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Abstract: In this work, the growth process of self-sustained vertically aligned carbon nanotubes
(VA-CNTs) is investigated in full: from bare Si wafers to fully grown VA-CNTs on 4" wafers. Each
developmental step, from supporting and catalyst layers’ depositions to CNT growth, is analyzed
through X-ray diffraction, X-ray reflectivity, and scanning electron microscopy, respectively. The
crystalline structure of the titanium nitride supporting layer is investigated through grazing incidence
X-ray diffraction, while X-ray reflectivity provides information regarding the density, thickness, and
roughness of the titanium nitride layer via extended Fourier analysis. Further, the nickel layers” and
CNTs’ morphologies are investigated by scanning electron microscopy.
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Development of Vertically Aligned Carbon nanotubes (CNTs) were formally discovered by S. lijima in 1991 [1] when

he reported the growth of “microtubules of graphitic carbon” on the cathode of a DC
arc—discharge reactor. They may have been obtained as early as 1976 when Oberlin et al. [2]
reported similar structures, although their paper did not attract as much interest at the
time [3] as these types of structures drew more fascination only after the empirical discovery
of the Cgp Buckminsterfullerene in 1985 by H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F.
Academic Editor: Alessio Lamperti Curl, and R. E. Smalley [4]. CNTs can be found in the scientific literature either as tangled
or vertically aligned (VA); single-walled or multiwalled when discussing the number of
coaxial cylinders; or, more importantly, as metallic or semiconductors when viewed with
respect to their chirality (i.e., armchair, zig-zag or helical) [3].

They possess a range of very attractive physicochemical properties [5], such as excel-
lent mechanical strength [6-8], very good thermal conductivity and stability [9-12], and
high electrical conductivity [13,14]. Due to their unique variety of properties, they have
been studied in several fields of applications, ranging from battery and supercapacitor elec-
trodes [15,16] to MW absorption [17], flexible electronics [18-20], heat dissipation [21,22],

and various structures in nano-/micro-electromechanical systems (NEMS/MEMS) [23].
Three main techniques have been utilized over the years for CNT growth, namely, arc
discharge [24], laser ablation [25], and chemical vapor deposition (CVD) [26,27]. In-depth
reviews of the three methods are readily available [5,27,28] and they show that while the
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and PECVD being the most studied two [29]. With the inclusion of plasma in the growth
step, PECVD offers the advantage of relatively lower substrate temperatures due to the
additional plasma energy source contributing to precursor dissociation [29], the ability to
adjust the orientation with respect to the substrate as was demonstrated by Merkulov et al.
with carbon nanofibers [30], as well as providing improved control over properties such as
chirality, length, and diameter [31]. Based on the growth parameters and the nature of the
catalyst and supporting layer/substrate, VA-CNTs can grow via one of two mechanisms:
tip growth or base/root growth [5,28,29,32].

We report here the full intricate process of self-sustained VA-CNT growth via radio
frequency (RF) PECVD on a TiN supporting layer with a Ni catalyst, while detailing the
importance and influence of each step. This work describes CNT PECVD growth from
bare Si or thermally oxidized Si (SiO,/Si) wafers to fully grown VA-CNTs via the tip
growth mechanism.

2. Materials and Methods

For the present work, both bare Si wafers and thermally oxidized (300 nm-layer) Si
wafers were used. Initial tests were performed on diced Si samples (2 x 2 cmz) and later,
the process was scaled up to full 4” Si and SiO, /Si wafers. All samples were chemically
cleaned in a Piranha solution, neutralized in deionized water, and N, dried prior to the
depositions.

