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Abstract 

 

 

 

Plasma enhanced chemical vapour deposition is used for the synthesis of vertically aligned carbon 
nanofibers from Ni catalyst particles deposited by hole mask colloidal lithography on top of  TiN. 
The TiN underlayer is reactively sputtered in a reliable and repeatable manner. TiN has been 
selected for its CMOS compatibility and good performance as a diffusion barrier having in mind the 
aim of using the carbon nanofibers for nanoelectromechanical devices (NEMS). The optimal growth 
conditions for the carbon nanofibers are estimated from annealing, growth temperature, gas ratio, 
power and pressure parameter study. The characterization of the as deposited carbon nanofibers is 
performed by scanning and transmission electron microscopy techniques.  A growth mechanism is 
proposed where a carbon deposit free catalyst surface sustained during the whole synthesis results in 
a carbon diffusion limited growth. If the balance between the carbon bearing species and the etching 
agents is distorted in favor of carbon formation the growth will shift to a carbon supply-limited 
process instead. Transitions between aligned tip type and unaligned base type fibers are explained in 
terms of the dominant process at the initial phase of the growth. The growth mode will be defined 
by the first graphene layers site of formation being either the catalyst or the catalyst-substrate 
interface.  
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1. Introduction 
 

 

The great success of the microelectronic technology relies on its ability to integrate a huge number 
of devices in a single silicon chip making electronic systems smaller, more efficient and less power 
dissipative. The electronic component density within a single chip was roughly doubled every 2 years 
for more than four decades after predicted by Gordon Moore in 19651 prediction known as the 
Moore´s law. However, difficulties to continue with this trend have been acknowledged. Nowadays, 
the size of the node technology (gate length) for a commercial transistor is 32 nm further reductions 
are increasingly difficult to achieve mainly due to the complexity and cost of the involved fabrication 
processes and issues associated with the low dimensional scales.  

Currently, the microelectronic components are fabricated following a top-down approach based on 
lithographic methods.  The smallest device achievable with this technique is limited by the 
wavelength of the radiation used to expose the resist. Electron beams and deep ultraviolet (DUV) 
radiation make it possible to routinely produce features down to 50 nm in a cost effective manner; 
infrastructure required for feature sizes in the order of 20 nm and less (extreme UV for example) 
become prohibitively expensive and slow, therefore continuous improvements or new fabrication 
methods should be pursued. 

However, when nanoscale dimensions are reached, materials experience changes in their physical 
properties as quantum effects start to dominate. For instance, nanotransistors will show stress 
induced leakage currents, loss of oxide insulating properties due to quantum tunneling current 
effects, semiconductor statistical doping fluctuations, interconnect voids from high current flows 
and increases in power dissipation1. 

Nanoscience and nanotechnology have emerged as solutions to designing and implementing new 
materials and components within the 1-100 nm scale. Carbon nanostructured materials such as 
carbon nanotubes, CNTs, and carbon nanofibers, CNFs, have received substantial attention as 
possible candidates to overcome the obstacles of current technology. They exhibit excellent physical 
and mechanical properties, in most of the cases better than currently used materials, and their 
synthesis is performed by a bottom-up approach where single molecules assemble themselves to 
form their structure. By using this approach it is possible to control the feature size dimension at 
few nm or even atomic scale. 
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As mentioned before, the continuous effort in carbon nanostructures (CNS) research is motivated 
to a large extent by the expected commercial applications. CNS are attractive for a wide variety of 
technological solutions ranging from strong and light composite materials2,3  to 
nanoelectromechanical systems (NEMS)4,5 , the latter being the main area of interest of this work. 

Carbon nanotubes have proven to be useful in memory devices6, resonators7, sensors8 and switches9. 
In these applications CNTs are normally placed parallel to the substrate in the desired configuration 
after being synthesized elsewhere. Their inherent synthesis conditions (i.e. high growth temperature) 
make it hard to grow them directly on top of the functional device limiting their feasibility to be 
integrated to some NEMS devices. Vertically aligned carbon nanofibers constitute an alternative to 
overcome this problem. The location, alignment and morphology of the fibers can be controlled 
during their synthesis therefore facilitating their use as building block for NEMS.   

The aim of this work is to optimize the synthesis of vertically aligned carbon nanofibers (VACNFs) 
by a commercially available direct-current plasma enhanced chemical vapor deposition equipment 
named Black Magic II. The VACNFs are intended for the development of NEMS devices; as a 
result they should be both mechanically independent from each other and connected to a 
conducting electrode to be used as individual functional elements. The quality of VACNFs and the 
electrical properties of the electrodes will define the performance of the device. Materials that are 
commonly used in CMOS technology as conductive electrodes such as cooper seem to jeopardize 
the synthesis of the VACNFs. A possible solution to this problem is the use of a diffusion barrier 
between the catalyst and the electrode material that could inhibit their interaction during the CNF 
synthesis. Titanium nitride (TiN) is a conductive material with good stability at high temperatures so 
it can be used in the PECVD process. Besides, its compatibility to both VACNFs and CMOS makes 
it a good candidate for further integration of the VACNFs based NEMS to IC technology. 
Therefore, VACNFs were synthesized on top of Si/SiO2/TiN substrates with pre-deposited nickel 
catalyst dots.  

Hole mask colloidal lithography was adopted to pattern the catalyst dots on the substrates due to its 
feasibility for growth optimization studies. For instance, it is not as expensive as the other 
techniques such as e-beam lithography, it has a high throughput, the colloidal particles determine the 
smallest feature size and several pattern geometries can be obtained with process modifications. 

This thesis is structured in 5 chapters. The Fundamentals of carbon nanostructures chapter provides a 
general insight into carbon nanostructures for those who are not familiar with this field. Chapter 3 
provides a description of the PECVD deposition process and of the equipment used in this work. In 
Chapter 4, the sample preparation and the growth method are explained. In chapter 5, the results 
and discussions are presented along with future work suggestions. Finally, chapter 6 gives the 
general conclusions of the present work.  
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2. Fundamentals of Carbon Nanostructures 
 

 

2.1  Structure 
 
Carbon is one of the most versatile elements in nature because it can form multiple bonds, chains, 
and rings when connected to other carbon atoms or molecules. The hybridization of its 4 valence 
shell electrons results in different mechanical and electrical properties for its allotropes even though 
their constituent is identical. Pure carbon based allotropes are based on sp2 or sp3 orbital 
hybridizations. Sp3 hybridization gives diamond its great hardness in contrast to sp2 hybridization 
which provides graphite with its softness.  

Graphite is formed by several graphene sheets made of carbon atoms covalently bonded in 
hexagonal networks. Different layers are weakly bound by van der Waals forces giving to the entire 
structure an anisotropic character with in plane stability and normal to plane instability. If one of 
these graphene layers is detached from the bulk material and then rolled up to form a cylinder we 
would obtain a carbon nanotube. Depending on the direction the graphene sheet is rolled, the CNT 
will have a different structure and therefore different electrical properties. There are three different 
ways to roll the graphene sheet described in terms of the chiral vector (Ch) shown in Figure 1. 

Ch = na1+ma2  

Both integers n and m and the directions given by the unit cell base vectors of a graphene sheet (a1 
and a2) define the rotation around the tube axis (T) of the point (n,m) onto the origin (0,0). From m 
and n values CNTs are named armchair when n=m, zigzag if n=0 or m=0 and chiral in the case of 
m≠n≠0. 

 

Figure 1. Left: chiral vector, Ch, definition. Right: types of CNTs based on their chirality10. 
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Each (n,m) pair corresponds to a specific chiral angle, φ, and diameter, d: 

 

φ = arccos [√3(n+m)/(2√(n2+ m2+ nm))]                  d =  a/π · [√(n2+ m2+ nm)] 

 

Carbon nanotubes are also considered as carbon allotropes as they have graphite as their building 
block. They have a high aspect ratio with diameters ranging from 0.4 nm up to few nm and lengths 
up to hundreds of µm11.  

CNTs are classified as single wall carbon nanotubes (SWCNTs) and multiwall carbon nanotubes 
(MWCNTs), the former having only one graphene sheet and the latter formed by 2-50 concentrically 
stacked SWCNTs with inner and outer diameters of 1.5 to 15 nm and 3 to 50 nm respectively11. 
These concentric tubes are separated by the interlayer spacing in graphite of 0.34 nm. The angle (α) 
between the tube axis and the graphene sheet close to the sidewall equals zero as shown in Figure 2 
(a). When α ≠ 0 the tubular structure becomes a carbon nanofiber shown in Figure 2 (b). 

 

Figure 2. The difference in the angle (α) between the CNS axis and the graphene sheet near sidewall gives as a result two 
different carbon nanostructures (a) MWCNT and (b) CNF.  Reprinted  from 12 with the kind permission of Dr Anatoli 

Melechko. © 2007, American Institute of Physics. 

 

Carbon nanofibers are commonly misclassified as MWCNTs since they are also formed by several 
sp2 hybridized carbon atoms sheets. CNFs are made of curved graphite layers stacked as cones or 
cups. The stacked cup structure is called bamboo type CNF (Figure 3 left) while the stacked cone 
structure is denoted as herringbone or fishbone CNF (Figure 3 right); both types owe their name to 
their similarity in structure with the related object as seen in transmission electron microscope 
images. 



 

Figure 3. Left:

 

In contrast with the highly ordered structure o
along the filament with many dangling bonds on their surface that most likely can be accessible for 
chemical or physical interactions such as adsorption. Research has been conducted in order to use 
CNFs for H2 storage13. They also have a high aspect ratio ranging from tens to hundreds of nm in 
diameter and up to mm in length. 

If the CNFs are grown perpendicular to the substrate they are called vertically aligned carbon 
nanofibers, VACNFs. Merkulov et 
tip of the CNF is crucial for its vertical alignment
with tip growth mode (Figure 4 (right)) since base growth
the capture of the catalyst at the bottom of the carbon fiber due to the strong contact adhesion 
between the catalyst and the substrate as well as the kinetic parameters during the synthesis which 
results in carbon filament bending during carbon deposition

Figure 4- Left a base growth CNF where the catalyst remains attached to the substr
growth CNF where the catalyst has been detached from the substrate during the deposition and remains at the tip of the 

 

 
 

 

. Left: A bamboo type CNF. Right: A herringbone CNF.  

In contrast with the highly ordered structure of CNTs, CNFs have a disordered crystalline structure 
along the filament with many dangling bonds on their surface that most likely can be accessible for 
chemical or physical interactions such as adsorption. Research has been conducted in order to use 

. They also have a high aspect ratio ranging from tens to hundreds of nm in 
 

If the CNFs are grown perpendicular to the substrate they are called vertically aligned carbon 
erkulov et al. demonstrated that the presence of the catalytic particle at the 

tip of the CNF is crucial for its vertical alignment14. This requirement can only be fulfilled by CNFs 
with tip growth mode (Figure 4 (right)) since base growth mode (Figure 4 (left)) is characterized by 
the capture of the catalyst at the bottom of the carbon fiber due to the strong contact adhesion 
between the catalyst and the substrate as well as the kinetic parameters during the synthesis which 

on filament bending during carbon deposition15.  

 

Left a base growth CNF where the catalyst remains attached to the substrate during deposition. Right: A tip 
growth CNF where the catalyst has been detached from the substrate during the deposition and remains at the tip of the 

fiber. 
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2.2 Properties 
 

Graphene is a semiconductor with high electron mobility within plane but low electron mobility 
perpendicular to the plane because of its highly anisotropic properties. In the form of a nanotube it 
could exhibit semiconducting or metallic behavior depending on the boundary conditions defined by 
both its diameter and its chiral angle. CNTs with (n – m)/3 ≠ integer will be semiconducting having 
an energy gap of 20-50 meV16 otherwise the tube will be metallic. For instance, all armchair tubes 
exhibit metallic behavior. 

Since the walls are not parallel to the fiber axis in the case of CNFs, interplane electron mobility 
between the graphene layers instead of along the shell as in the case of CNTs result in higher 
resistivity values for CNFs. Zhang, L., et al., found that all the CNFs are metallic 17. In addition to 
this, CNFs can withstand high current densities up to 1x107 A/cm2 18 which could be used as a way 
to solve the interconnection breakage issues in current microtechnology devices. 

CNTs possess extraordinary mechanical properties such as high mechanical strength, flexibility and 
ability to support compression without fracture. CNTs are the strongest man-made materials known 
with Young´s modulus values in the range of 2.8-3.6 TPa and 1.7-2.4 TPa for SWCNTs and 
MWCNTs respectively19.  In the case of the CNFs the defects in their structure decrease their 
Young´s modulus to a value between 228 and 724 GPa20. Although a wide variety of composite 
materials have been implemented by taking into consideration this CNS feature, the fluctuations in 
the defect density of the carbon nanostructures limit their application to NEMS devices. 

The CNFs structure is not altered if exposed to strong acids (e.g. HF), bases and solvents at room 
temperature making them a compatible material with CMOS technology21,15. The large active surface 
area provided by their dangling bonds at the borders renders them highly susceptible to surface 
functionalization and therefore suitable for biological applications. 

2.3 Synthesis  
 
The study of carbon nanostructures was originally initiated to prevent their formation in the process 
of hydrocarbon synthesis reactions 22. It was the discovery of carbon nanotubes in 1991 by Iijima23 
which increased the interest of researchers in controlling the growth and tuning the carbon 
structure´s properties. Iijima used arc discharge deposition but nowadays laser ablation and catalytic 
chemical vapor deposition are also part of the techniques commonly employed in the production of 
these nanostructures.  
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2.3.1 Arc Discharge 
 

Arc discharge can be used to produce large quantities of well-structured CNTs, CNFs and 
fullerenes. In a sub atmospheric pressurized chamber (50-700 mBar), a DC electric discharge arc is 
generated by applying a potential difference of some tens of volts between two graphite electrodes 
separated by a distance of few mm; the carbon in the anode is evaporated in a hot plasma and part 
of it condenses in the form of CNS deposits and soot on the cathode surface. Catalyst particles can 
be added to the electrodes to help in the synthesis of specific structures with a low concentration of 
defects. The length of the structures is limited to just few µm and exhibit random type and size 
distributions. In addition the synthesized CNSs are retrieved through a purification processes. 

