process gases over a wide range of partial pressures is
possible and several growth regimes are proposed. Each of the growth regimes has a unique
rate-limiting step which is determined by the governing rate equations. The quality and
morphology of the CNTs is assessed as a function of temperature and partial pressure for
ethylene, argon and hydrogen. A maximum CNT quality occurs around 950 ◦C. The growth
rate is calculated using the dynamically changing reflected intensity from the laser beam.
From the growth rate it is possible to determine reaction rates and activation energies. The
activation energies found are in the range between 0.3 - 0.8 eV. The results are linked to growth
regimes, depending on the partial pressure and flow rates of the different process gases.

An increase in the partial pressure of ethylene shifts the growth regime from surface diffusion-
limited to dissociation-limited growth. The quality decreases with increasing ethylene partial
pressure while the growth rate increases. This is confirmed by SEM and Raman analysis, which
indicate the largest forest to consist of low quality multi-walled CNTs grown in the dissociation-
limited regime. The reaction rate order of ethylene is found to be 1, in accordance with derived
rate equations.

The partial pressure of argon in itself does not change the growth rate but in effect changes
the flow speed of the process gases over the substrate. With a very low argon partial pressure
the mass diffusion of ethylene to the growth site is the rate-limiting step. The quality of the
growth decreases for lower partial pressure in the mass diffusion-limited regime. In contrast, a
high argon partial pressure can affect the surface coverage of the catalyst. That is, the argon
molecules shield the surface sites, preventing the ethylene molecules to reach the catalytic
surface, resulting in the adsorption-limited regime. In this regime the quality reduces with
increasing argon partial pressure. As expected, this effect is larger with a lower ethylene flow
and partial pressure.

The influence of hydrogen on the growth is largely attributed to its ability to reduce the catalyst
and its presence in the exponential "start-up" term. However, the quality of the CNTs shows
a dependence on the partial pressure of hydrogen as well. The existence of start-up effects are
confirmed by comparing the results of experiments with two different runtimes. The influence
of hydrogen on the start-up phase of the process is further confirmed by investigating the
nucleation rate of the process. Finally, the reaction rate order of hydrogen is confirmed to be
-1.

In Table 4.1 a summary of the different proposed growth regimes and the resulting growth is
presented. To obtain the longest CNTs, a high ethylene partial pressure within the dissociation-
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limited regime is necessary. The quality of the resulting vertically aligned multi-walled CNTs
is generally low. The highest quality un-aligned CNTs are obtained with a low ethylene partial
pressure, within the surface diffusion-limited regime. Also indicated in the table is the ethylene
partial pressure range corresponding to the proposed growth regimes and the gas variable that
was varied.

Table 4.1: Growth regimes and resulting CNT growth.

Growth regime C2H4 pressure Gas variable Results
Surface diffusion

0.04 - 0.2 bar C2H4
High quality,

limited un-aligned CNTs
Dissociation

0.2 - 0.7 bar C2H4
Low quality,

limited vertically aligned CNTs
Mass diffusion

0.2 - 0.6 bar Ar
Low quality, thin layer

limited of vertically aligned CNTs
Adsorption

0.6 - 0.9 bar Ar
Low quality, thin layer

limited of vertically aligned CNTs
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Application perspectives

Carbon nanotube assemblies can be used for specific applications such as sensors and fil-
ters, as well as electronic interconnects in for instance flexible electronics. In this chapter
a number potential applications and perspectives are given along with proof-of-concepts. A
simple method to transfer a hill of vertically aligned nanotubes into a polymeric substrate is
introduced. Secondly, the miniaturized reaction chamber is used to directly grow lines and
patterns of CNTs as well as demonstrate the ability to grow in a narrow enclosure. Finally,
a method and proof-of-concept to directly grow vertically-aligned carbon nanotube structures
within sealed enclosures is presented by means of the feedback-controlled laser-assisted chem-
ical vapor deposition technique. The process is compatible with a variety of micro-fabrication
processes and bypasses the need for post-process packaging. These experiments include in-
teresting observations related to the gas diffusion dynamics in micro-scale and sub-micron
enclosures.

