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The vertical aligned carbon nanotubes (CNTs)-based pillar architectures were cre-
ated on laminated silicon oxide/silicon (SiO2/Si) wafer substrate at 775 ◦C by using
water-assisted chemical vapor deposition under low pressure process condition. The
lamination was carried out by aluminum (Al, 10.0 nm thickness) as a barrier layer
and iron (Fe, 1.5 nm thickness) as a catalyst precursor layer sequentially on a silicon
wafer substrate. Scanning electron microscope (SEM) images show that synthesized
CNTs are vertically aligned and uniformly distributed with a high density. The CNTs
have approximately 2–30 walls with an inner diameter of 3–8 nm. Raman spec-
trum analysis shows G-band at 1580 cm�1 and D-band at 1340 cm�1. The G-band
is higher than D-band, which indicates that CNTs are highly graphitized. The field
emission analysis of the CNTs revealed high field emission current density (4mA/cm2

at 1.2V/µm), low turn-on field (0.6 V/µm) and field enhancement factor (6917) with
better stability and longer lifetime. Emitter morphology resulting in improved promis-
ing field emission performances, which is a crucial factor for the fabrication of pillared
shaped vertical aligned CNTs bundles as practical electron sources. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5004769

I. INTRODUCTION

New exotic nanoforms of carbon such as graphene, carbon nanotubes (CNTs), carbon nanocups
have been designated as potential contenders for variety of structure in future generations wide range
of applications such as flat panel displays, X-ray and advanced electronic devices.1–3 Conductivity,
resistance of emitter/substrate interfaces, surface work function of material and emitter tip quality are
some of the important factors which determine the efficiency of field-emission.2,4 For field emission
display applications, it is necessary to grow vertically aligned carbon nanotube (CNT) arrays on a
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large scale with suitable emitter density and high aspect ratio.2,4,5 Among different structure of CNTs,
pillar-shaped vertically aligned CNTs exhibit several supportive properties such as an electron source
emitter, high aspect ratio, radius of curvature in nano regime, low stiffness, excellent chemical inert-
ness, better thermal stability, and good mechanical strength.5 Vertically aligned CNTs also known
as a CNT forest, are a porous material that is well known for its exceptional optical absorbance
property. The growth of periodic arrays of pillar-shaped vertically aligned CNTs on a large area
having same structure, dimension, high packing density, and ordered arrangement are essential cri-
teria for practical applications of field emission sources.6 The improvement of the field emission
current density and reduction of the emission turn-on voltage are the main goals in the field emission
applications. CNTs have an good advantage in strong electric fields that on the emitting surface,
any significant shape changes doesn’t occur, which in particular could lead to unstable operation of
metal nano tip-based field emitting devices.7 The average inter-nanotube spacing has been one of the
most common practical solutions to maximize the electron field emission yield.8 The pillar-shaped
vertically aligned CNTs can be significantly affected due to the mutual field screening effect caused
by the proximity of neighboring tubes in the array.7 This effect determines the optimal inter-tube
distance providing the maximum emission current density for the array. The emission characteristic
from these arrays is the natural statistical spread in geometry in individual nanotubes. The higher
emission current is due to the most protruded nanotubes having maximum value of the aspect ratio of
nanotubes.

The various nanofabrication techniques and approaches have been successfully used to synthesize
carbon nanotube-based functional nanoscale assemblies and architectures. In recent years, chemical
vapor deposition (CVD) technique has been widely introduced to produce vertically aligned, periodic,
similar alignment, orientation, and lengths of nanostructure arrays having high aspect ratio.9–11 Their
symmetry is related to the orientation of the hexagonal lattice with respect to the axis of the tube.
Although many researchers have worked on different catalysts to synthesize pillar-shaped vertically
aligned CNTs but still there is a lot of permutation and combination required to prepare a low cost
catalyst which can enhance the growth rate, purity as well as crystalline structure of the CNTs suitable
for different applications.

In this article, pillar-shaped vertically aligned CNT architectures have been synthesized by using
a single-step water-assisted CVD process that shows promising field-emission characteristics. This
synthesis process usually involves different catalysts, barrier layers, carbon sources, and operation
parameters, resulting in products with different morphologies and qualities. In water-assisted CVD
synthesis process, the substrate SiO2/Si wafer supports the growth of CNTs where aluminium (Al)
as a barrier layer and iron (Fe) as a catalyst for growth of CNTs. We investigated the electron emis-
sion characteristics from pillar-shaped vertically aligned CNTs architectures using a parallel plate
configuration for macroscopic emission characteristics and a 1 mm tungsten anode for microscopic
emission measurements from individual nanotube. The resulting macroscopic pillar-shaped verti-
cally aligned bundles allows the emission current to be shared among many CNTs, providing low
threshold fields and hence, increases lifetime and durability. The structure of as-synthesized vertically
aligned CNTs-based pillar architectures are evaluated using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and Raman spectroscopy.