2.3.2 Laser Ablation  
 
The technique is based on irradiating a target of graphite by using laser in an environment of 
controlled temperature and pressure in the presence of an inert gas (usually argon or helium). This 
process generates soot full of fullerenes, CNTs and CNFs that is carried by the gas injected and 
collected on a cool surface. The target can be modified to carry catalysts to help in the synthesis of 
the desired structure. The conditions of the process can be controlled to obtain structures of high 
crystalline quality. However, the random spatial distribution and the high cost of the lasers necessary 
to synthesize these structures prohibit mass production. 

2.3.3 Catalytic Chemical Vapor Deposition 
 
The catalytic chemical vapor deposition (C-CVD) process is based on the dissociation of 
hydrocarbon species on a substrate in the presence of a metallic catalyst which can be pre-deposited 
on top of the substrate or be derived from the pyrolysis of some organometallic compound in 
gaseous form. The hydrocarbons used as precursors can vary widely. Furthermore some techniques 
require an auxiliary etchant gas such as NH3 and H2 commonly used in the synthesis of 
CNTs/CNFs. The dissociated carbon atoms are deposited through the surface of the catalyst 
particle on the substrate. Thus the smallest feature size of the CNF is governed by the catalyst shape 
and not from equipment precision as in the case of lithography methods. 

C-CVD processes involve lower growth temperatures (400-1000 °C) and power inputs than laser 
ablation and arc discharge methods. Besides, the CNS do not need further purification and the 
technique can be scaled up to mass production. 

 

 

 



 

2.3.4 Catalytic Plasma Enhanced 
 

In a C-CVD process the involved gases are activated by the heat from the high processing 
temperature which makes it difficult to incorporate CNSs to CMOS technology whose circuits can 
usually withstand temperatures up to only 450 °C before being degraded. A possible solution to this 
problem is the use of alternative gas activation sources as in the case of the catalytic plasma 
enhanced chemical vapor deposition technique (C
electrons from a plasma to activate the dissociation process of the hydrocarbon gas source 
decreasing the required growth temperature.  

According to the ways the plasma is generated different PECVD systems have been introduced such 
as alternating current (AC) PECVD, radio frequency (RF) PECVD, microwave PECVD and direct 
current (DC) PECVD. 

The focus of this work is on VACNFs synthesis by 
(DC-PECVD). In this process the electric field during the growth 
standing CNFs on top of solid substrates. 
that the catalyst should remain at the tip of the fiber
conditions during the DC-PECVD
to follow the direction of the field. 
respect to the electric field or the geometry of the reactor
achieved. Figure 5 shows an example of VACNFs synthesized in our laboratory which are aligned 
according to the field direction. The crack on 
the orientation of the substrate with respect to the electric field.

Because of the vertical alignment, controllable location and lower growth temperature provided by 
this deposition method the VACNF 
the DC-PECVD deposition method as well as the growth mechanisms of VACNFs is given in 
Chapter 3. 

 
Figure 5- VACNFs vertical alignment is dictated by the direction of the electric field present

 

nhanced Chemical Vapor Deposition 

CVD process the involved gases are activated by the heat from the high processing 
temperature which makes it difficult to incorporate CNSs to CMOS technology whose circuits can 
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plasma to activate the dissociation process of the hydrocarbon gas source 
decreasing the required growth temperature.   

According to the ways the plasma is generated different PECVD systems have been introduced such 
ent (AC) PECVD, radio frequency (RF) PECVD, microwave PECVD and direct 

The focus of this work is on VACNFs synthesis by DC plasma enhanced chemical vapor deposition 
PECVD). In this process the electric field during the growth assists in the fabrication of 

on top of solid substrates. The vertical alignment of the synthesized CNFs 
catalyst should remain at the tip of the fibers as stated before in this chapter

PECVD process are such that tip growth is initiated, the
follow the direction of the field. Thus, by adjusting either the position of the sub

or the geometry of the reactor, different alignments for the CNFs can be 
Figure 5 shows an example of VACNFs synthesized in our laboratory which are aligned 

The crack on the sample seen at the bottom of the chip has changed 
the orientation of the substrate with respect to the electric field. 

vertical alignment, controllable location and lower growth temperature provided by 
VACNF are attractive for NEMS applications. A detailed description of 

PECVD deposition method as well as the growth mechanisms of VACNFs is given in 

 

VACNFs vertical alignment is dictated by the direction of the electric field present during the PECVD synthesis.
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3. DC-PECVD  
 

 

In general a catalytic chemical vapor deposition process is based on the formation of a material on 
top of a substrate from the gas precursor dissociation aided by a catalyst in the interior of a vacuum 
chamber. The precursor molecules are vaporized and transported into the chamber. They diffuse, 
adsorb and decompose on the surface of the catalyst coated areas of the heated substrate. The 
functional molecules are incorporated into the solid material, and finally,
are recombined and released back into the gas phase. 

In plasma enhanced catalytic chemical vapor deposition systems electrical energy is used to create a 
glow discharge (plasma) which promotes the creation of reactive radicals, 
and other molecules from the gas mixture. These reactive species interact with the catalyst/substrate 
inducing either etching or deposition processes. Since all the highly energetic species are formed by 
collisions in the gas phase the substrate is exposed to a lower temperature in comparison to the 
thermal CVD process. 

The main steps involved in the material deposition by means of 
are 

I) Glow discharge acceleration of ions and reactants towards substr
II) Surface reactions  
III) Material deposition on the substrate surface 
IV) Desorption of by-products from substrate 

 

In general a catalytic chemical vapor deposition process is based on the formation of a material on 
top of a substrate from the gas precursor dissociation aided by a catalyst in the interior of a vacuum 

The precursor molecules are vaporized and transported into the chamber. They diffuse, 
adsorb and decompose on the surface of the catalyst coated areas of the heated substrate. The 
functional molecules are incorporated into the solid material, and finally, the molecular by
are recombined and released back into the gas phase.  

In plasma enhanced catalytic chemical vapor deposition systems electrical energy is used to create a 
glow discharge (plasma) which promotes the creation of reactive radicals, neutrals, ions, electrons 
and other molecules from the gas mixture. These reactive species interact with the catalyst/substrate 
inducing either etching or deposition processes. Since all the highly energetic species are formed by 

e the substrate is exposed to a lower temperature in comparison to the 

The main steps involved in the material deposition by means of a PECVD system shown in Figure 

Glow discharge acceleration of ions and reactants towards substrate surface. 

Material deposition on the substrate surface  
products from substrate  

 

Figure 6. PECVD schematics  
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In general a catalytic chemical vapor deposition process is based on the formation of a material on 
top of a substrate from the gas precursor dissociation aided by a catalyst in the interior of a vacuum 

The precursor molecules are vaporized and transported into the chamber. They diffuse, 
adsorb and decompose on the surface of the catalyst coated areas of the heated substrate. The 

the molecular by-products 

In plasma enhanced catalytic chemical vapor deposition systems electrical energy is used to create a 
neutrals, ions, electrons 

and other molecules from the gas mixture. These reactive species interact with the catalyst/substrate 
inducing either etching or deposition processes. Since all the highly energetic species are formed by 

e the substrate is exposed to a lower temperature in comparison to the 

PECVD system shown in Figure 6 

ate surface.  
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3.1 Plasma Sheath Distribution 
 

Our system uses a DC plasma source to induce the chemical reactions cascade by applying an 
electric potential (100 V to several kV) between two conductive electrodes in a gas chamber. Once a 
certain voltage is achieved, a complex scheme of glow and non-glow regions is displayed between 
the electrodes as shown in Figure 7. 
 

 
 

Figure 7. Schematics of glow discharge sheath distribution 24. 

A glow discharge is a mixture of neutral atoms, electrons and ions. Since it has equal concentrations 
of positive and negative charges it is a neutral gas mixture. The plasma is sensitive to the presence of 
magnetic and electric fields so by applying an electric field between the two electrodes, free electrons 
are accelerated away from the cathode. When their kinetic energy is high enough collisions with 
neutral species make the latter to lose electrons, phenomenon known as ionization. The degree of 
ionization of the plasma will depend on the supplied energy to the system.  The energy transfer of 
the system is governed by the electrons because of their mass being really low in comparison with 
the ions or the other heavier molecules present in the gas. Therefore, they will not lose energy to the 
plasma body. Other chemical processes apart from ionization also existing in the plasma are given in 
Table 1.  

Inside the glow discharge, the gas zone known as the positive column or glow will be characterized 
by its high ionization and high temperature. This region owns its name to the visible radiation 
emission produced in the system from the energy and density of highly excited species the de-
excitation of which produces emission of light. The ionization collisions generate electron-ion pairs. 
In the cathode dark space the positively charged ions will be accelerated towards the cathode, where 
they release secondary electrons which will be accelerated away from the cathode, in the negative 
glow space, giving as a result a self-sustained plasma.  

Near to the area of the electrodes, the metallic vapors originating from vaporization processes mix 
with the gas phase inducing modifications to the local properties of the discharge. Their effect is to 
drain the extra current from the plasma in the anode glow area. Finally, dark spaces are created in 
which the excitation of the gas medium is too small that no light emission is observed. 
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The energy and the electric charge of the particles in the plasma change upon contact with solid 
surfaces. The highly energetic free electrons are able to break chemical bonds. They transfer energy 
to the surface making it active so that molecules in the material can be bound to molecules in the gas 
mixture, covering the surface with a specific material. 

In contrast to CVD processes where the reactions are only thermodynamically possible at high 
temperatures, in the PECVD the deposition rate will depend on both the plasma density given by 
power and pressure and the reaction kinetics provided by temperature and plasma composition.          

3.2 Plasma Chemistry  
 

During the glow discharge the electrons accelerated away from the cathode will collide with other 
electrons, atoms or molecules in the gas chamber giving raise to different chemical reactions 
classified as electron collisions and atom- ion molecule collisions. Table 1 describes the reactions 
involved in a PECVD chamber. 

Ionization e‾ + A → A⁺ + 2e‾
An ion is formed from the collision of a neutral particle with an electron with higher

kinetic energy than the neutral ionization energy.

Recombination e‾ + A⁺ → A 
An electron combines with a positive ion. The electric charge of the ion is neutralized due

to the collision with a particle of opposite charge.

Electron attachment

e‾ + A → A‾ 

e‾ + AB → AB‾
This reaction allows the removal of electrons from electronegative gases. The electron

attaches to the neutral molecule to create a negative ion. 

Excitation e‾ + A → A*+ e‾
A neutral species is changed to an excited state (A*) upon its collision with an electron

which induces quantized transitions in the vibrational and rotational electron states

Dissociation e‾ + AB → A*+ B*+ e‾
Molecules break apart into smaller fragments. These fragments, commonly named

radicals, become highly chemically reactive enhancing and accelerating reactions.

Electron detachment A‾ + B → A + B + e‾ Electron detachment is  used to disintegrate negative atomic or molecular ions.

Dissociative attachment e‾ + A2 → A⁺ + A‾ + e‾ A neutral is split into individual ions by its collision with an electron.

Dissociative ionization e‾ + AB → A + B⁺ +2e‾ An ion is created during the dissociation of a molecule.

Symmetrical charge transfer A + A⁺→ A⁺ + A 

Asymmetric charge transfer A + B⁺→ A⁺ + B

Penning ionization A* + AB→ AB⁺.
 +e‾+ A

Penning ionization occurs when an excited metastable atom/molecule reacts with a

neutral molecule leaving it ionized. The products of the reaction are a radical molecular

cation, an electron and a neutral gas molecule. 

Electron collisions

Atom-ion molecule collisions

When ions collide with atoms of the either the same or a different type a charge transfer

can occur.

 

Table 1.  Chemical reactions taking place in a PECVD system 
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3.3 Growth Mechanism of CNF 
 

Several research studies have been performed in order to understand the growth mechanism of 
CNS, there are however still questions to be answered. Figure 8 describes the most accepted steps 
during CNS growth explained as follows: 

1. Adsorption and decomposition of the hydrocarbon molecules on the catalyst surface. 
2. Formation of carbon islands or film on the catalyst surface. 
3. Diffusion of carbon species through the surface and/or the bulk of the catalyst and 

subsequent precipitation of carbon atoms to the opposite site of the catalyst favoring 
formation of graphene layers. 

4. Continuos stacking of graphene layers to form the carbon filament. 

In order to sustain the process it is important to keep active reaction sites on the catalyst surface 
available for more hydrocarbon dissociation. The carbon filament synthesis will stop when the 
kinetics of the system is such that a carbon film can poison the whole catalyst by blocking all 
possible reaction sites on its surface. 

 

 

Figure 8. CNF growth mechanism25.  

 

There are different theories reported by several research groups, but there is still no consensus 
regarding the rate limiting step and the carbon diffusion path during the growth. Baker et al. 
suggested that the carbon diffuses through the metallic particle due to a temperature gradient, 
condensing carbon in the opposite site of the surface of the catalyst for the subsequent formation 
and precipitation of parallel planes of graphene26. They found an activation energy value comparable 
to that of the carbon diffusion in nickel suggesting carbon diffusion as the rate limiting step for the 
process. The catalytic growth suggests that the growth happens through the precipitation of carbon 
dissolved from the catalyst surface27. 
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By changing the mixture of gases the growth rate of the CNS can be altered. Some research groups 
attribute it to the temperature gradient created from the catalytic reaction22. In contrast, Rotrup-
Nielsen and Trim assume it is due to a concentration gradient28. Snoeck et al. proposed a mechanism 
of growth in which the carbon diffusion originates from a concentration gradient from the distinct 
solubility of carbon in the carbon-metal interface and in the metal itself29. Other research groups 
have proposed similar mechanisms30,31.  

Helveg et al. performed in situ TEM analysis verifying the crystallinity of the catalyst during growth 
and the formation of graphene layers on the step edges of a {111} surface of nickel32. 

 

3.4 Plasma Chemistry in the Synthesis of CNF/CNT from C2H2 and NH3 

precursors 
 

In the synthesis of carbon nanostructures, acetylene (C2H2) and methane (CH4) are commonly used 
as carbonaceous gases, while hydrogen (H2) and ammonia (NH3) are used as etchant gases to 
prevent amorphous carbon deposition which in turn poison the catalyst or degrade the CNF/CNT 
quality.  

The plasma chemistry properties and conditions that lead to a deterministic CNF/CNT synthesis 
are not fully understood yet. However, some experimental and simulation studies 33,34,35 have 
provided a general insight of the dominant chemical reactions and chemical species in the plasma 
during growth. A brief summary of the most important findings for a mixture of NH3/C2H2 growth 
precursors is presented in this section. 

