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ABSTRACT A simple and scalable method of decorating 3D-carbon nanotube (CNT)
forest with metal particles has been developed. The results observed in aluminum (Al)
decorated CNTs and copper (Cu) decorated CNTs on silicon (Si) and Inconel are compared
with undecorated samples. A significant improvement in the field emission characteristics
of the cold cathode was observed with ultralow turn on voltage (E;, ~ 0.1 V/zem) due to
decoration of CNTs with metal nanoparticles. Contact resistance between the CNTs and the
substrate has also been reduced to a large extent, allowing us to get stable emission for
longer duration without any current degradation, thereby providing a possibility of their

use in vacuum microelectronic devices.
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mechanical strength and high thermal

conductivity, CNTs are considered to
be an ideal electron emitting sources in field
emission displays.' 8 Aligned and well-
separated CNT cathode morphology is
important for many potential applications
where a high electric-field is needed, such
as in field emission devices. The growth in
these cases is usually achieved by chemical
vapor deposition (CVD). However, the highly
dense growth of CNTs by thermal CVD meth-
od may compromise the field emission prop-
erties, due to a field-screening effect caused
by the proximity of neighboring tubes. Also
some critical issues such as adhesion of CNTs
with the substrate, reliability, and stability
have to be addressed while using CNTs as
electron emitters in field emission applica-
tions. To improve the field emission perfor-
mance from CNT emitters, different methods
such as doping of CNTs with nitrogen,®'®
surface coatings with low work function
materials such as LaBg or Ha for low turn

B ecause of the high aspect ratio, high
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on field'""? and decorations with ZnO and
Ru'*7'® have been investigated. Previous
studies have also shown that tuning the
structure of the CNTs such as the radius,'®
geometry,'”'® structural change by oxygen
plasma treatment'® and improving their
density?® could improve the field emission
property. Also by decorating the CNT walls
with organic functional groups®'~% or by
inorganic semiconductor** 3! the field emis-
sion properties of CNTs could be enhanced.
Chi et al3? reported a threshold field of
09 V/um at 1 mA/cm?, which correlated to
a turn on voltage of 0.6 V/um at 10 uA/cm?
by growing CNTs on a mesh electrode. Also,
Zuo et al.*® demonstrated low turn on field of
0.63 V/um at 10 uA/cm? by decorating the
surface of the CNT with titanium nanoparti-
cles. Pandey et al** arrived at a threshold
field of 0.8 V/um in strontium titanate coated
CNTs. On the other hand, Liu et al.'® deco-
rated CNTs with Ru nanoparticle and the turn
on field reduced from 2.5 to 1.3 V/um after Ru
decoration. In the recent report of Zannin
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etal.>® hybrid diamond-like carbon and CNT composite

structures showed threshold field of 2 V/um. Thus, to
the best of our knowledge, such low turn on field
of 0.1 V/um achieved in this work has not been
reported so far.

Electrophoretic deposition (EPD) technique is a
common method used for decorating the CNTs with
the desired metal particle to improve the field emission
properties of the cold cathode.

Fan et al.>® used CNT/Ni composite and Chen et al.3”
fabricated CNT/Cu composite to enhance the field
emission properties of the CNTs. But during the fabri-
cation, the CNTs in the composites would be easily
covered by the deposited nanoparticles in the
chemical process resulting in the decrease of
effective field emitters in the CNT cathode. Another
important issue of CNTs getting bundled together is
also common in this process. Once they are bundled,
without the use of aggressive treatment like ultrasoni-
cation or chemical functionalization, it is extremely
difficult to achieve a stable dispersion or homoge-
neous mixture. These measures are known to damage
the walls of the CNTs and degrade their electrical
properties to a larger extent. Moreover, this process
cannot alter the distance between the CNTs. Although
it is important to lower the turn on and threshold
voltage for better field emission results, reducing the
screening effect is crucial for CNTs to be used in field
emission application. It is well-known that if the sep-
aration between the tubes, d, is much less than the
tube height, h, in an array, the electrostatic shielding
between the CNTs can drastically affect the field emis-
sion performance of the cold cathode. Numerical
simulations show that if the distance between the
CNTs is equal to or more than twice the height of the
CNTs, then the screening effect can be considerably
reduced which in turn could improve the field emission
property of the cathode.3¥*° Electrostatic shielding
becomes a significant hurdle for future device applica-
tions because of the exponential dependence of the
emission current on the electric field in accordance
with the Fowler-Nordheim theory. Work has also been
done on thermally evaporated nanoparticles on nano-
tubes.*’ ™ The results in these work indicate that
the morphology of the metal particle or the film on
the CNTs is dependent on the intrinsic properties of the
metal themselves than on the process parameters. On
the other hand, the work of Muratore et al.** reported
the effect of particle growth temperature and time on
the decorated metal nanoparticles' density and mor-
phology. However, the sputtered metal nanoparticles
were attached to the surface of the CNTs without
penetrating in between the CNTs to change the inter
tubular spacing of those.

