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1. Introduction

Large arrays and networks of carbon nanotubes, both single- and multi-walled, feature many
superior properties which offer excellent opportunities for various modern applications rang-
ing from nanoelectronics, supercapacitors, photovoltaic cells, energy storage and conversation
devices, to gas- and biosensors, nanomechanical and biomedical devices etc. At present, arrays
and networks of carbon nanotubes are mainly fabricated from the pre-fabricated separated
nanotubes by solution-based techniques. However, the intrinsic structure of the nanotubes
(mainly, the level of the structural defects) which are required for the best performance in the
nanotube-based applications, are often damaged during the array/network fabrication by sur-
factants, chemicals, and sonication involved in the process. As a result, the performance of the
functional devices may be significantly degraded. In contrast, directly synthesized nanotube
arrays/networks can preclude the adverse effects of the solution-based process and largely pre-
serve the excellent properties of the pristine nanotubes. Owing to its advantages of scale-up
production and precise positioning of the grown nanotubes, catalytic and catalyst-free chemi-
cal vapor depositions (CVD), as well as plasma-enhanced chemical vapor deposition (PECVD)
are the methods most promising for the direct synthesis of the nanotubes.

On the other hand, these methods demonstrate poor controllability, which results in the unpre-
dictable properties, structure and morphology of the resultant arrays. In our paper we will dis-
cuss our recent results obtained by the application of CVD and PECVD methods. Specifically,
we will discuss carbon nanotube arrays and networks of very different morphology. The fabri-
cation of the arrays of vertically aligned and entangled nanotubes, as well as arrays of arbitrary
shapes grown directly on the pre-patterned substrates will be considered with a special atten-
tion paid to the fabrication methods and the influence of the process parameters on the array
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growth morphology (see Figure 1). Besides, the possibility of creating the 3D structures of car-
bon nanotubes through post-processing of the arrays by liquids will be discussed.

The fabrication methods involved are the conventional CVD utilizing various gases such as
methane, ethane, acetylene, argon, and hydrogen; plasma-enhanced CVD based on induc-
tively-coupled low-temperature plasma reactor; microwave PECVD. The advantages of the
plasma-based CVD process will be shown and discussed with a special attention. We will also
discuss the influence of the process parameters such as process temperature, pressure, gas
composition, discharge power etc. on the morphology of the nanotube arrays and networks,
and demonstrate that the proper selection of the parameters ensures very high level of the
process controllability and as a result, sophisticated control and tailoring of the growth
structure and morphology of the carbon nanotube arrays.

Characterization technologies used are scanning and transmission electron microscopy (SEM
and TEM), as well as atomic force microscopy (AFM), Raman and X-ray photoelectron
spectroscopy techniques. The results of the numerical simulations will also be used to support
the growth models and proposed growth mechanisms.

Figure 1. Morphologies of the representative CNT arrays grown by CVD (a) and PECVD (b).

2. CVD versus PECVD: Morphology control issues

2.1. CVD and PECVD: General

The term ‘chemical vapor deposition’, or 'CVD’, is commonly used for describing the processes
and chemical reactions which occur in a solid material deposited onto a heated substrate using a
gaseous precursor. However, more complicated process than the 'common' CVD takes place
[1,2] during the growth of CNTs. In this case, the carbon-containing gaseous precursors (e.g.,
CH,, C,H,, C,H,, CO) firstly dissociate into atomic or molecular carbon species on the surface of
catalystnanoparticles, and then the nucleation occurs as these carbon species diffuse into the cat-
alyst nanoparticles, reach a supersaturated state, and then segregate from the surface of nano-
particles to form a nanotube cap. Subsequently, the growth of nanotubes is sustained by the
continuous incorporation of carbon atoms via bulk and/or surface diffusion. Figure 2 shows the
SEM image of randomly-oriented SWCNTSs with a unique 'bridging' morphology in catalytic
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CVD. This array was grown by using Ar/H,/CH, gas mixture on Fe/Al,O; catalyst. By tuning the
growth condition (e.g., temperature and pressure), it was demonstrated that the SWCNTSs could
be of a high quality (a high I;/I, in the Raman spectra) and could contain a significantly higher
content of metallic nanotubes as compared to the 'standard’ metallic nanotube content of 33%
(1/3metallicand 2/3 semiconducting) produced inmany CVD processes [3].

