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Growth of dense CNT on the multilayer graphene

film by the microwave plasma enhanced chemical
vapor deposition technique and their field emission
propertiest

Atul Bisht,® S. Chockalingam,® O. S. Panwar,*®® A. K. Kesarwani,®® B. P. Singh®®
and V. N. Singh®®

Catalyst assisted carbon nanotubes (CNTs) were grown on multilayer graphene (MLG) on copper and silicon
substrates by the microwave plasma enhanced chemical vapor deposition technique. The transmission of
the MLG was found to vary between 82 to 91.8% with the increase of deposition time. Scanning electron
microscopy depicted that the MLG film survived at the deposition condition of CNTs with the
appearance of the damaged structure due to the plasma. Growth of CNTs was controlled by adjusting
the flow rates of methane gas. The density of carbon nanotubes was observed to increase with a higher
supply of methane gas. It was observed that the field emission properties were improved with the
increased density of CNTs on MLG. The lowest turn-on field was found to be 1.6 V um~* accompanied
with the highest current density of 2.8 mA cm™2 for the CNTs with the highest density. The findings
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1. Introduction

Graphene based films and carbon nanotubes have proved to
drastically affect the futuristic technology due to their excep-
tional electrical, optical, thermal, chemical and mechanical
properties. A hybrid nanomaterial comprised of both CNT and
graphene may provide significant technological advancement
in the areas of field emission, electrode materials, etc., due to
the exploitation of the axial and planar directional properties.*
Recently, assembling of 1D CNT and 2D graphene to fabricate
3D nanostructures are of significant interest in the field emis-
sion, supercapacitor, water treatment etc.>> The hybrid material
may be CNT rich or graphene rich depending on the amount of
individual allotrope. Earlier single step method to grow CNT
rich hybrid material has been reported.*” Nguyen et al.® have
synthesized CNT-graphene hybrid films on Ni by the low
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suggested that the field emission properties can be tuned by changing the density of CNTs.

vacuum annealing of cellulose acetate and showed that the
hybrid film exhibited the substantial improvement in the opto-
electrical and field emission properties compared to their
individual counterpart. CNT has already been proven as
a promising field emitter.*™* A large number of voids are pre-
sented in the CNT networks, which reduce the overall conduc-
tivity of the CNTs.” The thermal conductance of multi wall CNT
(MWCNT) is ~3000 W m ™~ K" which is reduced to ~20 Wm ™"
K~! or lowers in the mat and forest nanotube structure due to
the discontinuity in the homogeneous bottom contact of
CNTs.”” In the same way, the electrical conductivity is also
affected in the CNT mat or forest, deposited at any substrate.*?
The interconnection of the individual CNT (in the mat or forest)
by the MLG film may provide better electron transport for the
field emission application. Although there are chemical
methods to synthesize graphene-CNT hybrid film, but these are
not suitable as field emitter."* Synthesis of hybrid material on
the metallic substrate provides the better electron transport,
enhanced the bonding between the substrate and film, which
resolved the peeling off problem during field emission. The
stability of combination as well as the conduction of internal
electrons in graphene-CNT is better than other composite due
to the isomeric similarity between the CNT and graphene." Kim
et al.* have reported out of plane growth of CNTs on graphene
assisted by the Ni nanoparticle and found an application for the
supercapacitor.