II. EXPERIMENTAL

A. Synthesis of pillar-shaped vertically aligned carbon nanotubes architectures

The pillar-shaped vertically aligned CNTs were synthesized by using a water-assisted CVD
technique. Initially, SiO2/Si wafer (011) was cleaned ultrasonically and dried at room temperature.
Electron-beam evaporation was employed to deposit Al (10.0 nm) as a barrier layer and Fe (1.5 nm)
as a catalyst sequentially on a silicon wafer substrate with SiO2 of 500 nm thickness with shadow
mask to create square patterns. The silicon wafer was then cut into small pieces (0.5 cm × 0.5 cm)
and put into a quartz tube. The quartz tube containing the substrate was positioned in the tube furnace
under the protection of Ar- balanced H2 mixture gas (15 vol% H2) and the temperature was heated
upto 775 ◦C within 15min. Then, ethylene gas (100 sccm) as a carbon source and water vapor was
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FIG. 1. Schematic demonstration of the fabrication process along with their SEM image of the vertically aligned carbon
nanotubes-based pillars and method for the field emission measurement of pillar-shaped aligned carbon nanotubes architectures.

introduced into the quartz tube to start the synthesis of pillar-shaped vertically aligned CNTs. The
CNTs growth was carried out at 2.42 Torr for a further 15 min. The flow of ethylene was stopped
after15 min of the CNTs growth, and then finally, the furnace is cooled down to room temperature.
The dimension of the sample area is 0.5∗0.5 cm2 and distance of anode to cathode is 1 mm. The
schematic diagram and their SEM image of the fabrication of pillar-shaped vertically aligned CNTs
architectures is shown in Fig. 1. The simple field emission device utilizing pillar-shaped vertically
aligned CNTs was fabricated as shown in schematic drawing (Figure 1).

B. Characterization

After removing the samples from the quartz tube, morphological analyses were performed using
high-resolution SEM (HRSEM; EVO-MA 10 VPSEM) operated at 5 kV to determine the height and
morphology of as-synthesized architectures, precisely. The height was measured at several places
and the mean height was estimated. The internal structure of the as-grown carbon nanostructures was
examined by removing the CNTs from the substrates, dispersed in methanol, drop-casted on a copper
grid, and observed the grids by high-resolution TEM (HRTEM; Technai G20-twin, 300 kv with super
twin lenses having point and line resolution of 0.144 nm and 0.232 nm, respectively). Spectroscopic
analyses were carried out using a micro-Raman spectrometer (Renishaw in Via Co., England) with an
Ar-ion laser a wavelength of 514 nm as the excitation light source. The spot size was 15 µm and laser
power was around 6 mW. A parallel-plate configuration was used for field-emission measurements
of as-grown samples in a high vacuum chamber (base pressure of 10-7 Torr), with a sample acting
as the cathode and a phosphor-coated indium tin oxide (ITO) glass electrode acting as the anode
for the visualization of field emission sites distribution. The distance between the cathode and the
anode (100µm) was adjusted using micrometer screw gauge arrangement. The field emission current
was measured at different voltages using an automatically controlled Keithley 2001 electrometer and
power supply (Fug Power HCN 700–3500) with pico-ampere sensitivity. All measurements were
performed at room temperature.

III. RESULTS AND DISCUSSION

The side- and top-view of well-aligned and three-dimensional architectures of pillar-shaped
vertically aligned CNTs is shown in Fig. 2(a) and 2(b). The magnified view of Fig. 2(b) is given
in Fig. 2(c) and 2(d). The surfaces of CNTs grown at 2.42 torr were smoother. It revealed that
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FIG. 2. (a) Side and (b) top view of pillar-shaped vertically aligned and three-dimensional CNTs, (c) and (d) magnified view
of fig. 2b.

the vertically aligned, uniformly distributed and relatively high density CNTs have the heights
up to several millimeters. The CNTs consist of 2–30 walls with an inner and outer diameter of
3–8 nm and 12-16 nm, respectively. In the orientation of CNTs, the outer wall of each nanotube
interacts with the outer walls of neighboring nanotubes due to nm, vander Waals interaction, which
results to form large bundles with sufficient rigidity to keep the growth direction.12 It means that the
density of CNTs approaches the aligned growth. This can be clearly seen in Fig. 2(a) and 2(b). The
similar growth process of pillar-shaped vertically aligned CNTs with same efficiency is also shown in
Fig. S1 (see supplementary material).