2.1. RF Magnetron Sputtering of TiN and Ni Layers

The TiN and Ni layers were deposited directly onto the substrate by RF magnetron
sputtering (MS) with the PlasmalLab System 400 from Oxford Instruments, Abingdon,
UK. The TiN layer deposition was carried out reactively, from a 154 mm-diameter Ti
target (Testbourne Ltd., Basingstoke, UK), by introducing both Ar (99.999% purity) and Np
(99.9999% purity) in the reaction chamber and igniting a RF (13.56 MHz) plasma. Ar plays
the role of the main sputtering/dissociative gas, while Nj is introduced with the purpose
of bonding with the sputtered Ti particles and, consequently, forming TiN molecules. A
base pressure of 107 Torr is reached prior to the deposition, after which Ar and N, are
introduced into the chamber and the plasma is ignited at 30 mTorr. After ignition, the
pressure is lowered to the desired value. The Nj percentage in the Ar:N; gas mixture
was varied from ~28 to 14 and finally to 9%, while the pressure and RF power were kept
constant during the deposition at ~2 mTorr and 350 W, respectively. The Ni layer was
deposited through a nonreactive sputtering process, using only Ar plasma, directly from a
high-purity target (154 mm-diameter) at 500 W RF power and 30 mTorr pressure. Both the
TiN and Ni depositions were carried out at a substrate temperature of 50 °C.

2.2. PECVD Growth of VA-CNTs

CNT growth is achieved with the PECVD technique, using the Nanofab 1000 system
from Oxford Instruments, Abingdon, UK. The samples are introduced in the preheated
(650 °C) reactor, set to a base pressure of 103 Torr, through a load-lock chamber (10~2 Torr).
The temperature is raised at the desired value by 15 °C min~! in an Ar:NHj; atmosphere,
after which an annealing step in NHj3 is performed. Alternatively, the samples are heated
in a H, atmosphere followed by a Hj plasma step. The CNT growth is accomplished in a
CH4:NH3 atmosphere, in a parallel plate reactor, by employing a RF plasma. The process
parameters are presented in-depth, alongside the whole steps, in Table 1.
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Table 1. Plasma-enhanced chemical vapor deposition (PECVD) process parameters of vertically-
aligned carbon nanotubes (VA-CNTs) with detailed steps.

Catalyst Treatment Step Heating Rate Temperature Time Pressure RF Power Gas Flow Rate [scem]
CCmin~1) [{e)] (min) (mTorr) (W) Ar H, NH; CH,
NH Heat-up 15 650 — 1000 - 200 - 50 -
3 Treatment - 700-900 2-5 1000 - - — 100 -
H Heat-up 15 650 — 1000 - - 200 - -
2 Treatment — 700-900 2-5 1000 200 - 200 - -
Growth — 700-900 30-300 1000 200 — — 30-60 70 & 80
Cool-down 9 N\ 650 - — — — 200 - —

2.3. Characterization

The morphology and growth evolution of the supporting TiN layer, the Ni catalyst
layer, and of the CNTs were systematically investigated through scanning electron mi-
croscopy (SEM) with the Nova NanoSEM 630 microscope from FEI Company, Hillsboro,
OR, USA. Both top-view and cross-section micrographs were acquired in order to deter-
mine their thickness, as well as their evolution with respect to the different treatments
and growth parameters. The acquired SEM cross-section micrographs were also used
to compare the diameters and heights of the developed CNTs. X-ray diffraction (XRD)
investigations of the TiN layers were made using a 9-kW SmartLab diffractometer (Rigaku
Corporation, Tokyo, Japan) with a rotating anode. The system is equipped with an X-ray
source that provides a monochromatic beam with a wavelength of 0.154 nm. First, grazing
incidence X-ray diffraction (GIXRD) patterns were recorded by keeping the X-ray source at
0.5°, while the detector scanned from 25 to 90°. Second, X-ray reflectivity (XRR) data were
obtained in the 6/26 scan mode at low angles.