Among the various methods used for the graphene synthesis,
chemical vapor deposition (CVD) has proved to synchronize
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graphene from the lab scale to industrial processes.**'®
Currently CVD technique used temperature of ~1000 °C to
synthesize graphene on copper. In this scenario, the game
changing breakthrough may be the synthesis of graphene at low
temperature with the reduced time of synthesis. Plasma
enhanced CVD (PECVD) is considered as a promising technique
to synthesize graphene based film at low temperature with the
rapid growth due to the presence of a rich chemical environ-
ment consisting of radicals, molecules, ions."”*® The plasma
also induced breaking of the precursor hydrocarbon and
a detachment of hydrogen at low temperature. Although the
quality of CVD grown graphene is very high, at the same time
PECVD grown graphene based film may find application in
various fields. The electrical property of the PECVD grown gra-
phene based film is inferior to other graphene based film which
prohibited their use in electronic applications.’® Microwave
PECVD is a versatile technique by which various carbon based
nanostructures e.g., nanodiamond, carbon nanotubes, gra-
phene (vertical or horizontal) can be grown by changing the
various deposition parameters as the deposition substrate,
precursor, deposition pressure, temperature etc.>*>* Although
there have been reports of SiC assisted, single step growth of the
tubular grievance cone-CNT hybrid, the deposition time is quite
high for the whole process.”* In such process, the edge of gra-
phene based structure, e.g., onion-like and bowl-like acts as an
incorporation site for the carbon adatoms. The single step
process is versatile as the precursor SiC can be grown on any
substrate and is free from the metal catalyst, which is not
possible for the two step process. In a two step process, the
density of CNTs can be controlled by controlling the catalyst
nanoparticles.

Additionally, due to the m-7 interaction between the two
allotropes, CNT and graphene, low contact resistance provides
the hybrid material as a promising material for field emitter.>
Das et al.*® have also measured the field emission properties of
the self-organized hybrid film with MLG consisting of ~40
layers and studied their field emission properties with bending.
The transmittance and field emission properties of the hybrid
films can be tailored by altering the CNT density.

In this work, we have synthesized MLG-CNT hybrid films by
a two-step method on copper and Si substrate and studied their
field emission properties. Raman spectroscopy, optical image
and scanning electron microscopy (SEM) are performed to
confirm the growth of the CNT-MLG hybrid on copper and Si
substrate. The appearance of transferred MLG film on the Si
wafer with the post CNT deposition confirms that the graphene
has not been etched during the CNT deposition due to its
multilayer structure and short deposition time.

2. Experimental details

The MLG film was grown on the commercially available Cu foil
of 50 um thickness with a purity of 99.999% by the MW PECVD
technique. The deposition temperature was ~700 °C and the
deposition pressure was 5.5 x 10”2 Torr. We have used 1200 W
microwave power in all the depositions and optimized the re-
flected power which is the same for all the depositions, using
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the stub tuners in our microwave system. In our system
configuration, at low microwave power we have found that it is
difficult to sustain the plasma at very low pressure and high
pressure, so, we have used full microwave power and the power
has been the same in all the depositions. The foil was cleaned
with the isopropanol and acetone and before depositing the
film, the foil was treated for 5 minutes by Ar + H, plasma to
remove the remaining native oxide of Cu before depositing the
film. The deposition time was varied from 30 s to 2 min. C,H,
gas was used as a carbon precursor. Before injecting C,H, gas,
the plasma was stabilized with the help of Ar and H, gas. The
gas flow rate of C,H,, Ar and H, during MLG growth was 5, 20
and 20 sccm, respectively. After the growth, the temperature was
cooled naturally to room temperature. The synthesized MLG
film was transferred to the Si wafer. Copper was etched chem-
ically by FeCl; without a coating of poly methyl methacrylate
(PMMA). We have used 1 M FeCl; solution for copper etching.
The MLG film was lifted from the FeCl; solution and treated
with the deionized water twice before transferring to the wafer.
Due to the multilayer, graphene sustained the transferred
process, whereas, the single layer graphene is too fragile that it
cannot be transferred without the PMMA coating.

Further to grow CNT, the MLG film transferred to the Si
wafer and MLG film grown on copper was loaded into the
thermal evaporation system. A thin film of nickel (~10 nm) was
grown on MLG film, both on the Si wafer and copper substrate.
Further, the substrates with the Ni film and MLG were loaded to
the MW PECVD system. The thin Ni film was converted to Ni
nanoparticle by the heat treatment, while the stresses were
caused by the thermal expansion during deposition. We have
not given any separate treatment to form Ni nanoparticle. The
nanoparticles have been formed by the heat treatment, which
we have used during the deposition. The CNT was grown on the
MLG film with the help of Ni nanoparticle at a high pressure of
~20 Torr and 600 °C. The gas flow rate of Ar and H, was fixed to
20 and 50 sccm, respectively, in all the deposition for CNT
synthesis. The flow rate of methane for CNTs deposition was
kept as 10, 20 and 30 sccm. The deposition time for the CNTs
growth was 5 min. Due to the plasma treatment at high
temperature, the MLG film was changed to the wrinkled MLG.
The schematic of the growth process is shown in Fig. 1.

