Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

IS5N 0O0B-6223

Carbgn

Reporting research on ceous Materials,
their Production, Prope 1 Applications

Editor-in-Chief: P.A. Thrower

iso avallable on SciVerse ScienceDirect www sciencedirect com

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

CARBON 50 (2012) 2641-2650

Available at www.sciencedirect.com

SciVerse ScienceDirect

Carbon_

journal homepage: www.elsevier.com/locate/carbon

Synthesis and field emission properties of vertically aligned
carbon nanotube arrays on copper

Suman Neupane ¢, Mauricio Lastres %, Melissa Chiarella ®, Wenzhi Li %, Qingmei Su °,
Gaohui Du ®

@ Department of Physics, Florida International University, Miami, FL 33199, USA
® Institute of Physical Chemistry, Zhejiang Normal University, Jinhua 321004, Zhejiang, China

ARTICLE INFO ABSTRACT

Article history:

Received 14 October 2011
Accepted 8 February 2012
Available online 16 February 2012

We report the synthesis of periodic arrays of carbon nanotubes (CNTs) with different den-
sities on copper substrate by employing nanosphere lithography (NSL) and plasma
enhanced chemical vapor deposition. At a growth pressure of 8 torr and temperature of
520 °C, vertically aligned bamboo-like CNTs were formed with a catalyst particle on the
tip. Electrical properties of CNTs with different densities were investigated for the possible
applications in field emission (FE). The investigation of FE properties reveals a strong
dependence on the density of CNTs. Experimental results show that NSL patterned low
density CNTs exhibit better field emission properties as compared to the high density
CNTs. Low-density CNTs exhibit lower turn-on and threshold electric fields, and a higher
field enhancement factor. The high density of CNTs results in the deterioration of the FE

properties due to the screening of the electric field by the neighboring CNTs.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) exhibit intriguing mechanical, elec-
trical, optical, thermal, and electrochemical properties and
have been extensively studied since the landmark paper by Iij-
ima in 1991 [1]. CNTs are ideal candidates for field emission
applications because of their high electrical and thermal con-
ductivities, tremendous mechanical strength, and high aspect
ratio [2-4]. CNTs have shown a potential for application in field
emission displays, X-ray sources, lamps, microwave amplifi-
ers, and nanoelectronics [5-9]. Many of these devices require
the controlled growth of vertically aligned CNTs (VACNTS) di-
rectly on the conducting substrates. The CNTs synthesized by
arc discharge and laser ablation methods are highly entangled
and possess a lot of impurities [10]. The plasma enhanced
chemical vapor deposition (PECVD) process has garnered an
appropriate attention due to its ability to synthesize vertically
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aligned CNTarrays at a predetermined position. It is also desir-
able to grow CNTs on metallic substrates like copper (Cu),
which results in a lower contact resistance as compared to con-
ventional CNTs grown on a silicon substrate. The ohmic con-
tact between the CNTs and the metallic substrate ensures an
easy electron transport, and the rigidity of these nanostruc-
tures enables the emitters to withstand high current during
the process of emission. There have been efforts to produce
high-performance CNT emitters by doping, plasma irradiation,
thermal oxidation, laser pruning, metal coating, etc. [11-15].
However, it is also possible to enhance the emission proper-
ties of CNTs by varying the density of CNTs. A high-density ar-
ray of CNTs results in the screening of the electric field by the
neighboring CNTs and hence the reduction in the emission
current, whereas the emission from a low density of CNTs is
poor due to the availability of fewer number of emission sites.
Selected area low-density growth of CNTs has been achieved
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by patterning the catalyst using nanosphere lithography (NSL),
electron beam lithography, photolithography, focused ion
beam lithography, chemical etching, and others [16-21]. NSL
is an inexpensive and efficient process to selectively pattern
catalyst islands over which CNTs can be synthesized. A mono-
layer of polystyrene spheres (PS) of a specified diameter is used
to create a mask over which the catalystis deposited by e-beam
evaporation, pulsed laser deposition, sputtering, etc. The PS
layer is subsequently removed by wet chemical methods to ob-
tain a honeycomb pattern of catalyst deposited in the inter-
stices of the spheres. The size and spacing between these
catalyst islands can be controlled by varying the diameter of
spheres. Larger spheres result in bigger catalyst islands which
arelocated further apart from each other as compared to theis-
lands created by the smaller spheres. The VACNTSs synthesized
over these patterns exhibit better field emission behavior than
the CNT thin films due to a decreased screening effect. In this
study, we have employed PS of different diameters to grow
CNTs of different densities on Cu substrates and used these
CNTs to understand how the densities of CNTs govern the field
emission properties.