Part of this chapter has been published in

Y. van de Burgt, A. Champion, Y. Bellouard, In-situ localized carbon nanotube growth inside partially

sealed enclosures, AIP Advances 3, 092119 (2013).[6]

Y. van de Burgt, Y. Bellouard, W. van Loon, R. Mandamparambil, Miniaturized Reaction Chamber for

Optimized Laser-Assisted Carbon Nanotube Growth, accepted for publication in Journal of Laser Micro
/ Nanoengineering (2013).[4]
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5.1 Introduction

Owing to their special geometrical, structural and electrical properties, carbon nanotubes have
been found useful in a variety of applications[12, 13] such as field effect transistors and logic op-
erators,[14–17] field emitters,[18–20] displays,[21] sensors,[22, 23] flexible electronics,[24]filters,[25–27]

interconnects,[28] scanning probe microscopy tips,[29] solar cell technology,[30] and comput-
ers.[31] More specifically, vertically aligned carbon nanotube embedded structures have been
proposed for enhanced particle interception in cell separation[184, 185] and as blood pressure
sensors.[186]

The localized growth inherent to laser-assisted CVD growth allows for a number of specific
potential applications. Especially, applications where local CNT structures are desirable, for
instance interconnects or filters, could be advantageous to be created with a laser-assisted
CVD process.

In this chapter, a number of potential applications using the controlled laser-assisted CVD
growth method are explored. Four examples are discussed, a post-processing method, the
advantage of the local growth process itself and growth inside enclosures. The chapter ends
with an outlook for the future, summarizing the capabilities of this technique and what are
possible future applications.

5.2 Transfer of carbon nanotubes into polymers

Because of the structural and electronic properties of CNTs, local aligned forests could be used
as interconnects in flexible electronics. To demonstrate this, a proof-of-concept of a method in
which a forest of vertically aligned carbon nanotubes is transferred into a flexible polymeric layer
is presented. After the laser-assisted CVD growth of a CNT hill, a thin Polydimethylsiloxane
(PDMS) layer is spincoated onto the substrate containing the forest. By varying the speed
and time of the spincoating process the thickness of the PDMS layer can be adjusted to match
the thickness of the forest.

After spincoating, the PDMS is cured in an oven at 100 ◦C. Finally, the layer with the embedded
CNT forest is removed from the substrate. The result is shown in Figure 5.1.

Figure 5.1: Photo of transferred aligned CNT forest into flexible polymer (PDMS).
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To verify the conducting nature of the nanotubes, necessary for interconnecting purposes, a
simple two-point probe resistance measurement is carried out through the nanotube forest
inside a scanning electron microscope. The results look promising as the resistance measured
is in the range of 15 - 60 Ω. Note that the planar resistance in CNT forest is much higher
than along the nanotube length and that these measurements also include contact resistance.

5.3 Growth in a narrow enclosure

The laser is used to grow carbon nanotubes on the substrate in a narrow enclosure. Taking into
account the heat resistance of this enclosure, it is possible to use any material as enclosure.
One can think of electronic components that already surround the position where carbon
nanotube growth is desirable. Also polymers such as PDMS can be used as long as the
growth is sufficiently distant enough to not damage the polymer. In this case, a U-shaped
patterned piece of fused silica is created by femto-second laser machining in combination with
an etch process.[187] A schematic of this fused silica part on top of the substrate is shown
in Figure 5.2(a). The fused silica part is attached to the silicon substrate by a heat resistant
epoxy. The gas flow is from the right side, into the U-shape. In Figure 5.2(b) an SEM
picture shows the resulting hill of aligned nanotubes that was grown. The inset of the figure
shows a zoom to the side of the hill were the aligned nanotubes are clearly visible. Despite the
major thermodynamic changes introduced by the addition of such part, the closed-loop system
combined with a well-defined gas flow results in a controlled growth of aligned nanotubes.

Figure 5.2: Demonstration of growth in a narrow enclosure. (a) Schematic of the process. The
width of the enclosure is 2 mm (b) SEM picture showing the resulting hill of aligned
carbon nanotubes. Inset shows a zoom of the side of the hill clearly indicating the
vertically aligned nanotubes.