Plasma composition by mass spectroscopy (MS) and residual gas analysis (RGA) studies have been 
reported by the Milne and Meyyappan research groups33,34. By varying the C2H2 composition by 
changing the NH3:C2H2 gas ratio, the main chemical reactions and species were reported. NH3, 
C2H2, H2, N2 and HCN were detected as the main neutral species and NH3⁺, C2H2⁺, HCN⁺ NH4⁺, 
NH2⁺, and C2H⁺ as the main ions.  

Acetylene has been suggested as the main source of carbon deposition during CNT/CNF formation 
since it has been found in plasmas that lead to CNT synthesis without being one of the feedstock 
gases36 and other carbon carrying species (C2, CH4, etc.) have not been found in NH3/C2H2 plasma 
studies33. In addition, Zhong et al.  reported C2H2 as key precursor in the CVD synthesis method of 
SWCNTs37.  

Cruden et al.34  have reported that certain hydrocarbon (methane) and hydronitrocarbon species 
(methylamine and methanimine) formed by methyl radical (CH3) reactions display peak densities at 
the best deposition conditions of their experiment, thus suggesting CH3 radicals as an important 
precursor in the growth of clean and well aligned carbon nanostructures in addition to acetylene.  
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Ammonia helps in the generation of hydrogen and hinders the decomposition of C2H2 by removal 
of carbon carrying species from the gas phase inhibiting their contact with the substrate/catalyst. 
For instance, HCN formed from the interaction of N with C2H2 has been found at high 
concentrations in highly ionized NH3/C2H2 plasmas in which also a growth rate reduction was 
observed for CNT/CNFs33. The growth rate decrease can be explained by the lower decomposition 
of HCN than C2H2 at the catalyst surface due to their bond strength difference being 556 kJ/mol 
and 748 kJ/mol for HCN and C2H2 respectively35. 

NH3 decomposition is preferred over C2H2 decomposition since the bonding strength in a NH3 
molecule is weaker than that of a C2H2 molecule. NH3 and C2H2 dissociation increases with power 
and pressure34.   

Atomic hydrogen is responsible for the removal of excess carbon by combining and carrying away 
carbon atoms before their substrate deposition. Hydrogen is provided not only by ammonia but also 
by C2H2 dissociation as reported by the Milne research group33. High levels of hydrogen were 
observed at NH3/C2H2 plasmas rich in either C2H2 or NH3 and the minimum level of atomic 
hydrogen generation was at ~20% C2H2 composition34. 

An amorphous carbon deposition regime is usually observed at either high C2H2 composition or at 
high ionization levels supplied by plasma parameters (power, pressure, high electric fields, etc) which 
lead to the formation of subsidiary ions that can generate more carbon carrying species such as 
methylamine (CH3NH2), propiolonitrile (HC3N), 1,3 butadiyne (C4H2) and propadiene (C3H4) 
exceeding the carbon that can be carried away from the etchant gas reactions33,34 . 

So far the results from plasma chemistry studies have provided a good understanding about the 
main active species present in the plasma near the substrate during CNF/CNT synthesis. However, 
a thorough catalyst surface reactions study is pending to draw clear conclusions about the chemical 
compounds and reactions taking place in the growth of CNS. 

 

3.5 PECVD Reactor for Growth Study 

 

The synthesis of the VACNFs is performed in the commercially available AIXTRON Black Magic 
PECVD reactor shown in Figure 9. It consists of a 2 inch wafer chamber and uses the cold wall 
system from integrated circuits deposition equipments. A graphite heater is used as both cathode 
and substrate holder. The substrate can be heated (maximum heater temperature 900 °C) by a fast 
response heater with ramp rates within 1 to 1000 °C/min. A thermocouple is embedded in the 
heater surface to allow independent control of the temperature in the substrate.  

The gas precursors are mixed in the gas mixing system and then introduced into the chamber by a 
shower head acting also as the anode. The gas flow is directed towards the cathode. The showerhead 
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helps to uniformly distribute the gas flow along the substrate. A system of mass flow controllers 
(MFCs) is used to monitor the type and amount of the gases fed to the chamber. 

The DC-glow discharge is generated by a DC plasma generator of 1 kW power with variable 
frequency (1-100 kHz). The maximum allowed current and voltage are 2.5 A and 800 V respectively. 
The voltage, current and power parameters are coupled as in the majority of dc glow discharge 
reactors which is a serious drawback of this deposition system. A mechanical pump provides an 
operating pressure of 1-10 mBar. 

 

 

 

Figure 9. AIXTRON black magic PECVD reactor. 
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4. VACNF Catalyst Patterning and Growth Sequence  
 

 

As has been mentioned in Chapter 1, the objective of this work is the optimization of VACNFs 
synthesis for their future use as NEMS building blocks. This chapter explains in detail the 
fabrication processes involved in the pre-patterning of catalyst on the substrate and the standard 
growth conditions for the synthesis of the VACNFs. 

In general, the process is depicted as follows:  a TiN underlayer is sputtered onto the substrate to act 
as a diffusion barrier for silicide formation. Colloidal lithography is used to create the pattern for the 
catalyst on the substrate. Then nickel is evaporated on the pre-patterned susbstrate to obtain nickel 
catalyst dots and finally, the AIXTRON Black Magic II PECVD reactor is employed to synthesize 
the VACNFs.  

4.1 Substrate Preparation  

 

 

 

 

A 100 nm TiN film is deposited with a dc magnetron 
sputtering system called FHR-MS150. The parameters of the 
deposition are: base pressure < 3 x 10-6 mbar, flow rates of 
92 sccm Ar and 3 sccm N2, deposition pressure of 5 x 10-3 
mbar, a current of 1.9 A and a power of 460 W. 

A 3 inch silicon wafer with 400 nm thick thermally grown 
SiO2 is used as a carrier. The substrate is cleaned with 
isopropyl alcohol (IPA- C3H8O) and blow dried with an N2 
gas stream. 

X-ray photoelectron spectroscopy (XPS) and resistivity 
measurements were used to characterize the stoichiometry of 
the sputtered TiN film. Figure 10 shows the XPS spectrum 
of the Ti 2p level of the TiN film; the peaks at 455 eV and 
461 eV verify the presence of the TiN bonds. The resistivity 
value of 37 µΩ cm, obtained from the sheet resistance value 
measured by a four point probe set up and the thickness of 
the film measured by a surface profiler, is in agreement with 
previously reported data 46,47,48 . Please refer to appendix A 
for more details about the reproducibility and 
characterization of the TiN film. 
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A resist layer is spun onto the substrate to act as a sacrificial layer. 
The resist is MCC950K PMMA A4. The spinning velocity is 4000 
rpm with an acceleration of 3000 rpm for 1 min to obtain a 200 
nm thickness. Then a soft bake process of 5 min at 170 °C is 
performed. Finally, the substrate is exposed to a 5 sec O2 plasma 
treatment at 50 W, 250 mTorr and 10 sccm flow to improve the 
substrate surface hydrophilicity and promote a uniform 
distribution of solutions in the next deposition steps (Fredriksson 
et al. 2007) . 

 The cationic poly(diallyldimethylammonium) electrolyte (PDDA) 
is pipetted onto the PMMA layer for 45 s and is then rinsed with 
running DI water and blow dried with N2 to generate a positively 
charged surface. The negatively charged solution of polystyrene 
nanoparticles (sulfate latex 80 ± 20 nm) is pipetted onto the 
PDDA surface for 3 min to achieve saturation coverage. After 
this follow rinsing with running DI water (10 s), immersion in 
boiling water (40 s) and blow drying with N2. The purpose of the 
boiling water immersion is to prevent particle 2D/3D 
aggregations by increasing the contact adhesion of the adsorbed 
particles to the surface. 

 A 10 nm Au film is e-beam evaporated (AVAC HVC 600 
equipment) on the nanoparticle-covered surface. The deposition 
parameters are: base pressure 3x10-6 mbar, I=40 mA and 
deposition rate 1 Å/s. It is worth noting that the deposition angle 
controls the geometry of the mask holes. In our case, the 
deposition was done normal to the substrate so we expect to 
reproduce the circular projection of the deposited nanoparticle 
spheres. 

The nanoparticles are removed from the substrate surface by 
carefully adhering and then stripping an adhesive tape (STW-10 
tape). 



18 

 

 

 

 

 

 

 

 

  

The substrate is then plasma etched with a flow of 10 sccm O2 
during 5 min to remove the PMMA underneath the holes and 
transfer the pattern of the mask. The etching parameters are:  a 
power of 50 W and 250 mTorr of pressure. 

The SEM micrograph in Figure 11 shows the result of the hole 
mask colloidal lithography on the Si/SiO2/TiN substrates. The 
holes have a diameter of 80 ± 20 nm showing a successful 
transfer of the nanoparticle´s shape and distribution. 

After the substrate has been lithographically patterned a layer of 
Ni catalyst is e-beam evaporated (AVAC HVC 600) onto the 
substrate. The evaporation process parameters are: base pressure 
≤ 3.0 x10-6 mBar, I=70-80 mA (adjusted by deposition rate), 
depositation rate=2 Å/s yielding a final thickness of 50 nm. 

The catalyst pattern is transfer to the Si/SiO2/TiN by lifting it 
off in 1165 remover at 70 °C for a time ≥ 15 min, then the 
substrate is immersed in IPA for a time ≥ 10 min for a 
subsequent cleaning by a quick dump rinse (QDR) process cycle. 
Finally, the substrate is blow dried with N2. 

Figure 12 shows a SEM micrograph of the resulting Ni catalyst 
seeds on top of the TiN diffusion barrier. It can be seen that hole 
colloidal lithography method can be used to control the 
distribution and shape of the catalyst seeds. 
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4.2 Growth Sequence 
 

There are three main steps in the synthesis of VACNFs: annealing of the sample by heating the 
substrate holder to the desired temperature (usually between 500 ˚C and 700 ˚C); a plasma pre-
treatment of several seconds to help in the dewetting of the catalyst, the reduction of the surface 
oxide on the catalyst and the plasma stabilization before the carbon source is provided and finally; 
the introduction of the carbon source gas to the plasma which will initiate the fiber growth. 

The growth sequence for the VACNFs synthesis into the PECVD chamber is as follows:  

1. The substrate is placed in the substrate-holder (cathode) at room temperature. 
2. The chamber is closed and pumped to a pressure of 0.2 mBar. 
3. NH3 is introduced in the chamber at a flow of 160 sccm and a pressure of 4 mBar to heat 

the substrate to the desired annealing temperature (600-700 °C) at a selected ramp rate (100-
300 °C/min).  

4. A plasma treatment ranging from 15 to 30 sec is performed in an NH3 ambient at the 
desired growth flow (120-480 sccm) and power (40-200 W). The plasma power is controlled 
by setting the voltage to 800 V and limiting the current to 500 mA. 

5. The growth is initiated by introducing the carbonaceous gas source (C2H2) in the chamber at 
the required flow rate (30-120 sccm). Unless the flow rate is a parameter of study a carbon to 
etchant gas ratio of 1:4 is normally used during the growth sequence. 

6. The heater is set to the desired growth temperature (600-800 °C) at the required ramp rate. 
7. The growth phase is usually maintained during 15 min. 
8. The plasma, heater and gases are turned off. 
9. The system is cooled down to a temperature T ≤ 50 °C while still in vacuum. 
10. The sample is removed from the substrate holder and the chamber is pumped down again to 

maintain the vacuum condition. 
 
 

It is worth mentioning that the optimization growth study was performed by altering one or several 
parameters during the growth sequence. If the parameter change during the growth study (Chapter 
4) is not mentioned the following standard conditions prevail: 

Pretreatment (annealing) step:   Temperature: 600 °C 
Ramp rate: 300 °C/min 
Gas environment: NH3 (160 sccm) 

Plasma treatment:    Time: 15 sec 
Gas environment: NH3 (120 sccm) 
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Power: 80 W 
Growth step:     Time: 15 min 

Carbon to etchant gas ratio: 1:4   
Power: 80 W 

 

To verify the growth results a scanning electron microscope (SEM Zeiss Supra 60VP) and a 
transmission electron microscope (TEM JEOL JEM2100) were used.  

The SEM is equipped with a CCD camera with IR illumination. The system was operated with an 
acceleration voltage of 20 kV and tilting angles of 40-60° were used for image acquisition.   

The samples for TEM were prepared by cutting the chip in several sharp wedge pieces subsequently 
mounted in silver wires using conductive epoxy glue and then placed in the sample holder. The e-
beam, operated at 100 keV, was incident parallel to the Ti-N surface of the samples. The images 
were taken with a digital camera (Gatan SC1000).  

The reproducibility of the PECVD synthesis of VACNFs relies on the control of a large parameter 
space. The chemical reactions present in the PECVD CNFs synthesis are governed by the type and 
the density of the neutral and charged species present during the growth process. Controlling the 
rate and the desired chemical reactions is not a trivial task especially when several factors can affect 
the final outcome. For instance, changes in the PECVD system parameters (e.g. pressure, 
temperature, gas flow rate, etc.) result in different chemical environments leading to differences in 
the as-grown VACNFs.  

Even though a repeatable tuning of the parameters such as pressure, gas flow rates, power, etc. has 
been achieved for our PECVD system we have found it challenging to control the actual 
temperature the chip is exposed to during the growth of the fibers. The PID module and 
thermocouple used to provide and monitor the temperature of the heater during the growth were 
effectively controlled but temperature gradients across the heater and between the heater and the 
substrate have been found to be significant when comparing resulting VACNFs from subsequent 
growths at same growth conditions. Nonetheless, the trends observed in the PECVD parameters 
growth study were validated with several growth trials and can be considered as reproducible.  

Reproducibility of the colloidal lithography and the reactive sputtering process for TiN have been 
validated (results not shown) in previous studies performed at our laboratory. Effects of variations 
coming from the catalyst and substrate were minimized given that all the samples used for a given 
experiment were always fabricated in the same lot. 
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5. Results 

 

 

In this chapter the results from the growth study will be explained. The optimization of the 
VACNFs synthesis was determined from all the following results: the effect of each growth 
parameter in the synthesis of the VACNFs, the influence of the fabrication steps on the quality of 
the as-deposited fibers and the proposed growth model based on a study of the initial growth phase. 