The MLG film and CNT grown on the MLG films were
characterized by the Raman spectroscopy, ultraviolet-visible
(UV) spectroscopy, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The Ni nanoparticles
were characterized by the SEM and the particle distribution size
was calculated by the Image J software. The structure and
bonding information of the samples were studied by the Raman
spectroscopy (Renishaw, micro-Raman model in Via Reflex)
with 514 nm laser excitation at room temperature. The trans-
mission of MLG film was measured on corning glass by UV-
visible spectrometer (Shimadzu UV-3101). The morphology
and microstructure of the samples were examined by the
scanning electron microscope (JEOL-JSM-7100F). The field
emission measurements were carried out with a diode config-
uration using an indigenously developed field emission
measurement setup. The CNT on the MLG film on copper

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Schematic diagram of the CNTs film growth on the MLG film.

substrate was used as a cathode and indium tin oxide (ITO)
coated glass acted as an anode. The field emission measure-
ments were carried out with the help of Keithley 2410 source
meter through an IEEE card. The separation between the anode
and cathode is defined by the PTFE spacer of thickness 150 um
and the overlap area between the plate anode and cathode was
kept ~0.196 cm®. The current-voltage (I-V) characteristics were
studied at room temperature under a vacuum ~3 x 107 Torr.
These measurements were fairly repeatable and reproducible
on the same sample at different locations. The emission current
density (/) was calculated by dividing the emission current (I) by
the area of the cathode which is defined by the area of the hole
in the spacer. The electric field (E) was defined by the voltage
drop across the vacuum gap.

3. Results and discussions
3.1 Surface morphology

Fig. 2 shows the optical image of the MLG film grown on the
copper substrate. The optical image of the MLG film on copper

Fig. 2 Copper foil with the MLG grown by the MW PECVD technique
at low pressure.

This journal is © The Royal Society of Chemistry 2015

for etching in FeCl; solution and subsequently transferred to
the DI water is also shown in Fig. 3. Fig. 4(a) shows the MLG film
transferred to the Si wafer, during deposition at high tempera-
ture and in the presence of plasma, which revealed that the
MLG film is sustained during the deposition process. The
optical images of the CNT grown on the copper and Si substrate
are also visible as the black appearance as shown in Fig. 4(b)
and (c), respectively. This black appearance shows the growth of
the dense CNTs on graphene. As the nanoparticles have not
been grown throughout the MLG film on Cu, so the dense CNTs
are appearing only in the region where Ni nanoparticles were
grown. The appearance of the MLG film along with CNT on Si
wafer shown in Fig. 4(b) and (c), confirms that the deposition
conditions used did not etch the MLG film.

Fig. 5(a) shows the SEM micrograph of MLG transferred to
a Si wafer before being inserted into the plasma. The MLG and
Si wafer are visible individually in the SEM micrograph. It is
clear from the Fig. 5(b) that the plasma treatment has damaged
the MLG film, but not etched the film completely. Fig. 6(a)
depicts the nanoparticles of Ni obtained by annealing the thin
nickel film. The particle size distribution of the nanoparticles
has been calculated by the freely available Image J software. The
maximum probable radius of the nanoparticles is within the
range up to 10 nm as shown in Fig. 7. The radius statistics of the
nanoparticles is shown in Fig. 7. Fig. 6(b)-(d) show the SEM
micrographs of the CNTs grown on the MLG film at different
methane flow rates of 10, 20 and 30 sccm, respectively. At the
higher magnification in SEM, the simultaneous imaging of the
graphene step and the CNT film was not possible, so the indi-
vidual images of the MLG film and CNTs film are shown in
Fig. 5 and 6(b)-(d). Graphene/graphite sheets can sustain high
temperature in an inert environment and help to suppress the
agglomeration of the Ni nanoparticle.”” At high temperature of
~800 °C, graphene can be etched away to give etched pits, due
to the hydrogenation in the presence of Ni (Ninanoparticte t
Cgraphene + 2H, = Nipanoparticle + CHa), s0 the CNTs have been
grown at low temperature of 600 °C.>® The deposition process of
CNTs has not totally etched away the graphene as shown in the
SEM micrographs of the hybrid film after the CNT deposition
and the optical image of the MLG on silicon wafer during
deposition. This may be due to the low deposition temperature
process, multi-layer structure of graphene and short time