The current paper proposes a simple and scalable
procedure for decorating the vertically aligned CNTs
forest with metal nanoparticles for improved field
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emission properties. This process enabled the CNTs
to bundle toward a metal particle forming a pattern
due to which the CNT bundles are separated by almost
3 times the height of the bundle reducing the screen-
ing effect considerably. Further, by the deposition of
metal nanoparticles on the surface of the nanotubes,
emitting centers are obtained that ensure highly con-
ductive paths for the electrons from the nanotubes
toward the vacuum helping bypass the amorphous
carbon impurities, known as one of the major hurdles
in CNT based emitters.

RESULTS AND DISCUSSION

Figure 1a shows the scanning electron microscope
(SEM) images of the multiwalled carbon nanotubes
(MWCNTs) grown on Si with Al decoration on them.
Before the metal decoration, the CNTs were vertically
aligned via self-supporting mechanism as described
in our previous work,* due to extremely high density
of CNTs. Interestingly, after metal evaporation, the
morphology of the CNTs changed completely. Groups
of CNTs became linked together by their tips while
attaching to the Al particles forming microscopic pat-
terns in the nanotube forest. Accordingly, the CNTs are
no longer individual strands for field emission; instead
they are individual bundles. Choi et al.*° also observed
similar morphology by H, plasma treatment. The sur-
face morphology of vertically aligned MWCNTs chan-
ged from flat surface to sharp conical stacks of CNTs
due to the post plasma treatment. They claimed that
there was improvement in the field emission proper-
ties of the CNTs due to the formation of such stacks.

Figure S1a,b (Supporting Information) shows the
distribution histogram of the number of CNTs with
their height and the number of CNT bundles with
the interbundle distance, respectively. From the histo-
gram, itis very clear that most of the CNT bundles are of
around 2 um in their height with inter bundle distances
varying mostly between 3 and 5 um. It is to be noted
that bundled CNTs have the advantage of realizing the
ideal ratio of inter tube distance to the height for
achieving maximum field emission by reducing charge
screening effects in adjacent CNTs in the forest.*®
According to Suh et al.*’ the field emission would be
optimum when the tube height is similar to the inter-
tube distance, while the results of Ren et al.*® suggest
3-fold intertube distance in reference to CNT height to
achieve maximum emitter efficiency. In our case, since
most of the CNT bundles are separated by almost 3
times the height of the bundle and the bundle are
emitting as a whole, the screening effect is reduced
considerably and the emitter efficiency has increased
substantially. Figure 1b corresponds to the SEM images
of Al decorated CNTs grown on Inconel. SEM images
clearly show that the CNTs on Inconel are also no longer
a uniform film after the metal deposition, however the
surface texture of the forests are not the same as for the
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Figure 1. (a) SEM image of CNTs grown on Si with Al decoration in different magnification. SEM image shows the way in which
the CNTs got attached to Al particle forming a beautiful pattern. (b) SEM image of the CNTs grown on Inconel with Al
decoration on them in different magnification. (c) The schematic procedure for the fabrication of metal decorated CNTs.