5.1 Annealing Treatment 

 

The growth of VACNF is done at considerably high temperatures; therefore it is necessary to 
evaluate the thermal stability of the as-deposited TiN diffusion barrier. The film should prevent 
silicide formation and enhance the catalyst nucleation for the growth. Three different annealing 
temperatures with a 100 °C/min ramp rate were evaluated (600, 650, 700 °C) using substrates with a 
Ni thickness of 50 nm. The results are shown in Figure 13. 

 

 

Figure 13. Ni catalyst nucleation after exposure to annealing treatments at a) 600 ˚C, b) 650 ˚C and c) 700 ˚C  with a 100 

˚C/min ramp rate and NH3 ambient (160 sccm). 

The catalyst particles show uniform diameters and have become spherical during the heat treatment 
at 600 and 650 °C. However, when the samples were annealed at 700 °C, diffusion of Ni into the 
TiN film is noticeable and caused the particles’ sphericity and uniformity to decrease.  

These observations can be explained by the fact that at high temperatures the TiN performance as a 
diffusion barrier is affected by the microscopic defects (e.g. grain boundaries, voids, etc.) in its 
structure so that the catalyst particles can interact with the underlying barrier material, forming 



 

dislocations and/or precipitations by means of diffusion.  Nowak, W
in Ni weight fraction versus time at several annealing temperatures for TiN films

We have reported that discrepancies in the stoichiometry of reactively sputtered TiN films increase 
the resistivity and  decrease the failure temperature of the barrier in a previous work (please refer 
appendix A for more details). Our findings are in agreement with Park, K. C. and Kim, K. B.  who 
also studied the importance of the density and microstructure on TiN films performance as a 
diffusion barrier39 . 

Based on the previous observations and on the final aim of using the VACNFs for NEMS it
been decided to proceed with an annealing treatment at 600 °C with a ramp rate of 300 °C/min 
which assures a successful nucleation of catalyst particles without diffusion into the TiN underlayer. 

 

5.2 Plasma Pretreatment 

 

The effect of plasma treatment during the transition between annealing and growth process in the 
VACNF synthesis was assessed by exposing the samples to different lapses (30, 60 and 90 sec) of 
NH3 plasma after an annealing treatment at 600 °C with a ramp rate of 300 °C/min. Results a
shown in Figure 14. 

 

Figure 14. Ni catalyst seeds upon exposure to annealing process and NH

and c) 90 s. VACNFs  were synthesized with a 600 

e) 60 s, f) 300 s. NH3 plasma treatment defines the degree of etching on the catalyst before the growth is started.

dislocations and/or precipitations by means of diffusion.  Nowak, W. B. et al.  reported an increase 
in Ni weight fraction versus time at several annealing temperatures for TiN films38. 

We have reported that discrepancies in the stoichiometry of reactively sputtered TiN films increase 
the resistivity and  decrease the failure temperature of the barrier in a previous work (please refer 
appendix A for more details). Our findings are in agreement with Park, K. C. and Kim, K. B.  who 
also studied the importance of the density and microstructure on TiN films performance as a 

Based on the previous observations and on the final aim of using the VACNFs for NEMS it
been decided to proceed with an annealing treatment at 600 °C with a ramp rate of 300 °C/min 
which assures a successful nucleation of catalyst particles without diffusion into the TiN underlayer. 

nt during the transition between annealing and growth process in the 
VACNF synthesis was assessed by exposing the samples to different lapses (30, 60 and 90 sec) of 

plasma after an annealing treatment at 600 °C with a ramp rate of 300 °C/min. Results a

Figure 14. Ni catalyst seeds upon exposure to annealing process and NH3 plasma treatment at 40 W during a) 30 s, b) 60 s 

synthesized with a 600 ˚C annealing process and NH3 plasma treatment at 

plasma treatment defines the degree of etching on the catalyst before the growth is started.
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al.  reported an increase 
 

We have reported that discrepancies in the stoichiometry of reactively sputtered TiN films increase 
the resistivity and  decrease the failure temperature of the barrier in a previous work (please refer to 
appendix A for more details). Our findings are in agreement with Park, K. C. and Kim, K. B.  who 
also studied the importance of the density and microstructure on TiN films performance as a 

Based on the previous observations and on the final aim of using the VACNFs for NEMS it has 
been decided to proceed with an annealing treatment at 600 °C with a ramp rate of 300 °C/min 
which assures a successful nucleation of catalyst particles without diffusion into the TiN underlayer.  

nt during the transition between annealing and growth process in the 
VACNF synthesis was assessed by exposing the samples to different lapses (30, 60 and 90 sec) of 

plasma after an annealing treatment at 600 °C with a ramp rate of 300 °C/min. Results are 

 

plasma treatment at 40 W during a) 30 s, b) 60 s 

plasma treatment at 120W during d) 15s, 

plasma treatment defines the degree of etching on the catalyst before the growth is started. 
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As the plasma exposure time increased the nucleated catalyst particles diffusion and surface area 
etching pits were noticed even more due to a roughing of the TiN/Ni surface and the etching 
effects of the NH3 plasma ions.  Ren Z. F., et al.  reported the use of ammonia plasma exposure for 
the thinning down of nickel catalyst films for VACNT synthesis40 .  

Since the exposure on the samples under ammonia plasma even at the lowest interval of 30 sec 
showed the effect of etching, as reflected in the Figure 14 insets, it is necessary to make a transition 
from annealing to growth process as fast as possible to avoid side effects on the nucleated catalyst 
particles without compromising both the cleaning of the substrate surface from oxides and the 
stability of the plasma before growth is started. A plasma treatment of 15 sec was utilized in every 
growth unless something else is specified. 

This trend was verified also during a complete VACNFs deposition. Figure 14d-f shows the results. 
As expected the density of the fibers decreased as the plasma exposure was increased from d) 15s to 
e) 1 min and finally to f) 5 min. At the longest plasma treatment we can barely see growth since the 
catalyst has been etched significantly. The growth was made at 600 °C, 120 W and 30/120 
(C2H2/NH3) and it lasted only 2 min after each plasma treatment. 

 

5.3 Oxygen Plasma Treatment on TiN 

 

Intermediate processing steps from catalyst deposition to carbon nanofiber synthesis could influence 
the quality of the synthetized VACNFs. We adopted colloidal lithography for Ni catalyst patterning. 
An inherent step of this process is the exposure of the sample to oxygen plasma ashing which in 
turn oxidizes the TiN film. The presence of an oxide layer on the surface could affect the synthesis 
of the fibers. During the annealing phase O2 could interact with Ni and/or TiN varying the 
nucleation of the catalyst. To verify this idea, a growth trial at 80 W, 60:240 (C2H2/NH3), 6.45 mBar 
was done during 15 min on three samples. These samples were reactively sputtered with 100 nm 
TiN and then coated with a 15 nm Ni film. Two of them were exposed to an oxygen plasma 
treatment at different durations one to 10 s and the other to 60 s before the catalyst deposition. 
Differences in density and diameter distributions over the substrates were encountered for different 
durations as shown in Figure 15 suggesting that an oxide layer on the TiN barrier modifies the 
catalyst dewetting during the annealing process. The lack of knowledge about the repeatability of 
this phenomenon given that it was done only one time impedes the formulation of a clear 
explanation about the differences seen in the catalyst dewetting among the samples. 
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Figure 15. VANCFs synthesized from 15 nm Ni films on top of a) TiN film without O2 plasma treatment b) TiN film 

exposed to an O2 plasma of 50 W during 10 s and c) TiN film exposed to O2 plasma of 50 W during 60 s. 

 

These observations highlight the importance of considering the pre-processing steps and their effect 
on the surface of the catalyst and the substrate for the growth. For instance, by having in mind the 
idea of making NEMS devices with the VACNFs, other lithographic techniques such as e-beam 
lithography could be needed which not necessarily will required an oxygen plasma ashing before the 
catalyst deposition. If this is the case, compensation for this fact should be considered when 
defining the optimum conditions for the synthesis of the fibers. 

 

5.4 Effects of Growth Parameters 

 

5.4.1 Growth Temperature  

 

The minimum growth temperature should be high enough to activate the catalytic activity on the 
metal particle surface which enables growth. The decomposition of hydrocarbons commonly used 
for CNF/CNT synthesis occurs at temperatures of 500 °C or more15. We synthesized VACNFs 
within the range of 550 °C to 750 °C. By increasing the growth temperature we increased the growth 
rate of the VACNFs as shown in Figure 16 where the length of the resulting fibers change from 390 
nm to 570 nm by a thermal increase of 50 °C while keeping other parameters constant. 

The diffusion of carbon on the catalyst surface is temperature dependant, thus an increase in carbon 
supply from the catalyst surface to graphene nucleation sites accelerate the carbon filament 
formation. We have reported activation energy of 0.3 eV for our system. This value is comparable 
with previous values of 0.23 eV and 0.5 eV reported in previous studies41,42 and suggests carbon 
diffusion as the main limiting step in the growth in our chamber.  

 



 

Figure 16. VACNF synthesized at 600 

growth temperature of left: 600 ˚C and right: 650

of growth temperature increase. 

 

5.4.3 Gas Pressure 

 

In contrast to previously reported results
total pressure in our system as shown in Figure 1
to 4.61 mBar then to 6.65 mBar 
rates in the PECVD chamber.  

By increasing the pressure in the system a higher level of ion
in turn will lead to a higher amount of collisions among the particles present in the ionized gas. At 
the same time, a higher ionization will increase the electric field in the plasma sheath enhancing the 
vertical alignment of the CNF. The relative amount of carbon bearing species will be higher in the 
plasma and the reactive nucleation sites of the catalyst surface will be gradually reduced slowing 
down the hydrocarbon decomposition process which at extreme cases cou
stop the growth as mentioned in Chapter 3.

At too high pressures (Figure 17d) a transition to the base growth mode in the case of our TiN/Ni 
substrate was found. Further explanation about this fact will be addressed under the gro
mechanism section of this Chapter.

 

. VACNF synthesized at 600 ˚C (300 ˚C/min ramp rate) annealing, 100 W, 50:100 sccm C

˚C and right: 650 ˚C during 15 min. An increase in growth rate is seen as result 

previously reported results43 the VACNFs growth rate decreases with an increase in 
m as shown in Figure 17a-d. The pressure was increased from 3.32 mBar 

 and finally to 9.29 mBar. This was done by varying the gas flow 

By increasing the pressure in the system a higher level of ionization is expected in the plasma which 
in turn will lead to a higher amount of collisions among the particles present in the ionized gas. At 
the same time, a higher ionization will increase the electric field in the plasma sheath enhancing the 

ignment of the CNF. The relative amount of carbon bearing species will be higher in the 
plasma and the reactive nucleation sites of the catalyst surface will be gradually reduced slowing 
down the hydrocarbon decomposition process which at extreme cases could poison the catalyst and 
stop the growth as mentioned in Chapter 3. 

d) a transition to the base growth mode in the case of our TiN/Ni 
substrate was found. Further explanation about this fact will be addressed under the gro
mechanism section of this Chapter. 
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the VACNFs growth rate decreases with an increase in 
. The pressure was increased from 3.32 mBar 

. This was done by varying the gas flow 

ization is expected in the plasma which 
in turn will lead to a higher amount of collisions among the particles present in the ionized gas. At 
the same time, a higher ionization will increase the electric field in the plasma sheath enhancing the 

ignment of the CNF. The relative amount of carbon bearing species will be higher in the 
plasma and the reactive nucleation sites of the catalyst surface will be gradually reduced slowing 

ld poison the catalyst and 

d) a transition to the base growth mode in the case of our TiN/Ni 
substrate was found. Further explanation about this fact will be addressed under the growth 
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Figure 17. VACNF synthesized at 600 ˚C (300 ˚C/min ramp rate) annealing, 120 W, 600 ˚C and a) 3.32 mBar, b) 4.61 mBar, 

c) 6.65 mBar and d) 9.29 mBar for 2 min. A decrease in the growth rate and a transition to mainly base type fibers is seen 

after increasing chamber pressure during the growth. 

 

5.4.4 Gas Ratio 

 

To study the influence of gas ratio we increase the concentration of acetylene while keeping 
everything else constant. As shown in the Figure 18 a-c the best deposition conditions are within 20 
and 30% C2H2 since lower concentrations results in thin and defective carbon nanofibers while 
higher concentrations give rise to amorphous carbon deposition at the sidewalls causing the fibers to 
look more pyramid like. 

At low concentrations of acetylene, NH3 etching is the dominant process giving rise to defects along 
the structure of the fiber. As the C2H2 concentration is increased a higher carbonaceous source in 
the plasma compensates for the etching, stabilizing the deposition of graphitic carbon and the 
removal of amorphous carbon. However, when the C2H2 concentration is too high the relative 
amount of NH3 in the plasma is reduced; the deposition of carbon is much higher than the etching 
rate giving rise to amorphous carbon deposition along the fiber sidewalls as seen in Figure 18c. 

 

   

Figure 18. VACNFs after 10 min growth at 120 W, 6.45 mBar and a) 10% C2H2 b) 20% C2H2 and c) 33% C2H2. 



 

 

5.4.5 Power 

In DC-PECVD systems the plasma voltage and current are coupled
control each of these factors separately. An increase in power in this system results in both higher 
voltage and higher current which strengthens the plasma electric field as well as the degree of 
ionization. As seen in Figure 19 an increase in growth rate was found as 
40 W to 150 W. The quality of the fibers 
of decomposition of the feedstock gases
leading to different deposition characteristics. For instance, higher NH
powers will provide more H and will remove carbon bearing species from the plasma 
etching effect as seen for 100 W and 

Figure 19. VACNFs after 15 min growth at a) 40W, b) 70W

a 300X magnification. Etching effects 

 

5.5 Growth Repeatability 
 

In order to illustrate the degree of repeatability of our system two sequential growth trials under the 
same growth conditions are shown in Figure 
growth conditions. The growth parameters are ne
growth time. These kinetic variations
plasma chemistry as well as in the catalyst structure perhaps these being the main reasons for the 
twisting appearance of some of the fibers. 

PECVD systems the plasma voltage and current are coupled, limiting the possibility to 
control each of these factors separately. An increase in power in this system results in both higher 
voltage and higher current which strengthens the plasma electric field as well as the degree of 

an increase in growth rate was found as the power was varied from 
W. The quality of the fibers seems to degrade at high powers because of the

of decomposition of the feedstock gases which change the dominant plasma species in eac
to different deposition characteristics. For instance, higher NH3 decomposition at high 

powers will provide more H and will remove carbon bearing species from the plasma 
W and 150 W in Figure 19. 