There have been several reports on the theoretical simula-
tion for the behavior of CNTs as efficient field emitters. Dion-
ne et al. have performed a numerical investigation of the field
enhancement factor of individual as well as array of CNTs
[22]. It has been reported that CNT emitters have optimal total
emission when the spacing between neighboring CNTs is on
the order of twice their height. In an array consisting of CNTs
with two different heights, there was no significant screening
of the electric field when the taller CNTs were twice the
height of shorter CNTs. Wang et al. have solved the Laplace
equation for individual CNTs and for the hexagonal arrays
of CNTs to understand the influence of intertube distance, an-
ode-cathode distance and the structure of the tip on the field
emission [23]. Considering the emission current density, the
field emission can be optimal when the intertube distance
of CNTs array is close to the CNTs height.

Although there have been reports of the synthesis of CNTs
using Cu as catalysts [24,25], it is still challenging to grow well
graphitized VACNTs directly over Cu substrates [26,27]. Du-
bosc et al. have synthesized VACNTs on 400 nm of Cu film
on Si/SiO, with Ni as catalyst and TiN as a buffer layer using
PECVD [28]. Banerjee et al. synthesized coiled carbon fibers on
hydrogen-fluoride etched Cu substrates by PECVD [29]. Cu has
fully filled 3d-orbitals, which prevents the formation of cova-
lent bonds with hydrocarbon molecules. Also, the small bind-
ing energy of Cu with carbon subdues the process of
graphitization. Furthermore, Cu has low carbon solubility pre-
venting the saturation of carbon atoms required to form the
CNT structures [30]. To overcome these problems, a thin buf-
fer layer of Cr or TiN should be deposited on the Cu substrate
prior to the deposition of Ni catalyst layer to ensure the syn-
thesis and good adhesion of CNTs with the substrate. In this
study, we have synthesized dense arrays of VACNTs on Cu
substrates with a buffer layer of Cr using PECVD process.
We have also employed NSL with polystyrene spheres of dif-
ferent diameters to pattern Ni catalyst dots on which VACNT
patterns are grown. The dense VACNT array and the patterned
VACNT arrays allow us to investigate how the variation in
spacing between CNTs affects their field emission behavior

if the CNTs have a similar height. The growth of patterned
CNTs on conducting substrates allows for the in situ fabrica-
tion of electron emitters capable of delivering stable currents
under an appropriate vacuum. The enhancement of field
emission by the post-growth treatment of the samples by dif-
ferent methods raises an incompatibility issue with the fabri-
cated devices. Hence, it is more desirable to synthesize CNTs
of specific density at a predetermined location.