other CNTs grown on the other substrate material. The
nanotubes in this case formed bundles which reduced
the screening effect. A schematic of the morphology of
CNTs grown on Si and Inconel substrate is shown in
Figure 1c. Although the mechanisms responsible for the
differing surface textures after evaporating the metals
on the different films are not clear, a number of different
reasons associated with the wetting behavior of the CNT
forests with the molten metal (and/or with the conden-
sing metal from the vapor phase) might explain our
observations. Figure 2a shows the transmission elec-
tron microscope images (TEM) and high resolution
transmission electron microscope images (HRTEM) of
Al decorated CNTs grown on Si substrate. The low
magnification image resembles a similar morphology
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as seen in SEM. The TEM observation of the CNTs
revealed the formation of MWCNTSs consisting of 4—6
graphite layers. It is clear that individual CNTs form
bundles with adjacent nanotubes and share a metal
tip. Selected area diffraction (SAD) of the particle con-
firms these particles to be FCC plane (111) of Al. The high
magnification image at the point of joint in a bundle
confirms the presence of metal particles and several
CNTs tangled together. The high magnification image
also reveals the nanoparticles embedded in the amor-
phous carbon layer are in reasonably close contact with
the nanotubes, while the other side of the particles is
unraveled. The increase in wall diameter due to bundle
formation is further verified with Raman measurements.
The Al deposition on Inconel shows very similar
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Figure 2. (a) TEM and HRTEM micrograph of the CNTs grown on Si substrate with Al decoration on them. It shows how the
CNTs are joined together at the tip, and the high magnification confirms the presence of metal particle. (b) TEM and HRTEM

micrograph of the CNTs grown on Inconel.

morphology as shown in Figure 2b. The large area SAD
shows the presence of Al planes. The high magnification
image shows an increase in diameter with a narrow
distribution because of CNTSs joining together to form a
bundle. The size of the metal nanoparticles was found to
be 5—10 nm in diameter.

Raman spectra of the pristine CVD grown CNTs with
and without metal deposition are shown in Figure 3a.
Raman spectroscopy is the inelastic scattering of
light usually associated with absorption or emission
of phonons and is rich in information about the
structure and chemical bonding of CNTs. Defects and
sp> hybridized carbon atom give rise to D-band
(1340 cm™") and height of this band is inversely related
to the quality of the nanotube (i.e., presence of disorder
in the graphitic material). The G-band (~1580 cm™ ) is
associated with the sp? hybridized carbon atom in the
nanotube wall and is a good measure of the graphiti-
zation of the sample. The G’ or 2D peak (around
2600 cm ™) arises due to two phonon second order
scattering process and indicates long-range order in a
sample. The ratio of the intensities of the defect or the
disorder induced D-band to the symmetry allowed
graphitic band or the G-band I4/l4 characterizes the
defect density or degree of disorder in sp® hybridized
carbon material.** The ratio fq/ly can be used for
identifying the number of walls in the given MWCNT.>°
It is also to be noted that increase in the number of
layer leads to a significant decrease in the peak in-
tensity of the 2D peak and this peak becomes hardly
distinguishable if the number of layer exceeds 5.

The intensity ratios I4/ly and Lq4/l; are given in
Table.1. From the results, it is clear that the intensity
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ratio /4/l5 of CNTs grown on Si substrate without any
metal decoration and with Al decoration was 0.78 and
these values are very close to the values reported by
Athipalli et al.>* For the CNTs grown on Si substrate
with Cu decoration on them this ratio became 0.51. The
lower the value of this ratio, lesser the defect, which in
turn means lesser amorphous carbon, and greater the
degree of graphitic crystallinity. Also, the 2D peak for Al
decorated CNTs grown on Inconel was hardly distin-
guishable and hence the ratio /,4/ly became zero. As
predicted by the work of Ferrari®' the number of walls
must have exceeded five and hence this peak became
hardly distinguishable. This was also consistent with
TEM, where it is clear that the CNTs join together
thereby increasing the number of walls. From the
above predictions, it is clear that the CNTs grown on
Si with Cu decoration on them have higher graphitic
crystallinity with lesser defect. The occurrence of sharp
2D peak on this sample indicates a good long-range
order in those samples.