5.4 Writing lines of carbon nanotubes

The miniaturized reaction chamber is attached to an x-y-z table which allows for movement of
the chamber during the synthesis of nanotubes. As a demonstration of this, a line of aligned
nanotubes is grown by moving the complete chamber under the laser for about 1.5 mm. The
resulting growth is shown in Figure 5.3. In Figure 5.3(a) an overview of the line is shown
including an indication of the laser spot size and write direction. In Figure 5.3(b) and (c) the
line is visualized from the side while the latter is after scratching the surface, clearly showing
the aligned nanotubes. In Figure 5.3(d) a part of this is zoomed to show the alignment better.
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Figure 5.3: SEM pictures of a line of aligned nanotubes grown by moving the complete reaction
chamber under the laser. (a) Overview including an indication of the laser spot size
and the write direction. (b) Side view. (c) Side view after scratching the surface. (d)
Zoom of a part of the aligned nanotubes.

5.5 In situ carbon nanotube growth inside partially sealed

enclosures

The organic nature of carbon nanotube structures also allows them to be used in micro-fluidic
(biological) applications and makes them compatible with many materials commonly used in
micro-fluidics, such as PDMS or glass. For instance, vertically aligned carbon nanotube embed-
ded structures have been proposed for enhanced particle interception in cell separation[184, 185]

and as blood pressure sensors.[186]

These applications use lithography in combination with thermal chemical vapor deposition to
control the geometry of the nanotube structure and embed the nanotubes inside the device by
creating the micro-channel on top of the nanotubes. More convenient would be to directly grow
the nanotubes inside the micro-channel without the need of an extra structuring or transfer
step. Various techniques for local growth of carbon nanotube structures such as micro-resistive
heating[68] or micro-induction[73] have been proposed. Although these techniques provide the
possibility of localized heating and CNTs growth, they have intrinsically limited flexibility.

In this section, a laser-assisted fabrication method is presented for local in-situ growth of carbon
nanotube structures inside enclosures. This technique eliminates the lithography structuring
step and increases the versatility of the process since a laser-beam can be used virtually
anywhere in the channel. Specifically, as a proof-of-principle, the growth of a hill of vertically
aligned carbon nanotubes inside a micro-channel is presented, created by femtosecond laser
processing. Furthermore, the growth of CNTs on a silicon substrate covered with a transparent
window is also demonstrated. This result raises interesting questions related to gas diffusion
kinetics.

5.5.1 Experimental details

Carbon nanotube chemical vapor deposition (CVD) growth consists of a thermal energy supply,
a catalyst and a carbon-containing precursor gas. This growth method provides a high degree
of control making it the most promising method for carbon nanotube growth.
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Figure 5.4: Schematic of the direct local growth of carbon nanotubes inside a sealed micro-channel.
For the second experiment, the same setup is used but without channel and with a
window covering the substrate.

Among CVD processes, laser-assisted ones differ from conventional CVD by using a laser to
provide the thermal energy. This opens up new possibilities for direct-write growth as well
as fast and local heating, enabling the growth site to be surrounded by temperature-sensitive
elements and/or materials, as was shown in the previous sections. Indeed, the laser-assisted
CVD growth method is compatible with most polymers and other materials or adhesives used
in micro-fluidics.

In this experiment, the closed-loop control growth process, described in detail in chapter 2
and chapter 3, is used. The micro-channel is fabricated in a 500µm-thick fused-silica glass
slide with lateral dimensions similar to the substrate, 4 x 4 mm to which it will be attached. A
femtosecond laser process was combined with etching for 24 hours in 2.5% hydrogen-fluoride
(HF) solution to create the channel.[187] The open channel is 1 mm wide, 120µm in height
and has a length of 4 mm. For the aligned carbon nanotube growth, the standard silicon
substrate, covered with a 20 nm Al2O3 and a 1.5 nm iron catalyst layer, is used. The laser
used is a continuous-wave (CW) diode laser operating at a wavelength of 808 nm, focused to a
spot of about 500µm. To visualize and analyze the resulting CNT structures grown inside the
channel by scanning electron microscopy (SEM), the channel was not permanently attached
to the substrate. However, to show the proof-of-concept, Epotek 355nd epoxy is used to glue
the two parts together at the side-edges of the substrate, so that the material combination
can withstand the elevated temperatures around the laser hot spot. Other bonding processes
such as anodic bonding could also be considered and are assumed to be more stable for the
high temperatures involved here.