2. Experimental
2.1.  Nanosphere lithography

The catalyst pattern was prepared by a slight modification on
the reported NSL procedures as follows [16]. An oxygen-free
Cu plate (1 cm x 1 cm x 1 mm) was polished with sand paper
to a smooth finish, and then it was ultrasonically cleaned in
acetone and ethanol baths, each for 5 min. A 15 nm buffer layer
of Cr was deposited on the Cu substrate using an e-beam evap-
oration system operated at room temperature. Clean silicon
wafers 2cmx2cm (donor substrates) were treated in RCA
solution for 80 min. The RCA solution contains NH,OH:H,0,:-
H,0 in the ratio 1:1:5 and was heated at 80 °C with donor sub-
strates while the Cr coated Cu substrates (recipient
substrates) were dipped in RCA solution for 10 s to render them
hydrophilic. Commercially available (Spherotech Inc.) suspen-
sions of PS (5% w/v) with diameters 0.5, 1.0, and 1.8 pm were
used to create a monolayer in two steps, spin coating followed
by dip coating. The PS suspensions were mixed with ethanol at
avolumeratio of 1:7, 1:3, and 1:2 for spheres of diameter 0.5, 1.0,
and 1.8 um, respectively. The concentration of PS solution, for
spheres of different diameters, was maintained at different
levels to ensure the optimum areal coverage of the substrate
without forming a multilayer. About 15-20 pl drops of the
mixed solution were then dropped onto the hydrophilic donor
substrate, followed by spinning the substrates at a speed of
700 rpm for 40 s. Next, we transferred the monolayer on the do-
nor substrate onto a beaker containing deionized water. Final-
ly, the floating monolayer was lifted off from the water surface
by the recipient substrate. The combination of spin coating and
dip coating facilitated the formation of a well ordered mono-
layer of PS on the recipient Cr-coated Cu substrate. A thin layer
of 6.5 nm Ni was deposited on the PS patterned recipient sub-
strate by e-beam evaporation system. The spheres were re-
moved by sonication in ethanol to obtain a periodic array of
Ni dots over the recipient substrate before the PECVD process.

2.2.  CNT synthesis and electron microscopy

Vertically aligned CNT arrays were synthesized by PECVD pro-
cess. The details of the synthesis procedure have been de-
scribed elsewhere [31]. Briefly, a NSL patterned Cr-coated Cu
substrate was loaded into a PECVD system and pumped down
to 10° torr. For synthesizing CNTs, we used a mixture of C,H,
(30 sccm) as carbonaceous precursor and NH; (100 scem) as
diluting and etching gas. The substrate was heated to a tem-
perature of 520°C while NH; was introduced at a rate of
100 sccm until the pressure in the reaction chamber reached
8 torr. The power of the DC plasma was maintained at 70 W



CARBON 50 (2012) 2641-2650

2643

while C,H, was introduced. The synthesis time was 10 min
for all experiments. The synthesized CNTs were allowed to
cool naturally under high vacuum before further character-
ization. Surface morphology analysis of the CNT nanostruc-
tures was performed by a field emission scanning electron
microscope (SEM, JEOL JSM-6330F) operated at an accelerating
voltage of 15kV. Transmission electron microscopy (TEM)
images and high resolution TEM (HRTEM) images were ob-
tained from a JEOL-2100F apparatus operated at an accelerat-
ing voltage of 200kV. For the TEM analysis, the CNTs
synthesized on the Cu substrate were removed and dispersed
ultrasonically in ethanol and the solution was dropped on the
carbon coated copper TEM grid.

2.3. Field emission measurement

The field emission measurements were carried out using a
diode configuration inside a vacuum chamber at a pressure
level of 1077 torr. The separation between the anode and cath-
ode was maintained at 400 um. The emission current was
measured by a Keithley 4200-SCS and the power was provided
by a DC power supply (Matsusada AU-15P20). A multiple num-
ber of samples with CNTs of various densities were tested to
ensure the repeatability and reliability of the obtained results.