A typical HRTEM image of vertically aligned CNTs-based pillar architectures is given in Fig. 3.
It displays the structures of as-synthesized CNTs. It is clearly seen that the number of walls of tubes
are 2–30 and the distribution of diameters is 3-6 nm. As a result, good efficiency in the growth of
pillar-shaped vertically aligned CNTs grown was observed. To investigate the vibrational properties
and electronic structures of CNT, particularly, for the characterization of CNTs with respect to their

FIG. 3. HRTEM image of as-grown CNTs.

ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-036801
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diameters and quality of the sample properties, Raman spectroscopy has been used. The crystalline
quality can be determined using ratio of intensities of D-band and G-band peaks. The Raman spectrum
of as-grown vertically aligned CNTs is shown in Fig. S2 (see supplementary material). In the spectrum
recorded from as-grown CNTs, D-band and G-band appears at 1340 cm�1 and 1580 cm�1, respectively.
The peak intensity of G-band is higher than as that of the D-band, which indicates that CNTs have
highly graphitic nature. There is also another peak found at 2670 cm�1, which may be due to the
amorphous carbon.13,14

The vertically aligned CNTs-based pillar architectures have tens of thousands of atomically
sharp tips that enhance the field emission properties. Fig. 4 shows the field emission behavior of pure
pillar-shaped vertically aligned CNTs. Particularly for the case of field emitters on two dimensional
thin film substrates, the modified Fowler-Nordehim equation for current density (J) and the applied
electric field E is as follows,15–17

J= λM a (β2E2/φ) exp (−bφ3/2
νF / βE)

Where, λM is macroscopic pre-exponential correction factor, a = (1.54 x 10-6AeV V-2) and
b = (6.83 VeV-3/2 nm-1) are constants, φ is the work function, β is field enhancement factor and νF

(correction factor) is a particular value of the principal Schottky-Nordheim barrier function v.
The plot of the field emission current density (J) versus applied electric field (E) for vertically

aligned CNTs-based pillar architectures is exhibited in Fig. 4(a). In general, the field emission char-
acteristics are closely related with emitter’s dimensions, high aspect ratio (1:10 ∼ 15) of pillar-shaped
vertically aligned CNTs. i.e. The turn-on voltage and threshold field, defined as, the field required
for drawing emission current densities of ∼1 µA/cm2and ∼10 µA/cm2are found to be 0.6 V/µm and
∼0.7 V/µm, respectively for the pillar architectures. The emission current is dramatically increased
and the emission current density (∼4 mA/cm2) is drawn at an applied field (∼1.2 V/µm) as the applied

FIG. 4. (a) Plot of emission current density as a function of applied electrical field,(b) F-N plot indicating nonlinear charac-
teristics of emission current from the pillar-shaped vertically aligned CNTs emitter, (c) plot of current vs time showing long
term field emission current stability and (d) illuminating image of field emission taken during the long-term stability study of
the emitter.

ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-036801
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voltage is increased. It was corresponded with Fowler-Nordehim theory. It is clearly seen that syner-
gistic combination of high aspect ratio, atomically sharp diameter of emission tip (CNTs), uniform
distribution of emission tips over the whole area of the specimen, and lower screening effect of verti-
cally aligned CNTs give rise to observed superior values of turn-on and threshold field, and extraction
of high emission current density at lower applied electric field. In present case of specially architecture
pillar-shaped vertically aligned CNTs structure, the electric potential forms in the vicinity of the tip
of each nanotubes is screened by neighbouring nanotubes via single pillars, so that the electric field
strength depends notably on the density of nanotubes arrays in pillar structures. Similarly, the bunch
of pillars also supposed the further reduced screening effect. This optimum arrangement of pillar
structures leads to provide vertically aligned emitters having moderate number density and gives the
weak influence of screening effect.