In Figure 5.4 a schematic of the channel growth is presented. The laser beam is focused onto
the substrate through the fused silica channel, which is transparent to the wavelength of the
laser, 808 nm. The channel itself only has two openings where the gas flows through.

5.5.2 Results

The proof-of-concept is presented in Figure 5.5(a) with a photo of the locally grown CNT
structure inside the attached micro-channel. In Figure 5.5(b) a photo of the transparent
micro-channel attached to the substrate is shown with the inset showing the (infrared) light
emission from inside the channel during growth.
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Figure 5.5: Photo of the hill of aligned CNTs grown inside a sealed fused silica micro-channel
attached to a silicon substrate. B. View of the channel. Inset shows a photo of the
channel during laser-assisted growth.

The nucleation of nanotube growth is typically indicated by a drop in the reflected laser signal,
as was shown in subsection 2.3.2. This can be seen in Figure 5.6 which shows a characteristic
graph relating laser irradiance and sensor signals. The laser irradiance starts at the maximum
level while ramping to the temperature set-point. Just before reaching this set-point, the
reflected laser signal shows a clear drop, indicating the nucleation of the nanotube growth.
The temperature reached at the laser spot is estimated using the finite element simulation
from chapter 3 and is about 900 ◦C. The lateral distribution is of Gaussian nature and reaches
about 420 ◦C at the edges (i.e. at a distance of 2 mm). The heat can be significantly confined
using a less conductive substrate than silicon, such as fused silica with a thermal conductivity
of about 100 times lower.

From the reflected laser irradiance signal in Figure 5.6, forest height is also extracted by
measuring an interference effect of the reflected laser signal with the nanotube forest. This is
shown in the inset of the figure. The calculated growth rate is 0.97µm/s which corresponds
to estimates made from scanning electron micrographs.

In Figure 5.7 corresponding scanning electron micrographs of the resulting growth are pre-
sented. This particular nanotube structure was grown in 150 sec and has an estimated height
of about 100µm. The lateral dimensions of the structure are about 800 x 600µm. An overview
of the substrate with corresponding CNT growth is shown in Figure 5.7(a). In Figure 5.7(b)
a view of the side of the hill is given, from which the height was estimated. The insets show
the Raman intensity signals for two positions on the sample. The ratio of D- and G-band
intensities of the Raman signal can be used to evaluate the quality of the CNTs. Here, both
signals indicate multi-walled CNTs, predicting the presence of a vertically aligned forest of
multi-wall carbon nanotubes. In Figure 5.7(c) and Figure 5.7(d) detailed zooms of the aligned
nanotubes are given. These pictures were obtained after scratching the nanotubes grown layer
from the side in the direction of the gas flow. Figure 5.7(c) shows a zoom of the left side of
the hill while the Figure 5.7(d) shows an enhanced zoom of the right side of the hill, visible
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Figure 5.6: Typical graphs plotting laser power and sensor signals as a function of time for in situ

localized closed-loop controlled growth inside a micro-channel. The laser power is at a
maximum level while ramping to the radiation set-point and drops (tM ) when this level
is reached to keep the radiation constant. The reflection shows a clear drop indicating
the nucleation of nanotube growth (tN ). Inset shows calculated forest height and
corresponding growth rate.
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Figure 5.7: SEM pictures of nanotube growth inside the micro-channel. (a) Overview of the
substrate with the hill of aligned nanotubes visible. Also depicted is the gas flow
direction. (b) Side view of the hill. Indicated is the estimated height. Inset shows a
Raman intensity plot for this experiment. The ratio of D and G-band intensities indi-
cate multiwall carbon nanotubes. (c) Detailed zoom of the alignment of the nanotubes
after scratching the hill. (d)g Detailed zoom of the other side after scratching.

by the slopes of the top of the nanotubes in both pictures.