3. Results and discussions
3.1.  Nanosphere lithography

The interstices between three adjacent spheres in the PS mono-
layer allow a Ni deposit to form the hexagonal pattern of Ni cat-
alyst. Assuming that the Ni catalyst takes quasi-triangular
shape, the size and spacing between the Ni catalyst particles
can be calculated [16]. Fig. 1a—c show schematics of the relative
variation of catalyst size (d,) and separation for the catalyst sites
(ds) of closely packed hexagonal structures formed by spheres of
diameter 0.5, 1.0, and 1.8 pm, respectively. The site densities of
quasi-triangular Ni catalyst dots can be expressed as (2.3/D?),
where Dis the diameter of the sphere. Similarly, the catalyst size
is expressed as d, = 0.232D and their separation is ds = 0.577D.
The size of catalyst islands and catalyst separation increases
with the increase of the sphere diameter whilst the site density
decreases with the increase of the sphere diameter. The size and
their separation of the catalyst islands formed using the spheres
of diameter 1.0 and 1.8 ym increase by 100% and 260% compared
to that of catalyst islands formed using 0.5 um spheres. On the
contrary, the respective site density of the catalyst islands
formed using 1.0 and 1.8 ym spheres decreases by 75% and
92% as compared to the catalyst islands formed using spheres

Fig. 1 - (a—c) The schematic of the relative variation of catalyst size (d,) and separation for the catalyst sites (ds) formed by
spheres of diameter 0.5, 1.0, and 1.8 pm, respectively. Inset in Fig. 1a depicts the definitions of the catalyst size (d.) and the
separation of the catalyst sites (ds). (d) SEM image of hexagonal pattern formed by a monolayer of spheres with diameter
1.0 pm. (e) SEM image of a well-ordered hexagonal array of quasi-triangular Ni catalyst particles after Ni deposition and

removal of 1.0 pm PS spheres.
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with diameter of 0.5 pym. The site density, size of a catalyst is-
land, and the catalyst separation has been presented in Table
1 for spheres with different sizes. Fig. 1d shows the SEM image
of a typical honeycomb structure of the PS mask formed by
the spheres of diameter 1.0 um. The Ni particles deposited
through three adjacent spheres form hexagonal arrays of qua-
si-triangular catalyst sites as seen in Fig. 1e. The observed sepa-
ration of the catalyst sites and their size distribution matches
well with the theoretical predictions.

3.2.  SEM analysis

The mechanism of CNT growth by a PECVD can be under-
stood as follows: the thermal treatment reduces the thin film
or quasi-triangular particles of catalyst into spherical dots.
The energy available due to plasma generation and heating
procedure decomposes the carbon precursors on the outer
surface of the catalyst particles. The carbon atoms diffuse
through the catalyst particles and tubular structures are
formed with a catalyst particle either at the base or tip [10].
The plasma also helps to etch amorphous carbon that may
deposit on top of the Ni particles, thus providing a steady sup-
ply of carbon atoms at the surface of the Ni particle [32].

Fig. 2a-d are the top view SEM images which show the dis-
tribution of the CNTs, whereas Fig. 2e-h offer a 45° tilt-view
to show the alignment of individual CNTs. Compared to the
high-density (HD) growth of CNTs on Ni catalyst film (note:
without any catalyst pattern) (Fig. 2a), the CNTs synthesized
with NSL patterned catalyst exhibit larger separation amongst
each other (Fig. 2b—d). A careful observation of Fig. 2c and d re-
veals the growth of multiple numbers of CNTs from a single
catalyst island. Similar growth behavior has been previously
reported by Park et al. [33]. When the size of the catalystisland
increases beyond the critical size of the Ni catalyst dot, a multi-
ple number of CNTs will grow from a single catalystisland. Dur-
ing the annealing of catalyst, the Ni film from a single island
disintegrates into a number of islands each of which act as a
nucleation site for CNT growth. Similar reports of multiple
growths of CNTs from a single island have been attributed to
the low growth temperature of around 520 °C [34]. Different
methods have been suggested to achieve the single growth of
CNTs from a catalyst island. For example, deposition of a thin-
ner layer of Ni catalyst, using spheres of smaller diameters,
using a double layer PS mask for the catalyst deposition, chem-
ical etching, etc. have been suggested as appropriate methods
for the fabrication of a single CNT from a catalystisland. There
have been reports of slight distortion of the CNTs from the ori-
ginal catalyst pattern due to migration of catalyst dot owing to
their weak adhesion to the buffer layer [33]. However, no such
noticeable migration of CNTs was observed in our experi-
ments. The tilted-views in Fig. 2e-h show the formation of ver-