On the other hand, PECVD refers to the CVD process that uses plasma environment as an extra
dimension to control the growth of CNTs. Plasma by definition contains ionized species and is
generally considered as the fourth state of matter along with solid, liquid and gas. Recentadvan-
cesin the plasma-based nanofabrication offer unprecedented control over the structure and sur-
face functionalities of a range of nanomaterials [4]. One of the major advantages, as compared to
the conventional CVD processes, is that nanostructures can grow vertically-aligned due to the
electrical field in the vicinity of surface [5]. Another benefit of using plasma is that the tempera-
ture required to dissociate carbon feedstock could be greatly reduced [6]. Figure 3 illustrates the
isolated CNTs grown in a PECVD system using Ni/SiO, as the catalyst, C,H,/NH; as the gas pre-
cursors, and aDC glow discharge. It can be seen clearly that these nanotubes are aligned vertical-
ly to the substrate surface, due to the plasma sheath-directed growth. These freestanding
nanotubes could give many opportunities to custom-design novel functional devices.

X942, 008 B, Skm

Figure 3. Low- and high-resolution SEM images of the typical arrays of vertically-aligned CNTs grown in PECVD proc-
ess with a glow discharge. The growth followed the 'tip-growth' mode as the catalyst nanoparticles are noticeable on
the top of each nanotube [4].
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2.2. Morphologies of nanotube arrays

In general, there are three types of morphologies observed in the directly-grown nanotube
arrays: entangled, horizontally aligned, and vertically aligned. Each of these morphologies
has their specific functionalities and can be desirable for different applications. In this work,
we will briefly describe the first two morphologies and then pay the most attention to the
arrays of vertically aligned nanotubes.

The horizontally-aligned CNT arrays were usually grown on the quartz wafers using CVD.
The alignment could in such arrays be controlled by two factors: gas flow direction and sub-
strate lattice. These arrays could have a very high density (up to 50 SWNT/um) over large
area. These nanotubes have also a large diameter and good electrical properties desirable for
the nanoelectronic applications [7].

On the other hand, the vertically aligned CNTs could be grown using both CVD and
PECVD. Hata et al. demonstrated that by using Fe/Al,O; as the catalysts, C,H, as the feed-
stock and a trace amount of water vapor (100 — 300 ppm) as the growth enhancer, high-
yield, milli-meter long vertically aligned SWCNTs could be produced [8]. Water in this
process was used to etch the possible amorphous carbon phase deposited onto the catalyst
during the growth, therefore enhancing the lifetime and activity of the catalyst. The vertical
alignment was supported by the collective van der Waals” interactions among the nanotubes
[9]. In contrast, the CNTs grown in PECVD process do not require such growth enhancer to
align them vertically, since the electrical field in the plasma-surface sheath at the vicinity of
the substrate could easily direct the growth.

The third type of CNT arrays is the entangled network consisting of interconnected random-
ly-oriented nanotubes. In some cases, these networks are not entirely 'random’; instead, they
may form certain unique features such as the "Y-junctions', as well as 'knotted' and 'bridging'
structures. Sun et al. demonstrated that by using a porous membrane filter to collect the
nanotubes at room temperature, a unique 'Y-junction' with high electronic performance
could be induced in an aerosol CVD process [10]. Similar to VACNTs, they can be produced
in both CVD and PECVD processes. Figure 4 illustrates both the horizontally and vertically
aligned morphologies obtained by our group.
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Figure 4. Highly uniform, dense array of vertically aligned single-walled carbon nanotubes (SWCNTs) grown on trilay-
ered Fe/Al,0,/Si0, catalyst (a). Horizontally-aligned nanotubes (b).
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2.3. Vertically-aligned arrays of carbon nanotubes

Vertically-aligned CNTs not only preserve the excellent intrinsic properties of individual
nanotubes, but also show a high surface-to-mass ratio owing to their three-dimensional
microstructure. Moreover, the surface of the vertically-alighed CNTs could be easily function-
alized. These advantageous features have placed the vertically-aligned CNT arrays among the
most promising materials for a variety of applications ranging from field emitters, heat sinks,
nanoelectrochemical systems, gas- and bio-sensors, drug delivery systems, to molecular/
particular membranes. For example, Wu et al. used the functionalized vertically-aligned CNTs
to deliver nicotine for therapeutic purposes [11]; Han et al. studied the release behaviors of
bone morphogenetic protein-2 (BMP-2; a growth factor for human mesenchymal stem cells)
on the vertically-aligned CNTs with different surface wettability, in attempting to control the
differentiation and proliferation of these stem cells [12].