Using a heat/flow coupled finite element simulation of the laser heated micro-channel, the
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Figure 5.8: Simulation of flow alteration by switching on the laser and corresponding Reynolds
number measured in the center of the channel, just above the laser heated zone. At t
= 0 s, the laminar flow is clearly visible and at t = 1 s, the streamlines are disrupted
by the sudden increase in temperature as a result of the laser heating. At t = 4 s, the
flow is stabilized again. The corresponding Reynolds number confirms this trend.

effects of laser heating on the laminar flow could be investigated (see Figure 5.8). The laminar
flow is essential for carbon nanotube growth as it ensures a stable and known gas feed to the
laser heated spot. The simulation suggests that the sudden increase in temperature by laser
heating increases the Reynolds number significantly but still within laminar flow conditions.
The flow quickly stabilizes again.

During these experiments "side-growth" of CNTs was also observed. It appears that when
the fused-silica channel is not permanently attached to the substrate, nanotubes can grow
in between the silicon substrate and the fused silica cover. Assuming both the silicon and
the fused silica have a surface roughness in the nanometers range, it seems unlikely that the
nanotubes can grow to lengths of 10 - 20µm with only the carbon already present in between
the two surfaces.

To investigate the phenomena, a series of test-experiments were performed on a substrate
simply covered by a unattached fused silica window and using different process times, ranging
from 25 seconds to 150 seconds with different gas flow ratios. From these experiments it
appeared that the further from the side, thus the closer to the laser irradiated center, the
longer the nanotubes were. Two other direct relations between nanotube lengths were found
with time and carbonaceous gas concentration. These results suggest that the process showed
conventional growth behavior, where it appeared that it did not matter there was a fused silica
cover covering the substrate and catalyst. In other words, the carbonaceous gas found its way
to the laser-induced hot spot rather easy. Much easier as one would expect by estimating
diffusion lengths for the nano-channels in between the two surfaces.

A possible explanation is the very fast heating of both surfaces by the laser irradiance. In
Figure 5.6 it can be seen that for certain conditions the laser can operate at its maximum
irradiance level for about 3 seconds. During this time the substrate and covering fused silica
locally heat up quickly resulting in a temperature gradient which can result in thermally-induced
bending. The bending of both surfaces could result in a large enough opening to allow the
carbonaceous gas to flow to the nucleation site.

In Figure 5.9 the results of a Finite Element Method simulation of material expansion with
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Figure 5.9: Finite Element Method simulation in COMSOL linking the expansion to temperature
for a given input laser irradiance. The figure shows the scaled result after 1.5 seconds.
A gap of 0.8µm has been created with the substrate reaching 900 ◦C

COMSOL Multiphysics are presented. A radial symmetric model of the substrate is simulated
with heating by a constant laser irradiance corresponding to the maximum laser power in
Figure 5.6. The resulting temperature variation over time is used as the input on a similar
model of the fused silica glass. The two pictures are assembled for clarification. The time
after which the resulting gap is calculated is chosen to be 1.5 seconds for two reasons. First
of all, the gap does not increase much more after this time, due to heat conduction through
the material. Secondly, after 1.5 seconds the temperature in the model starts to deviate from
reality due to the simplified thermal conditions in the model. The resulting gap of 0.8µm
might be enough for the carbonaceous gas to enter and flow to the laser hot spot nucleation
site. Due to the consumption of the ethylene gas and precipitation into carbon nanotubes in
the center, a pressure difference is created between the center of the laser-heated zone and
the outside. An estimation of the diffusion length of ethylene yields about 9 mm for these
particular conditions. However, the walls of the sub-micro enclosure are expected to reduce
this length significantly. Despite the temperature gradient in the channel, the diffusion in
combination with the pressure driven flow, seem like a plausible explanation for the growth.
However, further analysis is desirable.

5.6 Summary and outlook

Laser-assisted CVD growth of carbon nanotubes has developed into a very attractive process
for local, rapid, and well defined growth of CNT structures. The ability to grow virtually any-
where on a substrate, write patterns and lines, inside micro-channels and close to temperature
sensitive elements and components opens up new application areas for CNTs.