It can be noticed that burning problem in CNTs doesn’t affected during the measurement process.
It is well established that the wall of CNTs damage in term of split patch by patch and segment
by segment. CNTs are damage following a string by string removing of the carbon atoms along
the circumference of the graphitic layers.18,19 To avoid such situation, geometrical architecture of
nanotubes is very important. In our present case, vertically aligned carbon nanotubes-based pillar
architectures are proposed, where the small damage in one or two string walls, doesn’t make any
significant difference in the results. In addition to the above, the field emission behaviour of same
sample for different cycle runs (1st, 3rd, 5th and 10th cycles) are also examined, as shown in Fig. S3
(see supplementary material). It shows better emission uniformity and a good reproducibility of field
emission behaviour during the different cycle run. Furthermore, the field emission characteristics of
different as-synthesized samples of pillared shaped vertically aligned carbon nanotubes (sample 1,
sample 2, sample 3 and sample 4) are also examined to explore reproducibility and the results are
shown in Fig. S4 (see supplementary material). It can be noticed that all the samples show similar
and consistent behaviour.

Fig. 4(b) showed the Fowler-Nordehim curve estimated by field emission properties recorded
from vertically aligned CNTs field emitter. The calculated field enhancement factor is ∼6917 from
slope of the Fowler-Nordehim plotin the linear region. The Fowler-Nordehim curve for the vertically
aligned CNTs-based pillar architectures field emitter shows linear characteristic. The trend of the curve
indicates saturation at high electric fields. The enhancement of the electric field at the emitter can
be determined by the field enhancement factor owing to atomically sharp tips with their nano-metric
protrusions.2 The calculated field enhancement factor of vertically aligned CNTs-based emission
device from the slope of the Fowler-Nordehim plot is ∼ 6917 by considering work function (φ) of the
emitter ∼5 eV for CNTs. Zanin et al. calculated theoretical geometrical enhancement factor β around
2000 on the basis of the ratio of height and radius of individual nanotubes.20 In present case, the
higher enhancement factor β is due to the special geometry of the vertical aligned CNTs providing
enhancement in local electric field in pillar structure, as a result emission integrates multifold times
due to several adjacent emitting tip rather than being from one isolated CNTs. The enhancement
factor increases enormously as compared to the theoretical limits of vertical aligned CNTs.

The typical long persistent current stability (I-t) of a pillar-shaped vertically aligned CNTs field
emitterat a pressure of∼1 x 10-8 mbar is shown in Fig. 4(c). To develop the emission characteristics of
CNTs in field emission device applications, invariable emission current stability is indispensable for
the production of field emission nano-electronic devices. Fig. 4(c) shows the field emission current
stability outlines for vertically aligned CNTs-based pillar architectures at ∼200 µA for a sampling
interval of 10 m sec recorded up to 3 hours. The mean emission current was stable during the
measurement. It substantiated that vertically aligned CNTs-based emission tips have no damaging
effects and show their mechanical strength oppose to ion bombardment and field-induced stress.
Fig. 4(d) shows the typical illuminating field emission image of the vertically aligned CNTs-based
pillar architectures field emitter recorded at a current density of ∼500 µA/cm2.

IV. CONCLUSIONS

In conclusions, the water-assisted CVD was used to synthesize vertically aligned CNTs-based
pillar architectures on laminated Si wafer substrate. The lamination was carried out at low pressure

ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-036801
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process conditions and simultaneously heating it at 775 ◦C. The SEM micrograph shows a uniform
growth of vertically aligned CNTs of diameter 3-8 nm. Raman spectra of CNTs sample shows that
CNTs are highly graphitized. Field emission analysis of the as-grown the pillar-shaped vertical aligned
CNTs shows good field emission properties with low turn-on field 0.6 V/µm, the high current density
of 4mA/cm2 at 1.2V/µm and the enhancement factor is 6917. The comparison of field emission
characteristic of pillared shaped vertically aligned carbon nanotubes with recent published literature
is also given in Table TS1 (see supplementary material).21–25 Thus, the highly stable vertically aligned
CNTs-based pillar architectures having low turn on field are showing great potential as an emerging
electron emitter for futuristic nano-electronics and thin film-based display applications.

SUPPLEMENTARY MATERIAL

See supplementary materials for SEM image for top view of pillared shaped vertically aligned
carbon nanotubes architectures, raman spectrum, field emission properties of same sample for differ-
ent cycle runs, Field emission characteristics of different as-synthesized samples of pillared shaped
vertically aligned carbon nanotubes and comparison of field emission characteristic of pillared shaped
vertically aligned carbon nanotubes with recent published literature.
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