tically aligned CNTs. These CNTs have a length between 1-
2 ym and diameter around 100 nm. The cluster of CNTs origi-
nating from a single catalyst island has a smaller separation
as compared to CNTs from the adjacentislands. The aspect-ra-
tio of these CNTs synthesized with different densities has sim-
ilar values. However, these CNTs are expected to exhibit
different field emission properties due to the variable proxim-
ity between the adjacent CNTs. Compared to the high-density
CNTs on Ni film (without any catalyst pattern), CNTs grown on
patterned catalyst dots using 0.5 ym spheres are expected to
show better field enhancement properties. A further decrease
in the density of CNTs grown on patterned catalyst dots using
larger spheres might result in poor emission properties due to
the presence of lower number of emitting sites. Hence, it is
desirable to find the optimal density or separation of VACNTSs
(therefore optimal size of PS) to achieve the best field emission
properties.

3.3.  TEM analysis

The tubular structure of CNTs was verified by TEM observation.
Fig. 3a shows the TEM image of the top portion of CNTs synthe-
sized on Ni catalyst film, and Fig. 3b-d are the TEM images of
CNTs grown from Ni catalyst dots formed with NSL using
spheres of diameter 0.5, 1.0, and 1.8 pm, respectively (the corre-
sponding SEM images are shown in Fig. 2a-h). We found that
these multi-walled CNTs had a similar structure but slightly
different lengths and diameter. The diameter of an individual
CNT depends on the size of the catalyst fragment produced
from a catalystisland. Smaller particles result in thinner tubes
while bigger catalyst fragments result in thicker tubes. These
CNTs have bamboo-like structures with a catalyst particle
trapped at the tip suggesting a tip growth model. The graphitic
planes in the tube walls are not always parallel to the tube axis
but are often twisted and broken, which is the characteristic of
CNTs synthesized by PECVD process [35]. The inset of Fig. 3a
shows a magnified view of a typical CNT which contains a Ni
catalyst rod forming a core-shell like structure. The effect of
extrusion induced by the compressive force of the graphene
layers during the growth of CNTs results in the formation of
these core-shell structures. The Ni catalyst particle melts dur-
ing the growth and a section of it may get trapped half way up
the tube. At nanoscale dimensions, the melting point of metals
can be significantly lower than that of their bulk counterparts
[36]. Similar phenomenon of the melting of Ni catalyst at tem-
peratures far below the melting point of bulk Ni has been re-
ported earlier [37]. The inset in Fig. 3c shows the HRTEM
image of a section of graphitic layers with the separation of
about 0.34 nm which correspond to the separation of lattice
planes (002) of graphite. Theinsetin Fig. 3d shows the interface
between the graphitic planes of the CNT and the planes of the

Table 1 - The variation in site density, catalyst size and catalyst separation for spheres of different diameters.

Sphere size (um) Site density (per cm?)

Catalyst size (um) Catalyst separation (um)

0.5 9.2 x 108
1.0 2.3x10%
1.8 0.7 x 10®

0.116 0.289
0.232 0.577
0.418 1.039
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Fig. 2 - Variation of densities of CNTs prepared without and
with different size PS. (a-d) are the SEM top-views of the
CNTs; (e-h) are the tilt-views of the CNTs. Figures (a) and (e)
are high-density CNTs grown on Ni film deposited without
any NSL pattern. The numbers in the box on other images
represent the diameter of spheres, in micrometers, used
during the NSL.

Ni core in a core-shell structure. The parallel graphitic planes
that make up the CNT are seen on the left part of the image
in light contrast. The catalyst particle also exhibits crystalline
structure with atomic planes separated by 0.18 nm corre-
sponding to the Ni (200) lattice planes.