 

Figure 19. VACNFs after 15 min growth at a) 40W, b) 70W,  c) 100 W and d) 150 W. The insets in the images correspond to 

magnification. Etching effects (seen by the CNF body degradation) increases as power increases.

In order to illustrate the degree of repeatability of our system two sequential growth trials under the 
same growth conditions are shown in Figure 20. The quality of the VACNFs is not at the optimum 
growth conditions. The growth parameters are neither in the optimum range nor constant over the 

These kinetic variations during the growth have caused a continuous change in the 
plasma chemistry as well as in the catalyst structure perhaps these being the main reasons for the 

arance of some of the fibers.  
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Discrepancies in the appearance and distributions of the length and thickness of the fibers can be 
noticed from Figure 20a-d. During the growth study, we realized that the system is highly sensitive 
to local variations in temperature. Even though the control of the temperature is repeatable from the 
PECVD system perspective, the transfer of the heat from the heater to the substrate is mainly done 
through radiation which could be affected by the heater conditions. Irregularit
heater such as aging or the impurities coming from carbon deposits from previous growths can alter 
the effective transfer of the heat to the substrate.

Future synthesis where the placement of the substrate is fixed and the heater is rou
and/or cleaned could probably improve the reproducibility of the resulting VACNFs.

Figure 20. VACNF growth repeatability. 2 trials of the

600˚C (300˚C/min), 120W, 600˚C during 2.5 min and then 700

diameter for both trials were obtained from 

an angle of 60°. 

 

Discrepancies in the appearance and distributions of the length and thickness of the fibers can be 
. During the growth study, we realized that the system is highly sensitive 

emperature. Even though the control of the temperature is repeatable from the 
PECVD system perspective, the transfer of the heat from the heater to the substrate is mainly done 
through radiation which could be affected by the heater conditions. Irregularities in the graphite 

impurities coming from carbon deposits from previous growths can alter 
to the substrate. 

Future synthesis where the placement of the substrate is fixed and the heater is rou
and/or cleaned could probably improve the reproducibility of the resulting VACNFs.

. VACNF growth repeatability. 2 trials of the same growth recipe are shown a-c). The growth parameters were: 

ring 2.5 min and then 700˚C, 180W during 10 min. b-d) histograms of the length and 

were obtained from a series of SEM images; perspective corrections were taken into account with 
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Discrepancies in the appearance and distributions of the length and thickness of the fibers can be 
. During the growth study, we realized that the system is highly sensitive 

emperature. Even though the control of the temperature is repeatable from the 
PECVD system perspective, the transfer of the heat from the heater to the substrate is mainly done 

ies in the graphite 
impurities coming from carbon deposits from previous growths can alter 

Future synthesis where the placement of the substrate is fixed and the heater is routinely changed 
and/or cleaned could probably improve the reproducibility of the resulting VACNFs. 

      

). The growth parameters were: 

d) histograms of the length and 

SEM images; perspective corrections were taken into account with 



 

 

5.6 Growth Mechanism  

 

On the way to optimize the growth of the vertically aligned carbon nanofibers continuous 
transitions between curly unaligned nanofibers and well aligned VACNFs were observed. It has been 
demonstrated by Merkulov et al. that the presence of the catalytic particle at 
crucial for its vertical alignment. Anyhow, we confirmed the presence of the catalyst at the bottom 
and at the tip of the nanofibers as seen 

 

Figure 21. Carbon nanofibers synthesized in Black Magic PECVD reactor during

carbon nanofibers having tip growth mode were obtained as seen from the catalyst remaining at the tip of the fiber body. 

b) Unaligned carbon nanofibers (base growth mode) having the catalyst particle trapped at the 

observed. 

 

Previous studies on the subject have been reported. 
between the substrate and the catalyst as the main factor defining the growth mode of the fibers. 
They claim that a strong adhesion force will anchor the catalyst to t
type growth. In their turn, Gohier et al. 
the growth mode. None of these arguments can help to fully explain the observations from our set
up. All of the samples used in our experiments are made out of the same materials deposited under 
the same conditions. Special attention 
perform each parameter study. On the other hand, we have seen transitions from base to tip growth 
at both small and large thickness of catalyst.
can be obtained by changing the growth parameters and that for each parameter a critical value can 
be defined which denote the limit between transitions. 

From these observations and reported data it can be 
which nucleation sites for posterior carbon diffusion 
growth mode of the synthesized carbon nanostructures. On this basis, whatever

to optimize the growth of the vertically aligned carbon nanofibers continuous 
transitions between curly unaligned nanofibers and well aligned VACNFs were observed. It has been 
demonstrated by Merkulov et al. that the presence of the catalytic particle at the tip of the CNF is 

. Anyhow, we confirmed the presence of the catalyst at the bottom 
and at the tip of the nanofibers as seen in Figure 21.  

. Carbon nanofibers synthesized in Black Magic PECVD reactor during the growth study. 

carbon nanofibers having tip growth mode were obtained as seen from the catalyst remaining at the tip of the fiber body. 

) Unaligned carbon nanofibers (base growth mode) having the catalyst particle trapped at the bottom of the fiber can be 

Previous studies on the subject have been reported. Song et al.44 have proposed the adhesion force 
between the substrate and the catalyst as the main factor defining the growth mode of the fibers. 
They claim that a strong adhesion force will anchor the catalyst to the substrate leading to a base 

In their turn, Gohier et al. 25 reported correlations between the catalyst particle size and 
None of these arguments can help to fully explain the observations from our set

up. All of the samples used in our experiments are made out of the same materials deposited under 
the same conditions. Special attention has been put in using samples from the same batch to 

study. On the other hand, we have seen transitions from base to tip growth 
both small and large thickness of catalyst. Melechko et al.45suggested that growth mode transitions 

can be obtained by changing the growth parameters and that for each parameter a critical value can 
be defined which denote the limit between transitions.  

and reported data it can be deduced that the initial phase of the growth, in 
which nucleation sites for posterior carbon diffusion are defined, is the main step controlling the 
growth mode of the synthesized carbon nanostructures. On this basis, whatever
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to optimize the growth of the vertically aligned carbon nanofibers continuous 
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growth study. a) Vertically aligned 
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proposed the adhesion force 
between the substrate and the catalyst as the main factor defining the growth mode of the fibers. 
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None of these arguments can help to fully explain the observations from our set-
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study. On the other hand, we have seen transitions from base to tip growth 

growth mode transitions 
can be obtained by changing the growth parameters and that for each parameter a critical value can 

deduced that the initial phase of the growth, in 
, is the main step controlling the 

growth mode of the synthesized carbon nanostructures. On this basis, whatever is the preferred 



 

growth mode at the beginning of the synthesis, this will be preserved even though the growth 
conditions are further changed in favor of the opposite growth mode during the synthesis process. 

In order to sustain this line of research a mu
conditions of growth were chosen to favor tip growth and subsequent steps previously known for 
yielding base type fibers were applied. The results, shown in Figure 2
VACNFs as expected from the first growth step.

 

Figure22. a) Multistep synthesis. Annealing temperature of 600 

set to 30/120 sccm (C2H2/NH3), plasma power of 60

every 2 min. b-d) Single step synthesis showing the resulting fibers from each step applied separately. All chips have a 50

nm thick Ni catalyst. 

 

The next step was to investigate the initial phase of the growth to get a better understand
mechanism behind these transitions. One of the first observations during SEM sample analysis was 
the characteristic shape of all the catalysts, shown in Figure 2
This finding has been reported be
the VACNFs under TEM revealed that the fibers
environment during the growth (
facets in the nickel crystal show different carbon 
energy for carbon diffusion of 0.4 eV while (100) facets are far less reactive with activation energy of 
2.1 eV. The activation energy of our process 
facets have a small energy barrier therefore promoting carbon diffusion for the formation of the 
graphite sheets along the [110] plane direction. From this information we can conclude that our 
system agrees with the sequential growth model explained in Chapter 3
as main rate limiting step. 

growth mode at the beginning of the synthesis, this will be preserved even though the growth 
conditions are further changed in favor of the opposite growth mode during the synthesis process. 

In order to sustain this line of research a multistep growth was performed where the initial 
conditions of growth were chosen to favor tip growth and subsequent steps previously known for 
yielding base type fibers were applied. The results, shown in Figure 22, confirm the existence of 

ed from the first growth step.  

Figure22. a) Multistep synthesis. Annealing temperature of 600 ˚C (300 ˚C/min), 15 s plasma pretreatment, gas ratio was 

), plasma power of 60 W and temperature increments from 600 ˚C to 650

d) Single step synthesis showing the resulting fibers from each step applied separately. All chips have a 50

The next step was to investigate the initial phase of the growth to get a better understand
mechanism behind these transitions. One of the first observations during SEM sample analysis was 
the characteristic shape of all the catalysts, shown in Figure 23, which resembles a crystal structure. 
This finding has been reported before by Helveg et al.32. Furthermore, an analysis of the structure of 

VACNFs under TEM revealed that the fibers’ catalysts expose {111} planes to the plasma 
(please refer to Figure 23b-c). Hong et al. reported that different 

facets in the nickel crystal show different carbon solubilities. Facets (111) and (110) have activation 
energy for carbon diffusion of 0.4 eV while (100) facets are far less reactive with activation energy of 

he activation energy of our process (0.3 eV) is in agreement to the TEM results since (111) 
have a small energy barrier therefore promoting carbon diffusion for the formation of the 

plane direction. From this information we can conclude that our 
system agrees with the sequential growth model explained in Chapter 3 having diffusion of carbon 
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Figure 23. a) A typical shape of the catalyst present at the tip of the VACNFs seen under SEM. The shape resembles 

crystal with different facets. b-c) TEM images of the VACNFs showing { 1 1 1 } planes exposed to the plasma. The fiber is 

oriented along [1 1 0] direction. 

The results from the initial phase growth study for the VACNFs have been presented in detail 
elsewhere (please refer to appended paper A) and are in agreement with the previously reported 
trends in the parameter study discussed in previous sections of this 
increased as a result of higher temperature and p
increasing the plasma pressure of the system. This can be explained by a shift of the growth to a 
supply-limited state either by the arrival or the decomposition of the carbon bearing species on the 
catalyst surface.  The dominant chemical species present in the plasma for synthesis with C
NH3 gas sources have been discussed in Chapter 3. HCN and C
the ionized gas and C2H2 is reported as the main precursor for the growth. 
pressure induced an increase in the carbon bearing species, shifting the system in favor of acetylene 
formation.  In addition, the amount of atomic H is not sufficient to maintain the surface of the 
catalyst free of carbon deposits reducing the am
decreases the growth rate.   

Similarly, the transition between the two growth modes can be explained in terms of the ability of 
the system to maintain the catalyst active diffusion facets free of carbon
of the growth. If the system is unbalanced in favor of acetylene formation, a competition between 
the formations of the first graphene sheets on the catalyst 
will exist. When the latter prevails, 
a large extent, the catalyst is anchored to the substrate and base type carbon nanofibers are 
synthesized. 

The formation of such carbon deposits
its crystallographic orientation after nucleation. For instance, if the catalyst exposes the carbon 
diffusion reactive facets to the plasma at the beginning of the growth an anchorage of the catalyst 
will be less likely to happen than if the less reactive facets are exposed since the energy barrier to be 

          

. a) A typical shape of the catalyst present at the tip of the VACNFs seen under SEM. The shape resembles 

c) TEM images of the VACNFs showing { 1 1 1 } planes exposed to the plasma. The fiber is 

the initial phase growth study for the VACNFs have been presented in detail 
here (please refer to appended paper A) and are in agreement with the previously reported 

trends in the parameter study discussed in previous sections of this chapter. The growth rate 
increased as a result of higher temperature and power. In contrast, the growth rate decreased by 
increasing the plasma pressure of the system. This can be explained by a shift of the growth to a 

limited state either by the arrival or the decomposition of the carbon bearing species on the 
chemical species present in the plasma for synthesis with C

gas sources have been discussed in Chapter 3. HCN and C2H2 are the main chemical species in 
is reported as the main precursor for the growth. Therefore, t

pressure induced an increase in the carbon bearing species, shifting the system in favor of acetylene 
formation.  In addition, the amount of atomic H is not sufficient to maintain the surface of the 
catalyst free of carbon deposits reducing the amount of active sites for diffusion of C which in turn 

Similarly, the transition between the two growth modes can be explained in terms of the ability of 
the system to maintain the catalyst active diffusion facets free of carbon deposits at the initial phase 
of the growth. If the system is unbalanced in favor of acetylene formation, a competition between 

of the first graphene sheets on the catalyst surface or the catalyst/substrate interface 
tter prevails, meaning the catalyst surface was covered with carbon deposits 

the catalyst is anchored to the substrate and base type carbon nanofibers are 

deposits are narrowly related to both the geometry of the catalyst and 
its crystallographic orientation after nucleation. For instance, if the catalyst exposes the carbon 
diffusion reactive facets to the plasma at the beginning of the growth an anchorage of the catalyst 

ppen than if the less reactive facets are exposed since the energy barrier to be 
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c) TEM images of the VACNFs showing { 1 1 1 } planes exposed to the plasma. The fiber is 

the initial phase growth study for the VACNFs have been presented in detail 
here (please refer to appended paper A) and are in agreement with the previously reported 

hapter. The growth rate 
growth rate decreased by 

increasing the plasma pressure of the system. This can be explained by a shift of the growth to a 
limited state either by the arrival or the decomposition of the carbon bearing species on the 

chemical species present in the plasma for synthesis with C2H2 and 
are the main chemical species in 

Therefore, the increase in 
pressure induced an increase in the carbon bearing species, shifting the system in favor of acetylene 
formation.  In addition, the amount of atomic H is not sufficient to maintain the surface of the 

ount of active sites for diffusion of C which in turn 

Similarly, the transition between the two growth modes can be explained in terms of the ability of 
deposits at the initial phase 

of the growth. If the system is unbalanced in favor of acetylene formation, a competition between 
the catalyst/substrate interface 

meaning the catalyst surface was covered with carbon deposits to 
the catalyst is anchored to the substrate and base type carbon nanofibers are 

e geometry of the catalyst and 
its crystallographic orientation after nucleation. For instance, if the catalyst exposes the carbon 
diffusion reactive facets to the plasma at the beginning of the growth an anchorage of the catalyst 

ppen than if the less reactive facets are exposed since the energy barrier to be 
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overcome will be higher. Besides, if the more reactive facets are facing the substrate that will imply a 
carbon diffusion path from the substrate/catalyst interface to the catalyst surface since the fiber 
most likely will be still aligned along the reactive [110] direction.  