In this chapter, several possible applications of the laser-assisted CVD process are demon-
strated. The transfer of an aligned forest of CNTs into a polymeric layer was demonstrated.
By moving the complete miniaturized reaction chamber lines of aligned CNTs were grown
and finally by using the localized nature of the growth process, the possibility of growing CNT
structures in narrow enclosures and directly inside a micro-channel is demonstrated. The latter
is a unique technique only possible because the micro-channel is transparant to the wavelength
of the laser.
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To add even more flexibility to the process by removing the requirement of a deposited
nanolayer, the catalyst could also be part of the gas feed, for instance using iron-pentacarbonyl
gas, Fe(CO)5. In addition, to get absorption within a fluidic channel made of a transparent
material, a non-linear absorption process such as multi-photons could be used. For instance,
using femtosecond laser exposure of silica in the cumulative regime produces localized heat
affected zones.[188]

As recent successes on carbon nanotube computing have proven,[31] the ability to grow con-
trolled local suspended CNTs on specific positions might be a next step. Laser-assisted CVD
has a major advantage in selectively heating the growth site and the ability to grow single
suspended CNTs, capable of displaying transistor behavior. In that perspective, LACVD could
be expected to be a basis for cheap printed full carbon electronics, especially for flexible elec-
tronics and/or prototyping, allowing the user to quickly produce specifically designed devices.
Competing with classical techniques by easiness and cheapness, not by fabrication volume.

A further enhancement of the local gas flow growth of Kwok et al.[99] could be the development
of a miniaturized reaction chamber with incorporated laser to be able to selectively grow CNTs
on large wafers or devices. This way, local, aligned structures of carbon nanotubes can be
created without the need for a static CVD chamber, anywhere desired. Of course, scientific
focus has been shifting towards other molecular carbon structures such as graphene, where
the laser-assisted CVD method could also be expected to provide major advantages for local,
controlled growth as some first results already suggests.[189, 190]

To utilize the capabilities of the CNTs to the full extend in applications, it is necessary to
further enhance control of the process. Unlike conventional CVD process where the difficulty
is placing the CNTs on the desired position, LACVD can grow CNTs on the spot. The main
problem to overcome is direct control on the process. In particular, CNT type, length, size,
morphology and direction are crucial parameters to control if CNTs integrated with applications
are to be successful.
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Conclusions and Outlook

"Nobody ever figures out what life is all about, and it doesn’t matter. Explore the world.
Nearly everything is really interesting if you go into it deeply enough."

Richard P. Feynman
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6.1 Conclusions

Laser-assisted chemical vapor deposition has been demonstrated as a versatile technique for
fast local growth of carbon nanotube (CNT) structures. The growth of carbon nanotubes
depends on three main parameters - thermal energy, catalyst and process gases. The nature
of the laser-assisted process provides unique opportunities regarding the catalyst preparation
and activation and at the same time creates several challenges with respect to the thermal
energy. The rapid heating allows for a fast in situ preparation and deposition of the catalyst
without the need for a pre-treatment in an inert environment. As CNT growth depends largely
on process conditions and in particular temperature, a well-defined temperature is essential.
However, the nature of the laser-assisted process prevents the direct control on temperature
at the growth site.

The objective of this thesis was to investigate and optimize carbon nanotube growth using a
laser-assisted chemical vapor deposition process. Structural quality and morphological proper-
ties of the resulting CNT growth were analyzed by Scanning Electron Microscopy and Raman
spectroscopy. For application purposes a reproducible method to grow CNTs is essential and
in order to qualitatively asses and compare results, the ability to know temperatures involved
during the growth is crucial. The optimization of the process relies on the thorough investi-
gation of a broad range of experimental conditions. In particular, it is essential to know the
precise process gas composition at the growth site to be able to draw conclusions from the
results.

We demonstrated an integrated approach on investigating and optimizing laser-assisted CNT
growth. A closed-loop control mechanism was developed to enhance controllability and re-
producibility of the process. The feedback control relies on a direct measurement of emitted
thermal radiation. This radiation is used as a first approximation of the average temperature
at the growth site. The reflected laser intensity is monitored as well, and provides information
about the CNT growth dynamics. From open-loop experiments we identified several stages
of CNT growth and linked those to the reflection signal. Increased substrate absorptivity
as a result of CNT growth resulted in overheating, further demonstrating the necessity of a
closed-loop control. A detailed thermal model was developed, including temperature depen-
dent properties for the materials involved in the process. This model enables the qualitative
comparison of the results, linking growth temperature to structural quality and geometry of
the CNT growth.