3.4. Field emission measurement

During the field emission measurements, the emission
current was measured repeatedly at a particular applied volt-

age. Then the applied voltage was increased in steps of 200 V
until the emission current saturated. The stability of the
emission current was measured for a period of over 10 h. Fi-
nally, we repeated the field emission measurement several
times for each of the CNT samples exposed to “electric
annealing” to confirm the degree of repeatability of the emis-
sion characteristics. The field emission properties of the high
density CNTs grown on Ni film and the low density CNTs
grown on Ni dots patterned with the spheres of diameter
0.5, 1.0, and 1.8 um are shown in Fig. 4. Fig. 4a shows the cur-
rent density versus the electric field (F-J) curves of the CNTs
with four different densities. All CNTs demonstrated excel-
lent field emission properties with high current density and
long stability. We define the turn-on electric field (Ewum-on) as
the electric field required to obtain the emission current den-
sity of 1 pA cm™2 [38]. Similarly, the threshold electric field
(Ewn) is defined as the electric field corresponding to the emis-
sion current density of 1 mA cm ™2 The numerical values of
Eturn-on and E, for the four types of samples are presented
in Table 2. The turn-on electric field for high-density CNTs
was 7.96 Vum~'. The turn-on field decreased to 4.71, 6.41,
and 5.19 Vum™! for CNTs grown on catalyst dots patterned
by spheres of diameter 0.5, 1.0, and 1.8 pm, respectively. Also,
the threshold electric fields for CNTs with catalyst patterned
by spheres of diameter 0.5, 1.0, and 1.8 um are 8.71, 11.48,
and 9.89 V um™*, respectively. It is noteworthy that, for high-
density CNTs, the emission current density of 1 mA cm 2
could not be achieved even after increasing the applied elec-
tric field to 13.5 V um 2. The lower values of turn-on field and
threshold electric field clearly suggest that the low-density
CNTs synthesized by the catalyst patterned by NSL are more
favorable than the high-density growth for the optimum
emission current. In the high density CNT arrays grown on
Ni catalyst film, some of the emitted electrons will be trapped
by the adjacent CNTs and only the CNTs emitted from the tip
can contribute to the total current. There is a smaller proba-
bility of capturing emitted electrons in the case of low-density
growth than in the high-density growth. This will increase the
flux of electrons reaching the anode. Hence, the CNTs synthe-
sized on catalyst patterned by spheres of different diameters
exhibit better field emission properties than CNTs synthe-
sized on Ni film [35]. The trapping of the electrons and screen-
ing of the electric field can be reduced in a low-density array
of CNTs. The CNTs grown on catalyst patterned by NSL using
spheres of 0.5 um diameter had the lowest Ey, and Eiwyrm-on
among the low-density CNTs. The increase in total current
despite the lower density indicates that an individual CNT
emits more electrons when the CNTs are sparsely distributed.
The further decrease in the site density of CNTs by using
spheres of 1.0 pm diameter resulted in the reduction in emis-
sion current due to fewer number of CNTs. However, the
CNTs grown from catalyst patterned by NSL using spheres
of diameter 1.8 pm showed improved emission characteristics
than those CNTs grown from catalyst patterned by NSL using
spheres of diameter 1.0 pm. As evident from the SEM images,
the CNTs grown from catalyst patterned by NSL using spheres
of diameter 1.8 pm produces more CNTs from a single island
as compared to CNTs grown from catalyst patterned by NSL
using spheres of diameter 1.0 um. The presence of a more
number of CNTs within a single bundle contributes to the
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Ni
0.18 nm

Fig. 3 - TEM images of the CNTs. (a) TEM image of high density CNTs grown on Ni film catalyst; (b-d) TEM images of CNTs
synthesized on Ni catalyst dots patterned using spheres of diameter 0.5, 1.0, and 1.8 pm, respectively. The inset in (a) shows a
rod-like Ni catalyst inside a CNT almost forming a core-shell structure. The inset in (c) shows the lattice fringes of graphitic
planes in a single CNT. The inset in (d) shows the interface between the CNT and the Ni catalyst trapped inside the CNT.
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Fig. 4 - Field emission properties of CNTs with different densities. (a) F-J plot and (b) Fowler-Nordheim (F-N) plots.
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Table 2 — Turn-on and threshold electrical fields of CNTs with different densities.