In order to characterize the phase deposited on the
CNT forest, the samples are analyzed by X-ray diffrac-
tion. Figure 3b shows the representative image of the
Al deposition and Cu deposition on Si. In the diffraction
pattern we observe reflections at 26 = 38° and 44°
which can be assigned to the (111) and (200) planes of
FCC phase of Al. The reflection at 260 = 43° corresponds
to the FCC plane (111) of Cu. These diffraction patterns
confirm the presence of metallic particles of Al and Cu
and absence of their crystalline oxides. The broadened
reflections from the metals clearly reveals the small
crystallite size of the metallic particles (~5 nm) sup-
porting observations done with TEM.
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Figure 3. (a) Raman spectra showing 3 distinct peaks
[disorder peak D, graphitic peak G and long-range order
peak G’ for Si without metal decoration, with Al decoration
and Cu decoration]. (b) XRD pattern on Si with Al decoration
and XRD pattern on Si with Cu decoration. Al, Cu and C peak
clearly prove that there is no oxide formation.

TABLE 1. Values of I4/l5 and I,4/l, Ratio for Different Types
of CNTs

type of (NTs l4/ly b/l
Si substrate 0.78 0.71
Inconel substrate 0.65 0.41
Si substrate/Al decoration 0.78 0.80
Inconel substrate/Al decoration 0.67 0.00
Si substrate/Cu decoration 0.51 0.58
Inconel substrate/Cu decoration 0.66 0.77

The field emission characteristics of the CNTs grown
on Si with and without any metal decorations are
shown in Figure 4a. The turn on field E,,, which is the
field required to obtain a current density of 1 uA/cm?
and the threshold field E,, which is the field required to
obtain a current density of 100 uA/cm? are summarized
in Table 2. The data clearly reveals that Si grown CNTs
with Al decoration on them gave the lowest E;, and Ey,,
0.13 and 0.14 V/um, respectively. One explanation for
our low E, and Ey, for Si grown CNTs with Al decoration
on them is due to the lower work function of Al as
predicted by Lee et al.>® Similar field emission char-
acteristics were observed for CNTs grown on Inconel
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Figure 4. (a) Field emission characteristics of the CNTs
grown on Si with and without any metal decorations. It is
very clear that the turn on field E;, and the threshold field E;,
are significantly reduced after the metal decoration. Inset in
the J—E plot shows emission stability. (b) Field emission
characteristics of the CNTs grown on Inconel showing the
same phenomena. Inset in the J—E plot shows emission
stability. (c) Time trace of current density at the fixed field of
0.15 V/um for Si grown CNTs and 0.25 V/um for Inconel
grown CNTs, both decorated with Al nanoparticles.

with and without any metal decorations on them.
(Figure 4b) The J—E plot was repeatedly measured
and it showed good reproducibility. No current satura-
tion was observed over Ey,.

It is well-known that during field emission, the elec-
trons have to cross two barriers.>® Barrier 1 is the barrier
between the substrate and the CNT and barrier 2 is the
barrier between the CNT and the vacuum. Since the
Inconel and Al coated Si substrates on which CNTs are
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TABLE 2. Values of E,, and E,, for Different Type of
Substrates with and without Metal Decoration

type of (NTs Eyo (V/1em) Egn (V/um)
Si substrate 0.78 26
Inconel substrate 1.2 2
Si substrate/Al decoration 0.13 0.14
Inconel substrate/Al decoration 0.14 0.18
Si substrate/Cu decoration 0.19 0.22
Inconel substrate/Cu decoration 0.53 0.58

directly grown have good electrical conductivity, barrier 1
is expected to be reduced substantially enhancing the
overall field emission properties of our structures. The
measured low contact resistance values for the CNT—
substrate interfaces are in agreement with our assump-
tions as seen in Figure S3 (Supporting Information). Barrier
2 on the other hand has also improved. According to
Tanaka et al.> the presence of amorphous carbon can
increase the work function and the Ey, to a larger extent.
One of the explanations for the low Ey, values for metal
decorated CNTs can be due to the reduced amount of
amorphous carbon.** Although the mechanism that
would reduce the amorphous carbon content ob-
tained after Cu decoration is not clear, a plausible
explanation might be a partial dissolution of carbon
by Cu at the process temperatures applied in the course
of evaporation. Another, probably more important,
effect that helps electron emission is the promoted
electron passage from the nanotubes toward the va-
cuum through the metal nanoparticles, which may
reasonably explain why we observe significant reduc-
tion of Ey, for both metals. The metal nanoparticles form
highly conductive electrical paths for the electrons
through the amorphous carbon layer (Figure 2a) cover-
ing the nanotubes thus ensuring emission centers with
clean surface toward the vacuum.