3. Results and Discussion

The TiN thin film plays the role of an antidiffusion barrier for the catalyst, preventing
the Ni layer from diffusing into the SiO,/Si at high temperatures. Initial tests were per-
formed on a TiN supporting layer deposited on Si substrates with an already developed
process of 28% Ny during the plasma step. Later on, it was discovered that the aforemen-
tioned TiN layer, while forming a continuous thin film on Si substrates, has poor adhesion
to SiO,. Even in the case of the bare Si substrates, the supporting layer cracks when exposed
to atmospheric pressure after thermal annealing and processing at 750-900 °C (Figure 1)
when using 4" wafers. This is most probably due to induced mechanical stress during
the RF MS deposition caused, in turn, by the high nitrogen content [33]. Hence, further
investigations were performed and the TiN deposition was optimized by reducing the Np
flow rate [34].

(b)
Figure 1. Cross-section micrographs at (a) 7000x and (b) 30,000x magnification of a cracked /wrinkled

TiN supporting layer after being subjected to CNT growth at 700 °C.
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The X-ray diffraction patterns of the as-deposited supporting layer (Figure 2) indicate
multiple diffraction peaks located at 36.2°, 42.51°, 61.3°, and 73.5° that can be assigned
unambiguously to the (111), (200), (220), and (311) reflections of the TiN phase, respectively,
with lattice constants 4 = b = ¢ = 0.42 nm and belonging to the Fm-3m(225) space group.
The sharp peak seen at ~51° corresponds to the Si wafer.
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Figure 2. Grazing incidence X-ray diffraction (GIXRD) spectra of as-deposited TiN thin films pro-
cessed under different Ar:N; gas flow rates on (a) Si and (b) SiO, /Si substrates.

The mean crystallite size of the TiN layers was evaluated with the Scherrer equa-
tion, which relates the peak broadening, j3, to the size of the crystalline domains, 7, as

follows [35]: 0
,BT = ———a (1)

Tcosf’

where k is the shape factor of the crystalline domains, taken as 0.93 in our case, and
A represents the X-ray wavelength, which is 0.154 nm. Using Equation (1), the follow-
ing values for crystallite size were obtained when bare Si substrates were used: 3.9 nm
(Ar:N, = 25:10 sccm), 7.9 nm (Ar:N» = 30:5 sccm), and 8.4 nm (Ar:N» = 30:3 sccm). For
the SiO, /Si substrates, the obtained values were 2.8 nm (Ar:N, = 25:10 sccm), 10.9 nm
(Ar:Nj = 30:5 sccm), and 9.8 nm (Ar:Nj = 30:3 sccm).