Further studies on the diffraction pattern of the base type fibers could lead to a better conclusion on 
the growth transitions and the higher deposition rate as compared with the tip type growth. 

 

5.6 VACNF Growth Optimization 

 

After having a better understanding of both the growth mechanism and the effect of each growth 
parameter in the synthesis of the fibers, an optimization process can be carried out. 

In order to obtain good alignment we need to control the electric field strength in the plasma by 
means of power. The power should be high enough to provide good ionization but not too high to 
avoid the etching effects on the sidewalls of the CNF as previously observed. A good interval of 
power has been found to be 40-90 W.   

It is worth to mention again that base type growth usually leads to irregular unaligned CNF growth 
and can be avoided by the choice of catalyst and substrate materials as well as growth conditions; the 
selection of the growth parameters should subsequently be done in accordance with the required 
final results. 

In our case tip growth mode fibers are of interest. Therefore, a growth temperature of 550-600 °C 
was used and when necessary the temperature was increased after the growth was started to avoid 
transitions to base growth seen at higher temperatures.  The growth temperature is related to the 
degree of graphitization of the CNF (crystallinity). In addition, at growth temperatures higher than 
700 °C a competition of higher carbon diffusion rate versus lower sticking coefficient of carbon to 
the catalyst surface is present giving as result a decrease in the growth rate15. 

The gas ratio was tuned between 20% and 26% of acetylene concentration to provide enough 
carbon for deposition and yet keep enough NH3 in the plasma to remove the amorphous carbon. 
The gas pressure was tuned together with the gas flow where pressures between 4 mBar and 6.9 
mBar were used for the synthesis. Figure 24 shows an example of a synthesis with parameters within 
the range of optimization. 
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Figure 24. An example of good VACNF growth on top of TiN. The growth was performed at 600 ˚C (300˚ 
C/min) during 5 min, 80 W and 21.3% C2H2. 

The growth rate has been proven to be constant over time as shown in Figure 25 where the length 
of the VACNFs increase from 1 µm to 2 µm as a result of an increase in growth time from 15 to 30 
min. A fine tuning of the length of the CNFs can be achieved by only modifying the growth time 
since the quality of the fibers is not affected by time.  

  

Figure 25. VACNFs growth after 30 min. The growth was performed at 600 ˚C (300 ˚C/min) during 5 min, 80 W and 21.3% 

C2H2. CNFs quality was preserved over time. 
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6. Conclusions 
 

 

The feasibility of using TiN film as a diffusion barrier for the synthesis of vertically aligned carbon 
nanofibers has been demonstrated. It prevents the diffusion of Ni into the Si/SiO2 substrate during 
the annealing process and can be deposited in a repeatable and reliable manner. 

Optimal growth conditions for the synthesis of vertically aligned carbon nanofibers were defined for 
the Black Magic II PECVD system after performing a growth parameter study.  

The initial growth phase was analyzed in detail providing a new insight of the mechanism behind the 
synthesis of the carbon nanostructures. It has been suggested that when there is a balance between 
the carbon formation and the etching, by means of hydrogenation, a diffusion limited process is 
observed. When the system instead is slanted in favor of carbon formation, carbon deposits on the 
surface of the catalyst reduces the amount of reactive sites for carbon diffusion giving as a result a 
supply limited growth mechanism. 

Analogously, the transitions between aligned tip type and nonaligned base type carbon nanofibers 
are explained in terms of the orientation of the first graphitic planes formed either at the catalyst 
surface or at the catalyst/substrate interface.  

Further studies on the structure of the base type fibers by TEM could provide with valuable 
information about the crystallographic orientation of the catalyst. This information can not only 
provide an explanation for the differences in the carbon diffusion paths which lead to misaligned 
fibers but also elucidate the principle behind the higher growth rate observed in this type of fibers.  

The control over the synthesis of the VACNFs is a complex task. The failure to reproduce identical 
fibers with maintained growth conditions suggests that it may be difficult to eliminate all the 
variations in the system.  Therefore, the optimum growth conditions for the VACNFs should be 
defined in terms of their intended use. It can be said, from experience, that there is not an ideal 
growth recipe to synthetize carbon nanofibers. However, by having a good understanding of the 
growth mechanism and the effect of each parameter in the synthesis reactor, functional VACNFs 
can be obtained by compensating any undesired effect which deviate the system from an equilibrium 
between carbon deposition and the hydrogen etching of amorphous carbon from the catalyst surface 
during the growth. 
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a b s t r a c t

We explore the growth of vertically aligned carbon nanofibers by plasma enhanced chemical vapor depo-
sition, using lithographically defined Ni catalyst seeds on TiN. TiN is selected for being an electrically
conducting diffusion barrier suitable for the realization of electronic devices. We show that the rate of
Ni diffusion correlates to both the level of oxygen content in the TiN film and to the film resistivity.
The synthesis of the nanofibers was characterized using electron microscopy with an emphasis on three
growth parameters: substrate temperature, plasma power, and chamber pressure. We propose that a
catalyst surface free from carbon deposits throughout the process will induce diffusion-limited growth.
The growth will shift towards a supply-limited process when the balance between acetylene, as the effec-
tive carbon bearing gas, and atomic hydrogen, as the main etching agent, is skewed in favor of acetylene.
This determines whether the dominating growth mode will be vertically aligned ‘tip-type’ or disordered
‘base-type’, by affecting the competition between the formation of the first graphitic sheets on the catalyst
surface and at the catalyst–substrate interface.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The catalytically induced synthesis of vertically aligned carbon
nanofibers (VACNFs) by direct current plasma enhanced chemical
vapor deposition (dc-PECVD) in which position, diameter, length,
and alignment of the nanofibers are accurately determined has
offered an unprecedented opportunity to realize new nanoelec-
tromechanical systems (NEMS). Good examples of such devices
include the nanoelectromechanical switch [1] and the nanoscale
memory cell [2]. In order to expand the boundaries of the VACNF
based applications to include those in the radio frequency (rf)
range the nanofibers must be grown on top of materials with
acceptable performance in that frequency range. Excellent candi-
dates such as copper and gold are not known to yield successful
VACNF synthesis. A possible solution is to deposit a thin buffer
layer between these materials and the catalyst seeds. Titanium
nitride is an efficient diffusion barrier with low electrical resistivity
[3] and its compatibility with VACNF synthesis has been demon-
strated previously [4]. Another attractive property of TiN is its

∗ Corresponding author at: Chalmers University of Technology, Department of
Microtechnology and Nanoscience, MC2, BioNano Systems Laboratory, SE-412 96
Göteborg, Sweden. Tel.: +46 031 772 10 00; fax: +46 031 772 36 22.

E-mail address: Farzan@chalmers.se (F.A. Ghavanini).

CMOS compatibility [5] which is an important parameter for future
integration [6].

The aim of this work is to explore the growth of VACNFs from
Ni catalyst seeds on stoichiometric TiN as a diffusion barrier layer.
In contrast to the majority of previous studies where the growth
was initiated from a continuous catalyst film, we study the growth
from well-defined Ni seeds in sub-100 nm diameter range using
hole-mask colloidal lithography. This minimizes the disparities
in substrate–catalyst interaction arising from the variation in the
interface area among the seeds and therefore enables us to elabo-
rate on the quality (and especially the growth mode) of the VACNFs
based on only the synthesis conditions. The growth of VACNFs is
characterized with an emphasis on three growth parameters: sub-
strate temperature, plasma power, and chamber pressure. Special
attention is paid to the transition of the growth mode from non-
aligned carbon nanofibers to well-aligned VACNFs.

Reproducibility is imperative when aiming for VACNF-based
device fabrication. Diffusion of the catalyst into the growth under-
layer at elevated temperatures modifies the catalyst shape prior
to the growth with non-negligible effects on the overall synthe-
sis reproducibility [3]. This was the motivation to investigate the
effects of the deposition conditions of the titanium nitride layer on
Ni diffusion. We also study the effects that a slight modification on
the surface of TiN films would have on the subsequent synthesis of
the VACNFs.

0924-4247/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2011.04.036
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2. Experimental details

2.1. Ti–N film deposition and characterization

Ti–N films were deposited in a reactive sputtering process
on top of thermally oxidized silicon chips with an oxide thick-
ness of 400 nm using two commercial dc magnetron sputtering
systems. System A (FHR-MS150) was pumped to a base pres-
sure of less than 8 × 10−7 mbar. Ar and N2 were introduced into
the chamber through separate mass flow controllers (MFCs) and
the process pressure was controlled by a throttle valve. The sys-
tem was equipped with an optical emission spectrometer (OES)
which monitored the emission intensity from the glow discharge
at the wavelength corresponding to Ti (4113 Å). A secondary radio
frequency (13.56 MHz) plasma could also be ignited around the
substrate. The primary application of the substrate plasma is to
perform in vacuo substrate cleaning prior to film deposition. How-
ever, we employed the substrate plasma during the deposition to
impose a substrate bias in order to improve the film quality [7,8].
Sputtering system B (Nordiko 2000) was also equipped with sep-
arate MFCs for Ar and N2 as well as a throttle valve and it was
pumped to base pressures of less than 5 × 10−6 mbar. No optical
emission spectrometer was installed in system B, and neither was
it possible to apply substrate plasma or substrate bias.

Ti–N films were deposited on five chips at each run in both
systems. One chip was used for thickness measurement, one was
used for resistivity measurements, and three others were used to
study the synthesis of VACNFs. The sheet resistance of the deposited
films was measured in a four-point-probe measurement setup
(CMT-SR2000 N) within 2 min after the chips were exposed to the
atmosphere in order to control the level of film oxidation. The film
resistivity was then calculated by taking into account the thickness
of the deposited film as measured by a surface profiler (Tencor
P.15). X-ray photoelectron spectroscopy (XPS) was carried out ex
situ using monochromatic Al K� radiation to investigate the film
composition. The top 50 Å of the samples were etched using Ar
sputtering inside the specimen chamber prior to the measurement
to remove surface contamination.

2.2. Colloidal lithography

Hole-mask colloidal lithography [9] was adopted to inexpen-
sively produce Ni catalyst seeds on top of the TiN films. In contrast
to the synthesis of VACNFs from a continuous Ni film, this method
enables us to study individual VACNF growth from a single cata-
lyst seed; the condition that closely resembles the actual device
fabrication. For this purpose a sacrificial polymethyl methacrylate
(PMMA) film was spin-coated onto the TiN film and was given a
short (5 s) oxygen plasma treatment to improve its hydrophilic-
ity. Water suspended charged polyelectrolyte was pipetted onto
the polymer surface to produce a thin adhesive layer. A colloidal
solution containing polystyrene (PS) spheres with opposite elec-
trical charge compared to the polyelectrolyte layer was deposited
on the surface. The repulsion between the colloids and attraction
between the surface and the colloids prevents them from unde-
sirable agglomeration. This is followed by a deionized water rinse
and an intense nitrogen blow dry to rapidly remove the solvent
and prevent colloidal rearrangement during the drying process
(Fig. 1a). 10 nm of gold was then deposited on top of the stack in
an electron-beam evaporation equipment (Fig. 1b). After the depo-
sition the PS spheres were stripped away using an adhesive tape
leaving nano-scale holes in the thin gold film (Fig. 1c). Reactive
oxygen plasma etching was used to remove the PMMA underneath
the openings in the gold mask (Fig. 1d). Ni was deposited in the
same electron-beam evaporation system at base pressures below
3 × 10−2 mbar. No substrate heating was used during the nickel

Fig. 1. The schematic illustration of hole-mask colloidal lithography. See text for
details. The SEM picture is taken at 40◦ tilt.

deposition. The film thickness was controlled during the deposition
by a quartz-crystal-based thickness monitor. The colloidal pattern
was transferred to the Ti–N substrates in a lift-off process (Fig. 1e
and f). Fig. 1g shows a scanning electron microscopy (SEM) image
of the resulting Ni seeds on top of the Ti–N. In order to determine
the diameter range of the deposited catalyst seeds, micrographs
were taken from different areas of a chip at 0◦ tilt using a cali-
brated SEM at high magnification. The diameter of the seeds was
measured manually. The average diameter was found to be 80 nm
and the diameter variation was within ±20 nm.

2.3. Oxygen plasma treatments

Oxygen plasma treatments were carried out in a reactive ion
etching (RIE) equipment (Plasma Therm Batchtop RIE 95m). Sam-
ples were placed on top of a cooled stainless steel substrate. The
chamber was pumped and then was filled with oxygen flowing
at 10 SCCM (standard cubic centimeter per minute) and the pres-
sure was set to 250 mTorr. Samples were treated separately under
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capacitively coupled plasma at different powers and for different
durations.

2.4. Diffusion tests

Diffusion tests and synthesis of CNFs were both performed in
an AIXTRON Black Magic direct current PECVD reactor. The reac-
tion chamber was a bell jar which did not allow base pressures of
less than 5 × 10−2 mbar. A fast-response graphite heater capable of
providing up to 300 ◦C per minute ramp rate was used. The samples
were loaded directly onto the graphite heater. Process gasses were
introduced through separate mass flow controllers and entered the
chamber from a showerhead placed directly on top of the heater.
The pressure could be controlled by adjusting a leak valve connect-
ing the chamber to the pump line. However, the leak valve was set
once and the process pressure was controlled by changing the input
gas flow rates.

The diffusion tests were carried out at 4 mbar NH3 flowing at
160 SCCM. The samples were heated from room temperature to
650 ◦C at 100 ◦C per minute. When the target temperature was
reached the heater was turned off immediately and the samples
were cooled in vacuum.