High density 0.5 um 1.0 pm 1.8 um
Eturn-on (V pm™?) 7.96 471 6.41 5.19
Ew (V pm Y NA 8.71 11.48 9.89
Field enhancement factor (f) 460 1760 855 1680

better performance of the emitters. Fuji et al. [39] performed a
computer simulation to compare the resultant electric field
due to a CNT bundle and a flat film of CNTs. It was found that
electric field of the flat film is constant all over the emitter
surface, whereas the electric field of the bundle is signifi-
cantly higher at the edge than at the center. Hence, the
electric field is predominantly concentrated along the circum-
ference of the bundle which results in more emission sites.
Thus CNTs synthesized from catalyst patterned using
spheres of diameter 1.8 uym exhibited better emission current
than the CNTs grown from catalyst patterned using spheres
of diameter 1.0 um due to the edge effect.

Fig. 4b shows the corresponding Fowler-Nordheim (F-N)
plots for the CNTs with four different densities. The straight
lines indicate the quantum mechanical tunneling character-
istic of field electron emission. The field enhancement factor
can be calculated using the F-N equation:

212 3
1= (457 e (-5
where J is the emission current density, A =1.56 x 10 ®* AV 2
eV, B=6.83x10°eV-*2V m™1 [40],  is the field enhancement
factor, ¢ is the work-function, and F is the applied electric
field. Assuming the work function of the MWCNTs to be
5.0 eV [41,42], the field enhancement factor can be calculated
from the slope of the F-N plot. It is reported that the work-
function of CNTs reduces to values of 3.0eV and 2.0eV at
higher applied fields of 10 V ym ' and 14 V um™?, respectively
[43]. The work-function of CNTs also depends on the presence
of amorphous carbon material on the surface, presence of
open-ended tube or closed-ended tube, presence of catalyst
particle on the tubes, defects and others. Here in this study,
we use ¢ =5.0eV to make the comparison of the emission
behavior of the various CNT arrays easier and simple. Hence,
in Fig. 4b, we only consider the region where the work func-
tion does not decrease significantly below 5.0 eV and measure
the slope of the straight lines as shown in Fig. 4b to estimate
B. The field enhancement factors for high density CNTs and
NSL patterned CNTs with spheres of diameter 0.5, 1.0, and
1.8 ym were 460, 1760, 855, and 1680, respectively. It is note-
worthy that the experimental g is greater than geometrical
B (the ratio of length to radius) of the CNTs by an order of
magnitude. These large discrepancies between the f esti-
mated from the F-N plots and geometrical  ~ 50 indicate that
there are other mechanisms, in addition to quantum tunnel-
ing, for the field emission process [35]. The field emission
properties depend upon the morphology of CNTs, structure
of CNTs emitter and the method employed to measure the
emission current. The ohmic contact between the CNTs and
the substrate along with the vertical alignment of CNTs play
an important role in the field emission. During the process

of field emission, the electrons should cross the interface be-
tween substrate and barrier layer, pass through CNTs, and fi-
nally emit into the vacuum. The contact resistance is lower
for CNTs synthesized on conducting substrates than for the
CNTs synthesized with buffer layer of SiO,, the low contact
resistance will assist the process of field emission. The pres-
ence of the buffer layer of Cr in our samples ensures a robust
contact of CNTs with the substrate over an extended period of
emission time. Further, the low contact resistance between
CNTs and Cr (1 kQ) facilitates the electron transfer from the
substrate to the CNTs during the emission [44].