Further, in order to determine the TiN density and its thickness, X-ray reflectivity
was employed, varying the incidence angle from 0 to 5° (Figure 3a,b). As can be ob-
served, each XRR profile presents a critical angle, where the X-ray scattering suffers a
strong intensity fall-off. The position of the critical angle, ., is 0.261° (Ar:Np = 25:10 sccm),
0.312° (Ar:N, = 30:5 sccm), and 0.289° (Ar:N;y = 30:3 sccm) for the samples on Si sub-
strates, while for the samples on SiO;/Si substrates, 8, = 0.279° (Ar:N; = 25:10 sccm),
0.295° (Ar:Np = 30:5 scem), and 0.279° (Ar:N, = 30:3 sccm). As is well-known, the
value of the critical angle is related to the sample density [36,37]. Accordingly, the
following values for TiN density were computed: 3.4 g cm > (Ar:N, = 25:10 sccm),
49 ¢ em ™3 (Ar:N,=30:5 sccm), and 4.3 g em 3 (Ar:N, = 30:3 sccm) when using Si sub-
strates, and 3.9 g cm 3 (Ar:Nj = 25:10 sccm), 4.4 g cm 3 (Ar:N, = 30:5 sccm), and 3.9 g cm 3
(Ar:Ny = 30:3 sccm) when using SiO, /Si substrates. The process with 14% Ny in the plasma
step yielded the density value closest to the theoretical density of 5.24 g cm 3.
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To gain additional information regarding the thickness and roughness of the TiN
layer, extended Fourier analysis was used on the X-ray reflectograms (Figure 3c,d). The
thickness was calculated based on the period of periodic fringes, called Kiessig fringes [38].
According to the original paper of H. Kiessig [39,40], the appearance of intensity oscillations
is understood from the same formalism developed for thin-film optics, i.e., maximum
intensities are observed whenever the phase difference, A, between the reflected and
the refracted beam is a multiple of the wavelength, A. Furthermore, the roughness is
determined by the variation of the scattered intensity with respect to the incidence angle,
1(6). For instance, the intensity of the specular scattering for an ideal surface, without
roughness, obeys the §~* dependence, whereas, for a rough surface, the dependence
becomes steeper [37]. The as-deposited TiN layers present themselves with excellent
surface roughness, with sub-nanometer values. The results given by the extended Fourier
analysis are listed in Figure 3c,d.
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Figure 3. X-ray reflectivity (XRR) spectra for as-deposited TiN films processed under different Ar:Np
flow rates on (a) Si and (b) SiO, substrates; the density, p, is calculated from the critical angle. Fast
Fourier transform (FFT) spectra of (c) the films on Si substrates and (d) the films on SiO; substrates;
h represents the film thickness and R is the surface roughness.
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The XRD investigations (Figure 2) of the samples developed with the new 9 and 14%
N, processes show a much better defined TiN crystalline structure both on the Si and on
the SiO, /Si substrates. A higher growth rate (=2 times higher) is also observed compared
with the initial recipe. Moving forward, a 64 & 4 nm-thick TiN film, developed with the
14% N, process, was used as supporting layer. Ni acts as a catalyst for the CNT growth
and is initially deposited as a continuous layer that later diffuses on the substrate and
forms small catalytic centers (CCs), either by thermal annealing in a reducing atmosphere
(i.e., NH3), or by Hj plasma treatment. The treatment of the catalyst layer is an important
step in CNT growth, as the CCs’ diameters and areal density directly influence the growth
of nanotubes. Here, the combination of parameters (i.e., temperature, time, gas partial
pressure, and others), as well as the nature of the supporting layer [41], influence not only
the areal density and morphology of the CNT growth but also the growth mechanism
itself (i.e., tip/base growth) through surface diffusion energy, free surface energy, and/or
binding energy. Another factor that can influence the CCs’ diameter is the thickness of
the as-synthesized thin film. Small-diameter CNTs require a very small catalyst thickness
and so, the SEM investigations of such layers can prove quite difficult due to approaching
the apparatus’ detection limit. Hence, a series of tests were conducted to establish the Ni
layer’s deposition rate. As the substrate oscillates 90° left-to-right (45° + 45°) in a parallel
plane to the target for better uniformity, the deposition rate was determined with respect
to one oscillation/sweep. Deposition tests of 5, 10, and 15 sweeps were accomplished,
resulting in Ni thicknesses of =14 + 2, 32 £ 3, and 52 & 3 nm, respectively. This concludes
in a deposition rate r(0) & 3.15 + 0.3 nm osc ™! or (t) a2 0.4 nm s~!, when considering
the sweep period of approximately eight seconds. With this in mind, the NH3 annealing
step was tested on a ~6-7 nm-thick Ni layer that was deposited with a plasma strike step
at 30 mTorr and a single additional sweep at 2 mTorr. The film was treated at various
temperatures in NH3 atmosphere to produce the desired CCs. As can be seen in Figure 4a,b,
the resulting CCs have incompatible dimensions with small-scale CNT growth, with
diameters of ~100-200 nm and heights of ~15-70 nm. The Ni growth was further reduced
to only the plasma strike step to produce an ~2-3 nm-thick layer, which results in CCs
with much more favorable dimensions for CNT growth, with diameters of ~10-35 nm and
heights of ~20-30 nm (Figure 4c,d).