To further optimize the process, we developed a dedicated miniaturized reaction chamber.
The investigation of growth kinetics relies on a precise knowledge of the gas composition
at the growth site, which the reaction chamber provides using a forced laminar flow over
the substrate. For this chamber another thermal model was developed to investigate the
temperatures involved during the CNT synthesis. The thermal model combines heat and flow
simulations to a maximum deviation of substrate temperature of about 13%. The size of the
chamber greatly improved the process time as well.

Using the dynamically changing reflected laser intensity signal, combined with SEM analysis,
we have developed a method to measure in situ the average CNT growth rate. This information
is essential to study growth kinetics of the process. Using the dedicated reaction chamber,
we have investigated the influence of the different process gases over a wide range of partial
pressures and temperatures. From these results, we were able to propose several growth

Page | 100



Section 6.2 Outlook

regimes. The proposed regimes are characterized by a unique rate-limiting step, which is
determined by chemical rate equations and each have a specific apparent activation energy,
ranging from 0.3 - 0.8 eV. CNTs grown in the surface diffusion-limited regime generally have the
highest quality, while the dissociation-limited regime results in the longest vertically aligned
forest. The reaction order of ethylene is found to be 1, in accordance with derived rate
equations. The two other growth regimes are the mass diffusion-limited regime and the
adsorption-limited regime. These regimes originated from a varying carrier gas (argon) flow
rate, resulting either in an undersupply of carbon (mass diffusion-limited) or the shielding of
the catalyst by a too high argon concentration (adsorption-limited). The influence of hydrogen
was found to mainly determine the catalyst reduction and activation properties during the start
of the process.

Using the unique properties of the laser-assisted CNT growth method, in particular the possi-
bility of localized and rapid heating, a number of application perspectives have been presented,
demonstrating the possibilities for future technologies and applications.

6.2 Outlook

Catalytic CVD growth of carbon nanotubes is still far from fully comprehended, especially the
underlying catalytic mechanisms remain poorly understood. Although the work described in
this thesis significantly contributes to the general understanding of those mechanisms and in
particular on LACVD growth, several follow-up questions remain.

The catalytic nanoparticles have not been studied intensively in this thesis, although the cat-
alyst remains an important parameter that co-determines the resulting CNT growth. Detailed
investigation and careful selecting of the catalyst type and material could result in more spe-
cific tuning of and control over the CNT properties. A similar argument holds for the process
gases used in this study. An expansion of the study would also have to cover the investigation
of different process gases, such as acetylene, ethanol and methane, as well as the influence
of trace amounts of water and oxygen, recently emerged as essential in the growth of ultra-
long nanotubes.[191, 192] The preventing of the termination of CNT growth, as a result of the
addition of those gases could also be studied in detail in combination with LACVD, further
enhancing the direct local growth of CNTs. As this thesis clearly shows, the specific gas-
catalyst combination ultimately determines CNT growth kinetics and as such is responsible
for the structural, morphological and geometrical properties of the CNTs. A detailed and sys-
tematic study of more and different gas-catalyst combinations is therefore crucial for further
optimization and understanding of the catalytic growth of CNTs.

Fortunately, the methodology and technological achievements described in this thesis offer
a framework for succeeding studies. The approach described could effortlessly be used to
investigate the kinetics of other gas-catalyst combinations. On top of that, the technique
could even be expanded beyond CNT growth, simply by using different gases and catalysts.
For instance, combinations of gold nanoparticles with silane gas could be used to locally grow
silicon nanowires.
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Samenvatting

Koolstof nanobuisjes of carbon nanotubes zijn een speciale vorm van pure koolstof opgerold
tot een buisje met een diameter in de ordegrootte van een nanometer (1 miljoenste millime-
ter). Door deze speciale vorm bezitten ze bijzondere eigenschappen en zijn er legio techno-
logische toepassingen te bedenken zoals in sensoren, transistors en in de elektronica-, display-
en zonnecellen- industrie. Omdat de uiteindelijke eigenschappen van de buisjes voor een groot
gedeelte afhangen van de specifieke geometrie en vorm van de buisjes is het van belang hierop
een zo groot mogelijke invloed te kunnen uitoefenen. Chemisch opdampen of chemical vapor
deposition heeft zich de afgelopen jaren ontwikkeld als de productiemethode met een hoge
mate van beheersing van de eigenschappen van de koolstof nanobuisjes. Deze methode maakt
gebruik van een substraat met een katalysator, in dit geval een dunne laag ijzer, thermische
energie en een koolstofhoudend gas, om op een gecontroleerde manier nanobuisjes te groeien.