Fig. 4b illustrates two distinct slopes on the F-N plots. The
slope of F-N plots in the region of high electric field is lower as
compared to the slope in the region of low electric field. Sim-
ilar behavior has been attributed to vacuum space charge ef-
fects, changes in local density of states at the emitter’s tip,
interaction among adjacent tubes, solid-state transport, and
adsorption and desorption of gaseous species even at high
vacuum as a result of emission-assisted surface reaction pro-
cess [45]. Although, it has been demonstrated that Murphy
and Good theory better explains the emission phenomenon
at high electric field in the range of 10”2V ™! and tempera-
ture of 1000-5000 K [46-48], we estimate that F-N equation is
still applicable to explain the field emission in these experi-
ments as such local temperatures on the CNT tip might have
not been achieved. In this notion, we believe that the local-
ized tip-cooling during field emission is partially responsible
to compensate for the Joule heating [46].

3.5.  Stability test

The stability of emission current is one of the most important
parameters used to estimate the feasibility of CNT emitters
for various application purposes. Fig. 5 shows the field emis-
sion stability of emission current from CNTs with different
densities during the stability test. The initial emission current
was set at the maximum value for the particular sample and
the applied voltage was kept constant for 10 h. Only a small
degradation in the emission current was observed when the
CNTs were subjected to such a stringent current over a long
period of time. The critical current from an individual CNT in-
creases with its diameter. The CNTs with diameters in the
range of 5-20 nm have the critical current in the range of
2-15 pA while CNTs with diameters of about 30 nm deliver
the current in the range of 40-250 pA [49]. Wei et al. performed
in situ TEM on the degradation of a CNT emitter and observed
that CNTs suffered abrupt breaking at the point where the
temperature reached a maximum value [S50]. The CNTs in
the present work have diameters in the range of 80-100 nm
and are expected to withstand greater current preventing
thermal degradation. The high thermal conductivity of both
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Fig. 5 - Field emission stability of CNT arrays with different densities.

the CNTs and the Cu substrate allows an unobstructed trans-
fer of heat preventing the occurrence of high temperatures
and destruction of the emitters. This will minimize the degra-
dation of CNT emitters subjected to withstand the high tem-
perature caused by Joule heating. Pandey et al. have simulated
the electrical field for arrays having bundles of CNTs at differ-
ent sites [51]. The maximum local electric field at the bundle
is two-order of magnitude lower than those for rectangular
arrays of CNTs. This will result in lower thermal and mechan-
ical stress introduced on CNT bundles. We attribute the high
field emission stability of our samples to the strong adhesion
of CNTs with the Cu substrate, higher critical current and
lowered stress. CNTs synthesized with the catalyst patterned
by spheres of diameter of 1.8 um exhibited a sharper decline
in emission current over the test period as compared to other
samples. The individual CNTs on samples with catalyst pat-
terned by spheres of diameter 1.8 ym were liable to produce
more current, due to a lower density than the CNTs on other
samples, and were prone to quicker degradation.

4, Conclusions

Vertically aligned CNTs were synthesized on copper sub-
strates with Ni catalyst nanodots patterned by nanosphere
lithography. The density and location of CNTs were deter-
mined by the diameter of spheres. The as-synthesized CNTs
followed a tip-growth mechanism with the Ni catalyst form-
ing almost a core-shell like structure several nanometers long
in many cases. The low-density growth of CNTs and the
inherent decrease in contact resistance with the choice of
metal substrate were favorable for the process of field emis-
sion. Among the high-density CNTs grown on Ni catalyst film
and low-density CNTs grown on NSL patterned Ni catalyst
dots, low-density CNTs synthesized on catalyst dots pat-
terned from spheres of diameter 0.5 um exhibited the best
field emission properties in terms of lower turn-on and
threshold fields, higher field enhancement, and longer stabil-
ity. These results could facilitate the direct fabrication of

more cost-effective and site-selective CNT structures compat-
ible with novel nanoelectronic devices.
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