Growth of the vertically-aligned CNTs can be easily obtained in PECVD. Figure 5 shows SEM
images (high and low magnification) of the vertically-aligned nanotubes grown in the low-
temperature plasma [13]. These CNTs have a diameter of 50-200 nm, a height of several
micrometers, and followed a “tip-growth” mechanism. Interesting, they collapse upon liquid
wetting (this will be discussed in more detail in the next section).

\ =
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Figure 5. Dense array of vertically aligned single-walled carbon nanotubes.

The the vertically-aligned CNTs grown using CVD process are much denser and longer, and
have more uniform distribution of diameters. In such arrays, very strong Van der Waals forces
are present. The CVD process is therefore suitable for mass production of CNTs, and may
contribute to lowering the price of CNTs. We have recently demonstrated that highly uniform
and dense arrays of SWCNTs with more than 90% population of thick nanotubes (>3 nm in
diameter) could be obtained by tailoring the thickness and microstructure of the catalyst
supporting SiO2 layer [14].

2.4. Entangled arrays of carbon nanotubes

Networks of entangled nanotubes consist of randomly-oriented nanostructures. The thickness
of the entangled array may vary from sum-monolayer to a few monolayers. Advantages of
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such morphology, as compared to individual nanotubes, are scalability, stability, reproduci-
bility, and low cost of the CNT-based devices. They are therefore widely used as thin film
transistors, transparent conductive coatings, solar cells, gas and biosensors. The electrical
resistivity in entangled SWCNTs is determined by the nanotube-nanotube junctions in the
network, and the nanotube-metal junctions at the electrodes (so-called Schottky barrier). The
intrinsic resistance of the nanotubes usually plays a minor role if the array density is not far
away from the percolation threshold [15]. In addition, it is generally perceived that for the
CNT-based device to deliver outstanding performance, chirality-selected growth of CNT is a
pre-requisite. However, for entangled SWCNTs, this stringent requirement may be avoided if
the density is within a certain range (usually 1-3 nanotubes/um?) [16,17,18].

There are many parameters of the CVD process that should be controlled to grow entangled
CNTs with some special patterns. For example, the length of the nanotubes could be deter-
mined by the exposure time of the carbon feedstocks. Recently, we have demonstrated that
the density of entangled SWCNTs, which is a critical factor in device performance, could be
controlled over 3-order-of-magnitude in acetylene-modulated CVD processes (Figure 6a) [2].
In addition, we also obtained a special 'knotted' morphology of the CNT network by using
porous silica as the catalyst-supporting layer (Figure 6b) [19]. In contrast to this morphology,
a much lower density of nanotubes was observed on flat silica surface.

Figure 6. Representative arrays of entangled carbon nanotubes [2,19].

3. Complex catalyst-free arrays by mechanical writing

Plasma-based techniques yet being capable of producing high-quality nanotube arrays, still
require metal catalyst to initialize the control the nanotube growth process. However, there is
a strong demand in metal-free CNTs, i.e. the CNTs not containing a catalyst metal which is
usually incorporated in the nanotube structure (from the nanotube top or bottom, depending
on the process used). Removal of metal catalyst from CNTs implies a complex post-processing
[20] which results in significant disadvantages, such as essential change in electronic properties
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or degradation of the nanotube ordering or orientation (in particular, post-processing deteri-
orates the vertical orientation of the nanotubes), damages the substrate structure in high
temperature annealing process, etc. Thus, removal of the metallic catalyst by after-growth post-
processing is feasible only for limited small-scale experimental production [21]. Hence, the
development of the catalyst-free methods for growing arrays of high quality, dense vertically
aligned nanotubes is a pressing demand now. The metal-free nucleation and growth of carbon
nanotubes is possible, yet with the use of other catalytic material, and with a low quality
outcome. For example, the nucleation and growth on semiconductor nanoparticles in CVD
process was recently reported [22,23,24]. In these works, the nanotubes were catalyzed and
grown without metal catalyst, but those nanotubes are not vertically aligned but highly
tangled, tousled, and the surface density is quite low. Therefore, obtaining high quality arrays
of CNTs on a catalyst-free silicon substrate still remains elusive.