The CNT growth was performed with CHy as the carbon source and NHj acting
as a reducing agent for the Ni catalyst as well as an etchant for the amorphous carbon.
The 200 W RF plasma is used both to dissociate the gas molecules and to infer a vertical
preferential growth to the nanotubes due to the electric field’s orientation. The NH3 gas
flow rate was varied from 25 to 50 and ultimately to 100 sccm, while the CHy gas flow rate
was kept constant at 70 sccm for a one hour growth time, to determine an optimal gas ratio
for CNT growth (Figure 5). In the case of 25 sccm NHj flow rate, the CNTs appear to grow
in a bundlelike pattern due to insufficient etchant for the adsorbed amorphous carbon.
Furthermore, the individual bundles have a low height uniformity and poor structure as
the etching particles are quickly depleted by a percentage of CNTs, and the growth of the
remainder of nanotubes is stopped/altered by amorphous carbon capping. At the other
extreme, at 100 sccm NHj flow rate, a few forming structures are observed at the surface but
the process is clearly etch-dominant and few to no fully grown CNTs are observed. Finally,
the optimal gas ratio proved to be around 70:50 sccm (CH4:NH3), where an equilibrium
between etching and growth is achieved.
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(©) (d)
Figure 4. Scanning electron microscopy (SEM) micrographs at (a,c) 120,000x and (b,d) 100,000 x
magnification of the Ni catalyst layer after thermal annealing at 800 °C in NH3 atmosphere: (a) cross-

section and (b) top-view of the ~6-7 nm-thick annealed Ni layer; (c) cross-section and (d) top-view
of the ~2-3 nm-thick annealed Ni layer.

(0)
Figure 5. Cross-section SEM micrographs at 150,000 x magnification of CNT samples grown at 750 °C

and a fixed 70 sccm CHy gas flow rate while the NHj3 gas flow rate was varied as follows: (a) 25 sccm,
(b) 50 sccm, and (c) 100 sccm.
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Growth steps were performed at various substrate temperatures, ranging from 750 to
900 °C with a 50 °C increment. The best results were observed at 750 and 800 °C, where
the resulted CNTs have an ~20-30 nm-diameter and heights of ~230-260 nm and ~440-
500 nm, respectively (Figure 6a,b). Above that temperature, the CNTs’ areal density suffers
a severe drop, with few to no CNTs observed on the surface at 850 and 900 °C, respectively
(Figure 6¢,d). This is due to an exceedingly high surface diffusion energy, caused in turn by
the high substrate temperature that prompts the hydrocarbon radicals to be reabsorbed
into the plasma faster than they can dissociate and diffuse through the CCs [42].

(a) (b)

(d)

Figure 6. Cross-section SEM micrographs at (a—c) 100,000 x and (d) 200,000 x magnification of CNT
samples grown with a fixed CH4:NHj3 = 70:50 scem gas flow ratio at (a) 750 °C, (b) 800 °C, (c) 850 °C,
and (d) 900 °C for 1 h.

Further on, tests concerning the localized growth of the established VA-CNTs processes
were performed. This was accomplished by applying a mechanical mask with square holes
(0.1 x 0.1, 0.15 x 0.15, 0.3 x 0.3, 0.5 x 0.5, 1 x 1, 2 X 2, and 3 x 3 mm) on the substrate
before the Ni deposition. After the catalyst layer deposition, the mask is removed and the
sample is introduced in the PECVD reactor for the CNT growth, in the same manner as
before. A darker color gradient, due to CNT growth, can be observed in the desired areas
even with the naked eye (Figure 7a). SEM investigations reveal VA-CNTs in the exposed
areas during Ni deposition, while the rest of the surface presents no growth whatsoever.
The preferentially grown nanotubes are uniform and relatively spaced from each other
(Figure 7b—d) compared with other VA-CNTs in the scientific literature, which are usually
densely packed in order to sustain themselves vertically.
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Figure 7. (a) Photograph of a sample where a color gradient is observable (evidenced by the red
arrows) due to the localized growth of VA-CNTs. SEM micrographs at a 60° tilt angle and (b) 25,000x,
(c) 50,000 %, and (d) 100,000 x magnification of the zones evidenced by red arrows in (a).