Furthermore, according to Fuji et al.”” the electric
field of the bundle is significantly higher at the edge
than at the center when compared to the electric field

I.56

METHODS

First the CNTs were grown on Al coated silicon (Si) and Inconel
as described elsewhere.***” The grown CNTs were kept inside the
CVD chamber with aluminum (Al) sheet of thickness 150 um over
them and the temperature of the system was gradually increased
to 700 °C for 10 min and cooled gradually. Since the melting point
of Alis 660 °C, it got melted and the CNTs were decorated with Al
particles. As the sheet was kept over the array of CNTs, some of the
Al particles penetrate in between the CNTs in the array. This
process of annealing was done in the presence of Argon (Ar) at a
low flow rate. The schematic procedure for the fabrication of
metal decorated CNTs is shown in Figure 1c. The same procedure
was repeated for the deposition of Cu particles using Cu sheet to
obtain Cu decorated CNTs.

The surface morphologies were characterized using scanning
electron microscopy (SEM, FEI Quanta 400 ESEM FEG) and high
resolution transmission electron microscopy (HRTEM JEOL
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of the flat film which is constant all over the emitter
surface. In our samples, due to the metal decoration,
the emitter surface is no longer a flat film; instead they
are transformed into individual bundles since some of
the Al particles went in between the CNTs, thereby
increasing the number of edges. The CNTs at the
periphery of the bundle formed due to metal decora-
tion acted as a major emission sites. Thus, the excellent
field emission property of our emitters can also be
attributed to the edge effect.

In addition to the improved field emission -V
characteristics, better emission uniformity is observed
from the emission pattern of Al decorated CNTs
grown on both Si and Inconel, as shown in the inset of
Figure 4. This is because of the increase in the number
of available emitters and reduced screening effect.
Figure 4c shows the time trace of current density at
the fixed field of 0.15 V/um for Si grown CNTs and
0.25 V/um for Inconel grown CNTs, both decorated
with Al nanoparticles. It was found that there was
stable emission for more than an hour due to metal
decoration on the CNTs.

CONCLUSIONS

In conclusion, vertically aligned CNTs grown on Al
coated Si and Inconel substrates were decorated with
Al and Cu particles using a simple and scalable process.
The synthesized hybrid structures showed enhanced
field emission properties with ultralow turn on and
threshold voltages of 0.13 and 0.14 V/um respectively
measured for the Al decorated CNTs grown on Al
coated Si. Contact resistance also got reduced sub-
stantially in the metal decorated structures which
resulted in stable emission for a longer duration with-
out any current degradation. The excellent field emis-
sion properties of the metal decorated CNTs can be
attributed to the edge effect, reduced screening effect,
lower contact resistance, which may pave the road for
future devices that require substantially lower bias
than the currently existing ones.

v2100 F TEM). The content of Al and Cu particles is identified
using X-ray diffraction (Rigaku D/Max Ultima Il Powder XRD with a
Cu Ko source) and Raman spectroscopy (Renishaw in via Raman
microscope). The area of the sample used was 1 cm?. After the
deposition with metal particles; the sample was transferred to
a vacuum chamber with vacuum better than 2 x 107° Torr, for
field emission measurement. The silicon (Si) and Inconel sub-
strates with CNTs were used as the cathode and indium tin oxide
(ITO) coated glass plate as the anode. The cathode and anode
mounting stands were machine ground to ensure that they are
perfectly parallel. The distance between the cathode and the
anode (100 um) was adjusted using micrometer screw gauge
arrangement and a suitable DC voltage (up to 400 V) was
supplied using Keithley 2410 high voltage power supply. The
electron impedance spectroscopy (EIS) measurements were
performed using a two electrode setup with the CNT on the
substrate as the working electrode and lithium metal as the
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counter/reference electrode. In this, 1 M LiPF6 in 1:1 v/v mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC) are
used as the electrolyte and glass microfiber filter membrane as
the separator. The EIS measurements were conducted over
70 kHz to 10 mHz by applying a constant dc bias with sinusoidal
signal of 10 mV.
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