Magnetron
Chamber Waveguide (d)

(b)

Nanotubes
fa_ on scratch

Scratch

Plasma contacting with Si

(c)

Stage

Only contacting plasma produces nanotubes!

Figure 7. a) Three typical process configurations: localized plasma, remote plasma, gas environment; (b) nanotubes
growth on Si substrate contacting with plasma: dense nanotubes as-grown on a doted spot; (c) photo of the plasma
above substrate and (d) photo of the microwave reactor; (e) complete experiment matrix, which indicates the sub-
strate condition (for scratched or non-scratched surface), and the process environment condition; remote gas/plasma
and contacting gas/plasma. Among all possible 6 variants tested, only localized plasma process have produced nano-
tubes on substrate [25].
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50 um

Figure 8. a,b) Top-view of CNTs on doted spots (SEM images); (c) microwave reactor; (d, e) tilted SEM image of CNT
arrays showing a high number density of CNTs. Insets illustrate the process of making pattern and TEM image of the
carbon nanotube [25].

Here we describe a novel plasma-based catalyst-free growth technique that is capable of
producing very dense, strongly aligned arrays of extremely long (up to several hundred um)
CNTs on Si wafer surface in very fast process (with growth rate achieving 50 pm/sec), with
experimentally proven possibility to arrange the nanotubes into complex arrays of various
shapes such as separate nests and linear strands.

The six different experimental variations were used, with respect to the plasma/gas environ-
ments and plasma location relative to the substrate, as shown in Figure 7. We did not observe
the nanotube nucleation in gas environment, on both smooth and patterned surfaces; we also
did not observe the nucleation on both smooth and patterned surfaces with the remotely
located plasma, and only the process conducted in plasma contacting the patterned surface
resulted in the nucleation and growth of CNTs. The process starts by applying a special notch
pattern (NP) on the prepared Si(100) wafers.

Then, the substrates with a specific NP (we used a linear NP consisting of parallel notch-
es, and spot pattern of small pits) was treated in a chemical vapor deposition (CVD) reac-
tor (Figure 8) where a microwave discharge was ignited in gas mixture of CH, and N,, at
pressure of 13 Torr and power density of 1.28 W/cm?, typically for 3 min. The substrates
were heated up to ~800 °C only by the plasma. The plasma localization relative to the sub-
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strate was varied to study in detail the plasma effect on CNT growth process (Figure 1le);
namely, the process conducting with plasma contacting the wafer surface was effective for
nucleation and growth of CNTs. More details on making the mechanical pattern are
shown in Figure 8.

The scanning electron microscopy (SEM) investigations (Figure 9) show that a fast growth of
a high-density, highly aligned CNTs are produced exactly replicating the pattern configuration
(a complex pattern configuration which consists of a linear notch and spot applied directly on
the notch have been achieved). The SEM images clearly show that the complex pattern of CNTs
was perfectly replicated by nanotubes and the longest nanotubes reach ~140 um in length. The
growth sites are very densely occupied, and the rest wafer surface is absolutely free of
nanotubes. Notably, these very dense arrays were formed in a very fast process, such unusual
growth rates (up to ~48 um/minute) were not reported previously in the absence of metal
catalyst. Figure 9a shows the high-magnification SEM image of the nanotube array.

(e) 1355

Normalized intensity (a.u.)