Sommige toepassingen vereisen dat de koolstof nanobuisjes lokaal worden geproduceerd of
gegroeid en dit is niet mogelijk met de conventionele methode van chemisch opdampen.
Groei van koolstof nanobuisjes met behulp van een laser (zoals de titel van dit proefschrift:
laser-assisted growth of carbon nanotubes) is een veelbelovende techniek om dit mogelijk te
maken. Bij deze techniek wordt de warmte, als energiebron nodig voor de groei, geleverd
door een laserstraal. Het lastige aan deze techniek is echter dat het vrij moeilijk is om precies
te weten wat er op het substraat gebeurt onder invloed van die laser. Het meten van de
temperatuur bijvoorbeeld is erg ingewikkeld.

In dit proefschrift wordt deze lasergeleide techniek onderzocht en geoptimaliseerd. Het pro-
ces wordt continu gemeten door middel van verschillende sensoren, waaronder een thermische
straling-sensor die gebruikt wordt om de temperatuur te bepalen, en een reflectie-sensor die
inzicht geeft in groeikarakteristieken en groeikinetiek. Het proces wordt geregeld door een
regelsysteem dat oververhitting voorkomt en tegelijk zorgt voor een verbetering van de repro-
duceerbaarheid.

Om de beheersing van de groei en eigenschappen van de nanobuisjes nog verder te vergroten
is een mini reactiekamer ontwikkeld. Deze reactiekamer heeft namelijk als voordeel dat de
stroming van het gas over het substraat laminair is en dat de samenstelling van dit gas beter
bekend is. Tevens heeft de relatief kleine inhoud van de reactiekamer als gevolg dat er sneller
experimenten gedaan kunnen worden. Hierdoor is het mogelijk om een groot aantal ver-
schillende experimentele condities, zoals de verhouding tussen de gassen, de temperatuur en
het gas-debiet, te onderzoeken. Dit onderzoek heeft geresulteerd in de ontdekking van ver-
schillende groeigebieden voor verschillende groeicondities. Deze gebieden hebben allemaal hun
eigen karakteristieken en resulteren in specifieke structurele eigenschappen van de nanobuisjes.

De op deze lasertechniek gebaseerde manier om koolstof nanobuisjes te maken, biedt een
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aantal toepassingsperspectieven. Zo wordt in dit proefschrift getoond dat de nanobuisjes in een
flexibele polymeer laag kunnen worden opgenomen, met als eventuele toepassing elektrische
connecties in flexibele elektronica (denk aan oprolbare elektronica). Ook de directe groei van
nanobuisjes in een microkanaal wordt gedemonstreerd, waarin ze bijvoorbeeld dienst kunnen
doen als filters of sensoren in lab-on-a-chip toepassingen. Als laatste wordt een aantal unieke
groeimethoden gedemonstreerd waaronder het produceren van banen van nanobuisjes door,
tijdens het groeiproces, de gehele reactiekamer te bewegen ten opzichte van de laser.

Samenvattend draagt dit proefschrift niet alleen bij aan het begrijpen en optimaliseren van
lasergeleide groei van koolstof nanobuisjes, maar levert het ook nieuwe inzichten in de al-
gemene groeikinetiek en potentiële toepassingen van de nanobuisjes. Door de speciale eigen-
schappen van dit nieuwe materiaal levert het unieke mogelijkheden op om allerlei toepassingen
en bestaande technieken zuiniger, sneller, goedkoper, sterker en milieuvriendelijker te maken.
In de toekomst zullen al deze eigenschappen steeds belangrijker worden en het fundamentele
onderzoek naar dit soort unieke materialen, zoals onder andere beschreven in dit proefschrift,
is daarom van groot belang om deze beloftes waar te kunnen maken.
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