For the scaled-up version of CNTs, the growth was accomplished on 4” SiO,/Si
wafers and, to allow for a lower growth temperature, the catalyst treatment step was
changed from a five-minute NHj3 thermal annealing to a 2-2.5-min H, plasma step. The
plasma allows a lower substrate temperature to be used as it provides additional energy for
molecule dissociation in the plasma phase and additional energy to the substrate through
ion bombardment, for the Ni particles” diffusion. Hence, successful self-sustained VA-CNT
growth was accomplished at 700 °C by employing a two-minute H, plasma treatment step.
After several tests at a fixed 80 sccm CHy gas flow rate and a varied NHj3 gas flow rate (from
30 to 60 sccm, with an increment of 10 sccm), the gas flow ratio was further tuned for growth
on 4" substrates. For a 30-min growth time, a gas flow ratio of CH4:NHj3 = 80:40 sccm
proved to be optimal (Figure 8a), yielding VA-CNTs of ~120 nm height and diameters
ranging from ~15 to 30 nm. However, when increasing the growth time up to two hours,
only a few nanotubes appear to have heights of over 180-200 nm, while the majority appear
to have stopped their development in the early stages (Figure 8b). This indicates a direct
correlation between the growth time and the precursor-etchant balance [43]. To further
investigate this phenomenon, the test presented in Figure 6b was repeated with an increased
five-hour growth step. The newly developed CNTs reach heights of up to ~1.3 um but are
highly irregular and have a much poorer areal surface density (Figure 8c). The growth rate
also appears to have approximately halved (~8.3 nm min~! vs. ~4.3 nm min~!), when
considering the tallest CNTs from both samples (Figure 6b vs. Figure 8c). This confirms our
initial suspicion that with an increased growth time, a higher influx of etching agent may
be required to prevent the amorphous carbon capping.
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(b)

Figure 8. Cross-section micrographs of VA-CNTs grown at (a) 700 °C with a two-minute Hp plasma
treatment step and a 30-min CH4:NHj3 (80:40) plasma step; (b) 700 °C with a two-min Hj plasma
treatment step and a 120-min CH4:NHj3 (80:40) plasma step; (c) 800 °C with a five-minute NH3
thermal annealing step and a 300-min CH4:NHj3 (70:50) plasma step.

4. Conclusions

The intricacies of VA-CNT growth by RE-PECVD are presented in this work, with
insights into each developmental step. The deposition of the TiN supporting layer by RF
MS and its crystalline structure is investigated, together with the influence of the Ni layer
thickness on the CNTs’ diameters. Gas flow ratios and substrate temperatures during
PECVD growth were also investigated and their impact on nanotube capping is discussed.
It is also noted that the choice of supporting layer(s) can influence the catalyst’s diffusion
rate on the surface due to the free surface energy, while the combination of supporting layer—
catalyst has an impact not only on the diffusion rate but also on the growth mechanism.
The substrate temperature is another key variable in surface diffusion rate as well as in the
CNT growth, as was evidenced here. A correlation between gas ratios, growth time, and
CNT capping shows that at shorter growth times, a smaller quantity of etching agent may
be used.

Through a better understanding of CNT’s growth mechanism, one can achieve better
control of their areal density directly in the growth phase, without the additional need of
a previous catalyst patterning step. This can simplify the production of VA-CNT based
devices and greatly improve their tunability.
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Abbreviations

The following abbreviations are used in this manuscript:

VA-CNTs Vertically aligned carbon nanotubes
DC Direct current

MW Microwave

NEMS Nano-electromechanical systems
MEMS Micro-electromechanical systems
CVD Chemical vapor deposition

TCVD Thermal chemical vapor deposition
PECVD Plasma-enhanced chemical vapor deposition
RF Radio frequency

MS Magnetron sputtering

SEM Scanning electron microscopy

XRD X-ray diffraction

GIXRD Grazing incidence X-ray diffraction
XRR X-ray reflectivity

FFT Fast Fourier transform

CGCs Catalytic centers
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