800 1000 1200 1400 1600 1800 2000
Raman shift (c:m")

Figure 9. a) High-magnification SEM image of the vertically-oriented CNTs; (b) a high-resolution TEM image showing
the planes in CNTs, with the inter-planer distance of ~0.34 nm; (c) the electron diffraction pattern of CNTs; (d) low-
resolution TEM image showing the nanotube diameter of about 10 nm; (e) micro-Raman spectrum of the carbon
nanotubes [25].
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Further characterization of the nanotube structure was done with a high-resolution transmis-
sion electron microscopy (TEM) and Raman techniques (Figure 9). The TEM images (inset in
Figure 8, Figures 9b and 9d) clearly show the absence of catalyst particle at the closed end tip
of the CNTs, this reveals that the nanotubes were following in a “base-growth” mode [25]. As
follows from TEM images, the diameters of the nanotubes are in the range of 10-80 nm, with
up to 25 walls. Figure S13c shows the electron diffraction pattern of multi-wall nanotubes.
Raman spectrum of as-grown nanotubes obtained at a room temperature (Figure 9e) shows a
Raman broad-band peak at 1585 cm™, which is the characteristic of in-plane C-C stretching E2g
mode of the hexagonal sheet. The appearance of a broad-band peak at 1355 cm™ indicates the
disordered graphitic nature of the nanotubes.

Thus, the nanotubes in our experiments were grown on the features mechanically written on
the surface of Si wafer, and no nanotubes were formed on the intact silicon. To explain this,
we propose a mechanism based on the key role of nano-elements on Si surface, so-called “nano-
hillocks’. These hillocks are formed on the surface when writing pattern, they establish a strong
covalent bond to the Si surface at a temperature of ~800 °C during the process of CNT
nucleation, and thus remain on Si surface, and hence at the bottom of nanotube during the
whole growth process. Indeed, the solubility of carbon in Si is very low (107 %) [26] as
compared to the conventional metallic catalyst such as Fe, Co, Ni etc., and thus the extremely
high (up to 1 um/s) growth rate observed in these experiments indicates that the nanotubes
were grown via a surface diffusion, without involving very slow bulk-Si diffusion. Thus, a
vapor-liquid-solid (VLS) mechanism was not involved, and the plasma played a key role in
this process. We propose the following mechanism, so-called reshaping-enhanced surface
catalyzed (RESC)growth. During the first stage, the tip region of a Si nano-hillock was heated
up by plasma due to increased current density to the nano-sized tip (Figure 10).

. Multi-wall nanotube on steps (f)

Plasma ) Cap formation
% & e
R Gt i hai Nanotube wall
/ Reshapmg SEDaN A ORTCHalT growth direction

Carbon flux :
(b) N (c) i---:T“?‘) I:-'

(a)

.
Sinanc-hillock  gjjicon substrate Steps forming

Carbon atoms diffusing

Figure 10. Scheme of the proposed mechanism of carbon nanotube nucleation and growth on silicon nano-hillocks in
the plasma environment. (a) Si nano-hillock (with the shape ‘as-produced’ by mechanical patterning) is locally (mainly
at the top) heated by the plasma; (b) heated Si nano-hillock starts reshaping — multiple step-like features are formed
due to thermal re-arrangement and carbon saturation of the upper (overheated) Si layer; single carbon atoms incor-
porate into the steps; (c) reshaping continues, the steps become well-shaped, carbon atoms form chains (nanotube
nuclei) along the multiple steps; (d) carbon chains close, nanotube start growing; (e) nanotube grow and close; (f)
supposed reshaping of the silicon nano-hillock during plasma heating and nanotube nucleation [25].
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Further, the heated silicon nano-hillock starts reshaping [27] by forming multiple step-like
features due to thermal re-arrangement of silicon (to minimize the surface energy), and
partially due to the possible carbon solution and saturation in the upper overheated Si layer.
Then, carbon atoms incorporate into the steps and form closed chains. Simultaneously, the
steps become well-shaped and thus carbon atoms assist the nanotube nucleation along the
multiple steps. Later, multi-walled nanotubes start growing. Eventually, when the nanotube
reaches 100-150 um in length, the tip of carbon nanotube closes.

Thus, in this process the carbon catalization proceeds by the minimization of surface energy
at the nano-hillock steps [28], since the adatom adsorbed in the step can be considered as
“partially dissolved’. As a result, this process leads to the formation of very dense array of very
long multiwall nanotubes on the mechanically patterned areas. Thus, the proposed growth
mechanism explains all the observed features; it is noteworthy that just the effect of plasma on
the patterned surface explains several important characteristics due to plasma-related heating
and high rate of material delivery. As a result, the catalyst-free, very dense arrays of long (up
to 150 um) vertically oriented multiwall carbon nanotubes were grown on the mechanically
patterned silicon wafers in a low-temperature microwave discharge. These experiments have
demonstrated an extremely high (up to 48 um/min) growth rate.