2.5. Synthesis of VACNFs

The synthesis process adopted in this work can be divided
into three main steps: controlled warm-up, plasma treatment, and
growth. The controlled warm-up step was carried out in 4 mbar
NH3 during which the temperature was increased by 300 ◦C per
minute from room temperature to 600 ◦C, unless otherwise stated.
The conditions of the warm-up step determine how the catalyst
seeds are converted to catalyst nanoparticles [10,11] which directly
influences the quality of the subsequent growth. After the warm-up
step and while the NH3 ambiance and the temperature were main-
tained, the plasma was ignited and the treatment continued for
15 s. The purpose of this step was to chemically reduce the native
oxide on the catalyst seeds and therefore enhance the subsequent
carbon diffusion during the growth step [12]. Finally, the growth
was initiated at the same temperature by introducing acetylene
as the carbon containing precursor. The flow rate ratio was 1:4
(C2H2:NH3) in all growth trials. The growth continued for 2 min
(5 min in case of oxygen plasma effect study) after which the heater
and plasma were turned off and the process chamber was evacu-
ated. The short synthesis time enabled us to study the initial phase
of the growth. The samples were cooled in vacuum. The results were
analyzed by SEM (Zeiss Supra 60 VP) at 40◦ tilt. Samples for trans-
mission electron microscopy (TEM, JEOL JEM2100) analysis were
prepared by cleaving wedge shape pieces and mounting them onto
silver wires (0.25 mm in diameter) using electrically conducting
epoxy glue. These were then placed in a TEM holder (from Nanofac-
tory Instruments) and oriented such that the electron beam from
the TEM was incident parallel to the Ti–N surface. The TEM instru-
ment was equipped with a digital camera (SC1000) from Gatan, and
operated at 100 keV kinetic energy in order to minimize sample
damage caused by the electron beam.

2.6. Reproducibility of the growth process

The PECVD synthesis of carbon nanofibers is complex and multi-
dimensional; a large variety of different neutral and charged species
are present in a typical growth process which give rise to an even
larger set of reactions [13]. The reproducibility in a specific growth
chamber depends on how well the density of these species and the
rate at which individual reactions are taking place can be controlled.
Temperature plays an important role in controlling the above con-
ditions. At the same time, reading the temperature and accurately

translating it to the actual temperature of the chip is a formidable
task. We found out, through experience, that the inaccuracies in
reading and translating the temperature are major sources of irre-
producibility. Generally, in low pressure cold-wall CVD chambers
such as our growth equipment, heat transport from the heater to
the chip laid on top of it is mainly through radiation [14]. There-
fore the condition of the heater surface, for example the thickness
and the nature of carbon deposits from previous runs (even after a
proper cleaning), could potentially modify the efficiency of the heat
transfer which is not reflected by the temperature readout. Never-
theless, the main observations given in this work were validated
through a large number of growth trials; although the exact result
may not be reproduced from the same set of conditions every time
the growth process is repeated, the trends reported from modi-
fying any of the three studied growth parameters are completely
reproducible.

3. Results and discussion

3.1. Ti–N deposition conditions

Reactive sputtering is a complex process with highly nonlin-
ear behavior and often exhibits hysteresis effects [15]. This makes
reproducible deposition of compound films with controlled stoi-
chiometry very challenging. In the case of Ti–N, the stoichiometry
of the deposited film is often controlled by adjusting the N2 par-
tial pressure in the process chamber [16–23]. However, it may be
difficult to obtain stable processing conditions using this method.
The instability stems from the fact that an incremental increase
in the N2 supply from the optimum value results in an increase
in the nitride content formed on the target which has a lower
sputtering yield than the metallic Ti. This leads to preferential sput-
tering of Ti which increases the nitride content of the target even
more; a runaway situation develops leading to deposition of non-
stoichiometric nitrogen-rich films [16,24,25]. This problem can be
avoided if an optical spectrometer is used to monitor, for example,
the intensity of the Ti signal which is proportional to the sputtering
rate [26]; a change in the intensity level can then be counteracted by
readjusting the N2 supply through a fast responding piezo-valve [3].
However, the piezo-valve was not available in any of the sputtering
systems used in this work. Instead, we regulated the magnetron
current in response to the change in the emission intensity. The
magnetron current is correlated to the density of Ar ions causing
the sputtering [27] and provides direct control over the nitride for-
mation on the target surface. This method has been used previously
by Berg et al. [16] to deposit stoichiometric TiN films. Yet, the need
for dynamic adjustment of the magnetron current during the pro-
cess is not eliminated unless the process instability is minimized.
Kadlec et al. have proposed that if the pumping speed of the sys-
tem is greater than a critical value then the process instability is
completely removed [28,29]. Although reaching the critical pump-
ing speed might be unrealistic in many systems [30], maximizing
the pumping throughput nevertheless minimizes the process insta-
bility. We adopted this method to deposit Ti–N films in system A
where the throttle valve was kept fully open during the process and
N2 and Ar flow rates were fixed at 3 and 92 SCCM, respectively. Fig. 2
shows the intensity of the Ti signal from the optical spectrometer
versus the magnetron current for both increasing and decreasing
currents. A small hysteresis is still observed at the transition region
from metallic Ti to TiN. It is known that the optimum operating
point to deposit stoichiometric TiN is at the lower current level in
the detected transition region on the increasing-current curve [16]
corresponding to 1.9 A magnetron current in Fig. 2. The process was
very stable and could easily be reproduced at every operating point.
Seven sets of samples were produced, one at each of the magnetron
currents from 1.75 A to 2.05 A at 0.05 A steps.
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Fig. 2. The intensity of the Ti signal read from the optical emission spectrometer
versus the magnetron current for both increasing and decreasing currents.

In system B, Ti–N films were deposited using the conventional
method of adjusting N2 partial pressure. It has been reported that
the nitrogen to titanium ratio in the deposited film shows only a
minor increase above 2 mol% N2 in the sputtering gas and reaches
unity at about 10 mol% [31]. Since the pumping speed was the same
for both Ar and N2 and the total gettering of the titanium target was
rather low in the system (no significant change in the total pressure
was observed when the plasma was turned off), the mole percent-
age provides a direct measure for the gas flow rate ratios. Three
sets of samples were fabricated at nitrogen mole percentages of 2,
10 and 50. The chamber pressure was set to 2.5 mTorr in all the

runs. Since there was no means to monitor the stability of the pro-
cess during the deposition, a 5 min pre-deposition was performed
while the chips were isolated from the plasma by a shutter to let
the system stabilize.

3.2. Film composition analysis by XPS

Fig. 3 shows the XPS spectra of the Ti 2p and the N 1s core
levels for the films deposited in both systems. The spectral lines
completely overlap for the films deposited in system A at and adja-
cent to a magnetron current of 1.9 A (optimum point according to
Fig. 2). The two prominent peaks at 454.8 eV and 460.8 eV in the Ti
2p spectra are from TiN and the satellite peaks centered at 458.0 eV
and 463.9 eV have been attributed to titanium oxynitride TiOxNy

[18,32]. The N 1s spectra in Fig. 3b exhibits a main peak at 397.3 eV
corresponding to on-site nitrogen atoms in a face-centered cubic
(fcc) TiN lattice [33]. No significant difference is observed in the
elemental fraction of oxygen, nitrogen, and titanium between the
three films as shown in Fig. 4a. The discrepancy between titanium
and nitrogen content may come from the sputter cleaning process
prior to the XPS measurement which preferentially removes N [32].
A cross-section of the TiN film deposited at a magnetron current of
1.9 A is presented in Fig. 5 which clearly shows the expected colum-
nar structure typical of sputtered films [34]. The voids between the
columns can enhance the diffusion of oxygen down into the film
after exposure to air [35]. This could explain the presence of oxygen
in the deposited films.

The spectral lines for the films deposited at 10 mol% and 50 mol%
in system B are overlapping as shown in Fig. 3c and d. They are
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Fig. 3. The XPS spectra of the Ti–N films deposited in (a)–(b) system A and (c)–(d) system B. (a) and (c) show the Ti 2p spectra and (b) and (d) show the N 1s spectra.



Please cite this article in press as: F.A. Ghavanini, et al., Controlling the initial phase of PECVD growth of vertically aligned carbon nanofibers on
TiN, Sens. Actuators A: Phys. (2011), doi:10.1016/j.sna.2011.04.036

ARTICLE IN PRESSG Model

SNA-7366; No. of Pages 12

F.A. Ghavanini et al. / Sensors and Actuators A xxx (2011) xxx–xxx 5

1.8 1.9 2.0
0

10

20

30

40

50

60

Magnetron current (A)

El
em
en
ta
lf
ra
ct
io
n(
%
)

0 10 20 30 40 50
0

10

20

30

40

50

60

Mole percent of reactive gas (mol %)

El
em
en
ta
lf
ra
ct
io
n(
%
)

a b
Ti
N

O

Ti

N

O

Fig. 4. Elemental analysis from XPS measurements. Fraction of titanium, oxygen, and nitrogen in the Ti–N films deposited (a) in system A as a function of magnetron current
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comparable with the XPS spectrum of the films deposited in sys-
tem A. However, they show more pronounced satellite peaks in
the Ti 2P spectra which indicates a higher level of oxygen. This is
also evident from the elemental fraction given in Fig. 4b. The Ti 2p
spectra of the film deposited at 2 mol% in system B is significantly
different from all the other films. Both of the dominant peaks are
shifted toward lower binding energies. This shift has been associ-
ated with the transition from fcc TiN to hcp (hexagonal closed-pack)
Ti saturated with nitrogen [18]. Deviations from stoichiometry as
can be seen from Fig. 4b result in a higher degree of vacancies
which occur at the nitrogen sublattices for substoichiometric com-
positions [31,34]. Consequently the oxygen content of the films is
dramatically increased.

3.3. Electrical resistivity

The minimum electrical resistivity of Ti–N films, which is lower
than that of pure titanium, has been found to occur at a composition
corresponding to stoichiometric TiN [5,23]. For single-crystal TiN
films values as low as 18 �� cm has been reported [36]. The values
obtained for single-phase poly-crystal TiN films are not less than
24 �� cm [23]. Fig. 6a shows the resistivity of the films deposited
in system A at different magnetron currents. In order to exclude
the effects that film thickness may have on the resistivity, the same
thickness of Ti–N (150 ± 5 nm) was deposited at each magnetron
current. The minimum resistivity of 37 �� cm was obtained at a
magnetron current of 1.9 A corresponding to the optimum operat-
ing point in Fig. 2; the lower current level in the transition region.
The discrepancy between the minimum reported value for poly-
crystal TiN films and the value we obtained here can mainly be
attributed to the presence of impurities such as oxygen [8] and the
large density of voids located at the grain boundaries [34]. The resis-
tivity values given in Fig. 6a were achieved by setting the substrate

Fig. 5. SEM micrograph showing a cross-section of the Ti–N film deposited in system
A at the magnetron current corresponding to 1.9 A.

plasma to 600 W during the deposition. This imposed a negative
bias of 85 V to the substrate through a self-biasing [37] mechanism.

The electrical resistivity of the films deposited in system B
is significantly larger than for those fabricated in system A (see
Fig. 6b). One may expect more comparable resistivities especially
for the films deposited at 10 mol% and 50 mol% because of the
similarity in their stoichiometry and oxygen content. We believe
that this relatively large difference is due to the application of
substrate plasma in system A. It is well known that a negative sub-
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Fig. 6. Electrical resistivity of the Ti–N films deposited in (a) system A as a function
of magnetron current and (b) in system B as a function of N2 partial pressure.
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Fig. 7. SEM micrographs showing Ni catalysts on top of different Ti–N films after the diffusion tests. The original thickness of the Ni seeds was 50 nm. (a)–(c) Ti–N films
deposited in system A at magnetron current corresponding to (a) 1.8 A, (b) 1.9 A, and (c) 2.0 A. (d)–(f) Ti–N films deposited in system B at N2 partial pressure corresponding
to (d) 2 mol%, (e) 10 mol%, (f) and 50 mol%. The scale bar shows 200 nm. Pictures are taken at 40◦ tilt.

strate bias affects the microstructure [8,38]. Negative substrate bias
decreases the grain size which enhances the electrical conductiv-
ity by producing a denser film with a lower density of voids [8,39].
Furthermore, the substrate-bias-induced ion bombardment of the
growing film most likely increases the substrate temperature which
is also known to reduce the electrical resistivity [40,41].

3.4. Nickel diffusion into Ti–N films

Fig. 7a–c shows the results of the diffusion test on top of the films
deposited at 1.8 A, 1.9 A, and 2.0 A in system A, respectively. It can
be seen that the seeds have converted to droplet-like nanoparticles,
relatively uniform in diameter. In contrast, the catalyst nanoparti-
cles are less uniform and show a wide distribution in their diameter
on top of the films deposited in system B as shown in Fig. 7d–f.
In particular, they are very small and have even disappeared fre-
quently on top of the film prepared at 2 mol% nitrogen in system
B as shown in Fig. 7d suggesting that the diffusion into this film is
considerable taking into account the thickness of the nickel seeds
before the annealing process which was 50 nm. This is in good
agreement with what was observed from the electrical measure-
ments and the XPS analysis: this film has the highest resistivity and
the largest oxygen concentration, both indicators of a high den-
sity of voids. The same trend is observed in the films deposited at
20 mol% and 50 mol% nitrogen in system B as shown in Fig. 7e and

f, respectively. The latter which had shown higher electrical resis-
tivity also presents a larger number of catalyst nanoparticles with
reduced diameter after the diffusion test. We did not quantify the
Ni diffusion and therefore it was not possible to compare the degree
of diffusion among the films deposited in system A. Nonetheless,
very similar electrical resistivities and oxygen contents may sug-
gest that they are also very similar in their diffusion characteristics.
We repeated the diffusion test on top of TiN films deposited at 1.9 A
in system A but with catalyst seeds as thin as 5 nm and 10 nm.
The results, as shown in Fig. 8, confirm that the diffusion is indeed
negligible since the uniformity of the nanoparticles is preserved
although a small decrease in diameter is observed for the chip with
5 nm-thick nickel seeds.