4. Three-dimensional CNT arrays by post-processing with liquids

The above-described method can be used to produce “planar’, drawing-like arrays of the verti-
cally-aligned carbon nanotubes on silicon surfaces. When a need in a complex three-dimen-
sional array arises, post-processing of the uniform array (array-precursor) can be used. Among
others, the post-treatment with a liquid is the most cheap and convenient [29-38]. Nevertheless,
this technique still lacks controllability. In this section we show several possible ways of en-
hancing controllability of the fabrication of three-dimensional structures of the vertically-
aligned carbon nanotube arrays. Specifically, we show that the array structure can be a key
factor of the resultant structure fabricated by immersing the CNT array into liquid.

Figure 11ais an SEM image of the cross-section of the array of vertically-aligned CNTs grown
using the CVD technique. This array exhibits super hydrophobic properties and thus, it cannot
be wetted by water. After immersing into water, only weakly-collapsed irregular structure
was produced (Figure 11b). In contrast, this array does not show super-hydrofobicity to
acetone, and thus, highly-regular completely collapsed pattern was produced by immersing
this array into acetone (Figures 11c, 11d). As one can see in this figure, this pattern exhibits
very high surface area of the ‘sponge’, produced by carbon nanotubes (and hence, the walls
of this sponge can be highly-conductive or semi-conductive). Such structures could be very
useful for the fabrication of gas and bio-sensors, gas storage devices, as well as energy-
transforming applications requiring very high levels of the light absorbance.

It is apparent that the control over the resultant structure of such patterns is a key issue for the
above applications. Using different growth conditions, we have grown a similar CNT array
with denser structure (see Figure 12a), which does not exhibit super-hydrophobic properties.

29
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Figure 11. Treatment of super-hydrophobic sample with water and acetone. (a) Cross-section of the arrays of vertical-
ly-aligned nanotubes. (b) Irregular structure was produced after treating with water. (¢, d) Regular structure (com-
pletely collapsed pattern) was produced by acetone, low and high magnifications.

Post-treatment of this array with ethanol and acetone has produced the sponge-like structure
consisting of separated fine-porous island (Figures 12b, ¢, d). This structure is significantly
different of that fabricated using super-hydrophobic sample (Figure 11). Moreover, variation
of the dosage of liquid (we used 5 and 10 droplets of acetone, applied in sequence after
complete drying of the preciously-applied drop) can be used to slightly change the structure.
A comparison of the structures produced by 5 and 10 drops (Figures 12c and d) reveals a slight
change in the pore sizes.

The use of water to treat this weakly hydrophobic CNT array produces slightly different
pattern (Figure 13) consisting of smaller islands, which still demonstrate the sponge-like
structure, i.e., each island is not a solid, intact array of the vertically-aligned carbon nanotubes
but also consists of collapsed CNTs forming fine pores. One can expect that the fine-sponged
structures produced using weakly hydrophobic CNT arrays can be very promised for the gas
storage applications, whereas the highly-collapsed patterns may be more promising for
sensing and other applications requiring control of the electrical resistivity of the surface. Thus,
different internal structure of the vertically-aligned CNT array, together with the type of liquid
and dosage, can be control parameters for the production of CNT patterns with a high level
of the controllability.
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Figure 12. Treatment of weakly hydrophobic CNT array (a) with ethanol (b) and acetone, application of 5 drops (c)
and 10 drops (d). Acetone produces a patterned sponge-like structure consisting of fine-porous island.

Figure 13. Treatment of weakly hydrophobic sample with water. Smaller islands demonstrate the sponge-like
structure.
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5. Perspective approaches for the control of array morphology

Dense arrays of highly ordered surface-bound vertically aligned nanotubes on silicon and
metal oxides have a great potential for the fabrication of various advanced nano- and micro-
devices such as fuel cells, sensors, and field emission element [39,40,41,42] One possible way
to integrate the carbon nanotube array in the silicon platform is the use of anodized aluminum
oxide (AAO) membranes to grow the pre-structured CNT patterns, bonded to the template
surface. Indeed, the use of AAO membranes as growth templates was successful for the
fabrication of, i.e., electron emitters [43]. Synthesis of carbon nanotubes on AAO templates
allows precise and reproducible control of the dimensions of nanotubes [44, 45]. In this section
we will review in short the AAO template characteristics important for growing the carbon
nanotube arrays, and discuss the most important control parameters.