3.5. Synthesis of VACNFs on top of stoichiometric TiN films

3.5.1. Effect of oxygen plasma treatment
Surface oxide is spontaneously formed when as-deposited TiN

films come into contact with air [42]. The formation of the oxide
layer can be accelerated by exposing the films to an oxygen plasma.
Exposure to a mild oxygen plasma for a short period of time (usu-
ally referred to as ashing) is a very common surface treatment in
a microfabrication processing line. The main purpose of the ash-
ing process is to remove organic contaminations such as polymer
residuals after lithography processes. Therefore, one needs to take
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Fig. 8. SEM micrographs taken after the diffusion test was repeated for thinner Ni seeds on top of the TiN films deposited at 1.9 A magnetron current in system A. The original
thickness of the Ni catalyst seeds is (a) 5 nm and (b) 10 nm.

into account the consequences of such a surface modification on
subsequent growth of VACNFs especially when reproducibility is
important. In order to investigate the effect of the surface oxide,
we deliberately exposed TiN films to a mild oxygen plasma treat-
ment before depositing the catalyst and compared the quality of
the grown VACNFs to that obtained from the growth on top of a
pristine TiN film. Since the application of the colloidal lithography
would inevitably expose the underlying film to an oxygen plasma
step (see Fig. 1d), it was not possible to assess the quality of VAC-
NFs grown from predefined catalyst seeds on top of pristine films.
Thus, we studied the effect only on the growth from a continuous
catalyst film. Two TiN samples were prepared at 1.9 A magnetron
current in system A. One of the samples received a 50 W oxygen
plasma treatment for 10 s. Then, 15 nm of nickel was e-beam evap-
orated on both of the samples in one run. The samples were moved
in air to the PECVD reactor and VACNFs were grown at a flow rate
of 60:240 (C2H2:NH3) SCCM at a total pressure of 6.45 mbar. The
plasma power was set to 80 W and the growth was carried out for
15 min. SEM pictures were taken after the growth from different
spots on both chips. The quality of the growth was uniform within
each sample. Fig. 9 shows a representative SEM picture from each
chip. It is clear that the surface modification imposed by the oxygen
plasma treatment has altered the way the catalyst film is broken
into nanoparticles resulting in a higher density of nanofibers with
reduced diameter (Fig. 9b). At the same time the uniformity in the
nanofibers diameter has declined. Although it is not clear why such
a trend is observed, the result shows that even a slight surface mod-
ification has a pronounced effect on the subsequent synthesis of
VACNFs.

3.5.2. Effect of synthesis parameters
The effect of synthesis conditions on the growth of VACNFs on

top of TiN films deposited in system A at 1.9 A magnetron current
were studied. The VACNFs were grown from Ni seeds patterned by

colloidal lithography with 15 nm thickness. We particularly studied
the effect of three synthesis parameters, namely: substrate tem-
perature, plasma power, and chamber pressure. The effect of each
parameter was investigated in a series of three growth processes in
which all the growth parameters remained unchanged except for
the parameter under the study.

Fig. 10a–c shows the effect of the substrate temperature. In this
series, chamber pressure and plasma power were set to 7.0 mbar
and 200 W, respectively, while the substrate temperature increased
from 600 ◦C to 650 ◦C and then to 700 ◦C. One can see that the
growth rate does not increase significantly with the increased tem-
perature. In fact, the derived activation energy (see Fig. 11) was
as low as ∼0.3 eV. This value is comparable with the activation
energy reported by Hofmann et al. (0.23 eV) [43] and Chhowalla
et al. (0.5 eV) [10] for PECVD synthesis of carbon nanofibers. The
most commonly accepted mechanism for carbon nanotube and
nanofiber synthesis by CVD consists of four steps: (1) adsorption of
the gas precursor molecules on the catalyst surface, (2) precursor
dissociation, (3) diffusion of the growth species in or on the cata-
lyst particle, and (4) nucleation and incorporation of carbon into the
growing structure. Since these processes are sequential, the slow-
est process with the largest energy barrier will be the rate-limiting
step. Many authors have identified the diffusion of carbon in or on
the catalyst as the rate-limiting step [10,44–48]. If this is the case,
then the activation energy for carbon diffusion in our system must
be quite low (0.3 eV). In fact, Hofmann et al. [48] have used ab initio
density functional calculations to show that the barrier for carbon
diffusion on the Ni(1 1 1) surface is as low as 0.4 eV. This agrees
well with our TEM observations revealing that in the majority of
the VACNFs the catalyst particle has been oriented along the [1 1 0]
direction with {1 1 1} planes exposed to the plasma (see Fig. 12).
Thus, the low activation energy for the growth is explained by a
low energy barrier surface diffusion mechanism. Another impor-
tant observation in Fig. 10a–c is the pronounced etching effect

Fig. 9. Effect of oxygen plasma treatment on the subsequent growth of VACNFs; SEM micrographs of VACNFs grown on top of (a) a pristine TiN film, (b) a TiN film exposed
to 10 s oxygen plasma at 50 W, and (c) a TiN film exposed to 60 s oxygen plasma at 100 W. The scale bar shows 500 nm.
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Fig. 10. Effect of synthesis conditions on the growth of VACNFs; (a)–(c) temperatures effect: VACNFs grown at 7.0 mbar, 60:240 (C2H2:NH3) SCCM, 200 W plasma power, and
substrate temperature of (a) 600 ◦C, (b) 650 ◦C, and (c) 700 ◦C. (d)–(f) Effect of chamber pressure: VACNFs grown at 600 ◦C, plasma power of 120 W, and C2H2:NH3 gas ratio
of 1:4 at a total pressure of (d) 3.3 mbar, (e) 9.7 mbar, (f) 10.2 mbar. (g)–(i) Effect of plasma power: VACNFs grown at 600 ◦C, 30:120 (C2H2:NH3) SCCM for a total pressure of
4.6 mbar, and a plasma power of (g) 60 W, (h) 120 W, (i) 200 W. In all cases, the growth was carried out for 2 min. The scale bar shows 1 �m.

resulting from using a relatively high plasma power (200 W) which
has lead to defective nanofibers. This also implies that no carbon
deposits have formed on the exposed surfaces of the Ni catalysts
throughout the growth process.

The effect of chamber pressure is shown in Fig. 10d–f. In this
series, the substrate temperature and the plasma power were
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Fig. 11. The change in the growth rate versus the substrate temperature. The value
for the activation energy was calculated from a linear interpolation.

fixed at 600 ◦C and 120 W, respectively. The chamber pressure was
increased from 3.3 mbar to 9.7 mbar and then to 10.2 mbar. It can
be seen that the increase in the chamber pressure has decreased
the growth rate of the aligned nanofibers while it has given rise
to the growth of non-aligned carbon nanofibers (see Fig. 10f). It is
well known that the vertical alignment of the nanofibers depends
on the position of the catalyst seed relative to the growing struc-
ture [49–52]. In a ‘tip-type’ growth where the catalyst is located
at the tip, vertical alignment is achieved while in a ‘base-type’
growth where the catalyst seed remains on the substrate no ver-

Fig. 12. A TEM image of a typical VACNF grown in the synthesis study. The catalyst
at tip of the VACNF is oriented along the [1 1 0] direction with two {1 1 1} planes
exposed to the plasma. The inset shows selected area diffraction from the catalyst
in the TEM image.
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Fig. 13. Internal structure of the synthesized nanofibers. (a) and (b) show SEM images of base-type and tip-type carbon nanofibers, respectively; the catalyst nanoparticles
are clearly visible due to their higher contrast. TEM images of base-type (c) and tip-type (d) carbon nanofibers reveal conically shaped stacks of graphene.

tical alignment is obtained [53]. A closer look at the syntheisezed
nanofibers reveals this fact. Fig. 13a and b shows SEM micrographs
of nonaligned and aligned nanofibers, respectively, where the cat-
alyst seeds are clearly visible at the bottom and at the tip of the
nanofibers. Their internal structures are shown by TEM images in
Fig. 13c and d. Although both types are made of stacked graphene
sheets with a non-zero angel between the sheets and the fiber axis,
the base-type nanofibers (see Fig. 13c) present a denser and more
uniform structure with smaller cone angels. The transition between
the growth modes has been attributed to different parameters. Song
et al. [50] among others [46,54] have suggested that the interaction
between the catalyst and the substrate defines the growth mode,
that is, a weak interaction leads to the ‘tip-type’ and a strong inter-
action gives the ‘base-type’ growth. However, in our case, these

interactions should not differ significantly from one catalyst seed
to another especially since the substrate–catalyst interface area is
relatively constant among all of them. Pre-growth processing varia-
tions cannot be accounted for the observed growth mode transition
either given that all the chips were fabricated in one batch. A more
plausible reason for the transition observed here, as suggested by
Melechko et al. [49], could be the change in the growth condi-
tions. The increased pressure has produced ‘tip-type’ nanofibers,
as shown in Fig. 10e and f, which are considerably shorter than
what was achieved at the same temperature (600 ◦C) in the pre-
vious series (see Fig. 10a). This suggests that another step in the
process than the carbon diffusion has taken over as the rate-limiting
step. We believe that the increased pressure has shifted the growth
to a supply-limited state where the arrival or the decomposition of
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the carbon bearing species is now the rate-limiting step. The two
carbon bearing gasses with the highest densities in a C2H2/NH3
plasma are acetylene and hydrogen cyanide (HCN) [55]. It has been
shown that acetylene is the main precursor for growth of carbon
nanofibers with Ni as the catalyst [55,56]. At the lowest pressure
the plasma power of 120 W is large enough to create the necessary
density of atomic hydrogen by dissociating ammonia and acetylene
[13]. This generates a balance between acetylene as the effective
carbon bearing gas and atomic hydrogen as the main etching agent
keeping the exposed catalyst facets free of carbon deposits through-
out the growth process. As long as the catalyst surface is ‘clean’
the growth dynamics remains in a diffusion-limited state. This can
explain the similarity of the VACNFs length in Fig. 10d to those in
Fig. 10a–c. Increasing the chamber pressure increases the popula-
tion of acetylene molecules. Consequently, the balance is skewed
in favor of acetylene. The main result of such a shift is an increased
probability for the formation of carbon islands on the catalyst sur-
face. The average area of the catalyst surface covered by the carbon
patches will then depend on how far the balance is distorted in favor
of C2H2. This phenomenon has also been mentioned by Merkulov
et al. [57] and Gohier et al. [58]. They argued that the change in the
catalyst active area changes the rate at which acetylene is decom-
posed at the catalyst surface and thereby changes the growth rate.
This is in complete agreement with our observations in this work.

The same argument can be used to explain the transition in
the growth mode. The transition occurs when a continuous car-
bon cap forms on the catalyst surface which impedes the carbon
diffusion from the surface. However, this carbon cap must form
before the ‘tip-mode’ growth has commenced, that is, before the
first graphene layers have formed on the catalyst–substrate inter-
face. In other words, the growth mode transition can be explained in
terms of a competition between the formation of the first graphitic
sheets on the catalyst surface and on the catalyst–substrate inter-
face; whichever forms first will decide the growth mode. It is more
likely that a continuous carbon film forms on the catalyst exposed
surfaces when the etching process is not efficient. That is why the
increase in the population of the ‘base-type’ nanofibers coincides
with a decline in the ‘tip-type’ growth rate. However, it remains for
further investigation to determine why the ‘base-type’ nanofibers
exhibit a much higher growth rate.

The plasma power effect is shown in Fig. 10g–i. In this series,
the substrate temperature and the chamber pressure were fixed at
600 ◦C and 4.6 mbar, respectively. The plasma power was increased
from 60 W to 120 W and then to 200 W. The observed trend agrees
well with the model developed in the last paragraph. Increasing
the plasma power increases the dissociation rate and creates more
radicals including the etching agents. Therefore the catalyst sur-
face remains ‘cleaner’ during the process at larger plasma powers
and therefore a higher growth rate is yielded. Again, we can see
that the maximum growth rate (achieved at the largest plasma
power) is comparable to the rate for the diffusion-limited case.
We note that our results differ from those obtained by Bell et al.
[59] where a decrease in the growth rate was observed by increas-
ing the power. They argued that the increased gas-phase acetylene
decomposition at higher plasma powers limits the carbon supply
bearing in mind that acetylene is the most effective growth pre-
cursor in the plasma. In the same work, residual gas analysis (RGA)
was used to show that there is an optimum point at around 23%
acetylene (percentage of acetylene in total C2H2 plus NH3) where
the concentration of H2 which is generated by the decomposi-
tion of both NH3 and C2H2 is the minimum. Both at higher and at
lower acetylene concentrations the amount of H2 increased. They
argued that at acetylene concentrations lower than the optimum
value, H2 is mainly generated from NH3 decomposition while at the
concentrations larger than 23% acetylene is decomposed preferen-
tially over NH3. We believe this could explain the disagreement

between the result obtained in this work and those obtained by
Bell et al. if we assume that at our growth conditions ammonia
is decomposed preferentially. Therefore an increase in the plasma
power does not modify the acetylene concentration significantly
but only produces more etching agents. The growth conditions in
the work by Bell et al. on the other hand favor the acetylene decom-
position over NH3 and therefore increased plasma power reduces
the concentration of acetylene and hence reduces the growth
rate.

4. Conclusions

We present a reliable method to deposit stoichiometric TiN films
by adjusting the magnetron current in a reactive sputtering pro-
cess. We achieved a minimum electrical resistivity of 37 �� cm
by employing the substrate plasma during the film deposition. We
show that the diffusion of Ni into the TiN films is negligible when
the deposition is done with the application of the substrate plasma.
The diffusion was considerable in the films deposited without the
substrate plasma although their stoichiometries were not signif-
icantly different. The higher rate of Ni diffusion coincided with a
higher level of oxygen content in the films and larger electrical
resistivity. These observations emphasize the importance of the
film microstructure in determining the rate of diffusion. This can be
manipulated to a large extent by parameters such as the substrate
plasma. We also show that slight surface modifications such as the
formation of a surface oxide imposed by a light plasma ashing alters
the subsequent growth of VACNFs.

The synthesis of VACNFs on top of stoichiometric TiN films
was characterized with an emphasis on three growth parameters:
substrate temperature, plasma power, and chamber pressure. We
argue that if the catalyst surface remains free of carbon deposits
throughout the process the growth stays in a diffusion-limited
state. We found that the activation energy for nanofiber growth
is quite low (∼0.3 eV) which could be explained by a surface dif-
fusion rate limiting mechanism. We show that the growth shifts
to a supply-limited state when the balance between acetylene as
the effective carbon bearing gas and atomic hydrogen as the main
etching agent is skewed in favor of acetylene.

Finally, by excluding the catalyst-size dependencies through
patterning Ni into well-defined seeds we were able to explain the
transition in the growth mode based on a competition mechanism;
if the first graphitic sheets form on the exposed surface of the cat-
alyst a ‘tip-type’ growth initiates while if these sheets are formed
first on the catalyst–substrate interface the growth mode will be of
‘base-type’.
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