An AAO template can be prepared by the anodic oxidation of aluminum in various acid
solutions. The thickness, pore size and interpore distance can be easily controlled by varying
conditions of anodization such as composition of electrolyte, process temperature, applied
voltage, process time and pore widening time [46,47]. Figure 14 shows SEM images of the free
standing AAO templates fabricated by the two-step anodization.

Mag = 7685 K X ] T E EHT= 5.00kY  Sipnal A= InLens
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Figure 14. A Free-standing AAO fabricated using a two-step anodization. (a) Top view and (b) side view.

However, the free-standing AAO templates and membranes fabricated on aluminum foil are
not be suitable for growing carbon nanotube arrays due to the thermal instability. Under
thermal treatment, which is inevitable in the nanotube fabrication process, the AAO templates
fabricated on aluminum foil easily crack due to the difference in thermal expansion coefficient
of the alumina oxide and underlying aluminum. Moreover, the growth temperature cannot
exceed the aluminum melting point e. In addition, a free-standing AAO template easily cracks
due to its ceramic nature. Therefore, the conventional approach based on the use of the
aluminum foil is not suitable for the CNT growth and fabrication of the carbon nanotube-based
electronic devices.

To avoid this problem, it is necessary to fabricate AAO templates on other functional sub-
strates. The alternative materials include silicon, quartz and ITO glass, on which the highly
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ordered structure of very thin AAO templates can be fabricated. For example, AAO templates
fabricated on silicon wafers have already been used to fabricate highly ordered carbon
nanotubes [48]. The AAO templates fabricated on non-aluminum substrates can be compatible
with much higher processing temperatures, well above the 700 °C. Silicon substrates may be
also useful for protecting AAO from distortion during the CNT growth.

However, quartz is more advantageous substrate for AAO membranes to be used as templates
for the CNT synthesis. Quartz has a very high melting point, allowing for much higher
temperatures, and can protect the AAO templates from cracking during the thermal treatment.
Another advantage of quartz is transparency enabling the use of AAO templates as photonic
crystals, and thus significantly broadening the application of fabricated AAO templates in
other optics related applications.

> Template
» »
> » » S » P

Aluminum
Q.@.:>
uartz Quartz

Quartz

Figure 15. Schematic of the fabrication of AAO on quartz. High purity aluminum is deposited onto cleaned quartz,
and the template is fabricated by anodization.

Figure 16. SEM images of the quartz-based AAO template suitable for the fabrication of carbon nanotube arrays. (a)
Side view and (b) top view.
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The high quality AAO templates were fabricated directly on quartz, using a two-step anodi-
zation without using any inter-layers between the deposited aluminum and quartz substrate.
Figure 15 illustrates the schematic of this process. Prior to the fabrication of AAO template,
quartz samples are cleaned in boiling solution of 30% w.t. of H,SO, and 70% W.t. of H,O,. After
that, the samples were etched in HF solution (0.1 w.t.% for 30 seconds), placed into an e-beam
evaporator and coated with high purity (99.999%) aluminum to a thickness of 1.0 um at a
deposition rate of ~1.5 nmxs™. The deposited Al film was then anodized to produce porous
alumina templates in an electrolytic cell using a two-step anodization process. As a result, high
quality AAO templates on quartz were fabricated. Figure 16 shows the SEM image of the AAO
templates.

Above results demonstrate that AAO template technology not only can be used in a piece of
aluminum foil, but also can be combined with silicon and other functional substrate technol-
ogy. AAO template on functional substrate were used in the fabrication of CNT arrays can be
realize the field emitters or possible become optical devices when CNT in quartz-AAO.
Moreover, since the crystallinity of CNTs increase with the synthesis temperature, the emission
current density increases with the synthesis temperature of CNTs. This again demonstrated
that only AAO on functional substrate can realize high quality of CNTs array fabrication.
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