RSC Adv., 2015, 5, 90111-90120 | 90113
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Fig. 3 (a) MLG film on copper in FeCls solution for etching, (b) MLG film floating in FeCls solution after copper etching and (c) MLG film

transferred to the DI water.

deposition. However, the etched pits and lines which are
appearing in the SEM images after the growth as shown in
Fig. 5(b) may be due to the plasma effect. Fig. 6(b)-(d) show the
SEM micrographs of CNTs films deposited on MLG at different
CH, gas flow rates. All the micrographs are showing tangles,
spaghetti-like CNT network. CNTs are densely packed and
uniformly coated due to the high density of the Ni nano-
particles. The density of CNTs is changing with the change of
methane flow rate from 10 to 30 sccm. The deposition time has
been fixed for 5 min. For all the samples, CNTs have been grown
with a lower density at the lowest methane flow rate (10 sccm).
Along with the CNTs, Ni nanoparticles are also appearing in
Fig. 6(b). The nanoparticles have been encircled with the dotted
lines in Fig. 6(b). The density of CNTs is enhanced with the
increased carbon feedstock i.e., with an increasing methane gas
flow rates as depicted in Fig. 6(c and d). The inset in Fig. 6(d) is
showing the side-view image of the film. The height of CNTs
appears to be ~400 nm from the inset shown in Fig. 6(d). For
the catalyst shaping to grow CNTs catalytically, the substrate
material should have a low surface energy and should not be
contaminated with the catalyst nanoparticle.* On this view,
graphene is a perfect substrate due to its low surface energy and
high thermal stability.” Recently, such a two-step process for
the growth of CNT-graphene hybrid films has drawn much
interest. Lee et al.*® have also fabricated Fe nanoparticle, which

Fig. 5 SEM micrographs of the MLG film transferred to the Si wafer (a)
before deposition and (b) after being treated at high temperature in the
plasma during deposition.

promoted CNT in the graphene oxide film at 600 °C by the
PECVD technique. Dong et al.*® have synthesized the hybrid
material by decorating Cu foil by the silicon nanoparticle and
observed simultaneous growth of graphene on the foil with
CNTs on silicon nanoparticles, but they have to grow as uniform
and continuous CNT network.

For the TEM, the graphene and CNTs have been transferred
to the carbon coated copper grid by etching the substrate in
FeCl; solution. Fig. 8(a and b) shows the TEM of the MLG sheet
and the CNTs. The MLG film is showing the crumpled structure
due to the transfer process. The thick sheet appearing in the
TEM micrograph is confirming the multilayer structure. The

B  — ———

Fig. 4 (a) MLG on copper and silicon substrates during CNT deposition, (b) CNT on MLG film directly on copper and (c) CNT on transferred MLG

film on Si wafer.
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Fig.6 SEM micrographs of (a) Ni nanoparticle and CNTs grown on the MLG film at different flow rates of methane of (b) 10 sccm, (c) 20 sccm and

(d) 30 sccm (inset showing side-view SEM).

Particle count

0 10 20 30 40 50 60 70 80
Radius (nm)

Fig. 7 Particle size distribution of Ni nanoparticles calculated by the
Image J software.

high resolution TEM image of the CNTs is shown in Fig. 8(c).
The graphitic edge of CNTs with the interlayer distance of 0.34
nm is clearly visible in Fig. 8(c). The diameter of CNT is found to
be ~10 nm from the HRTEM image of the CNTs. Fig. 8(d) shows
the HRTEM image of one side of CNT and the interplaner
spacing has been calculated by the software provided by the
Gaten microscopy, confirming the interplaner spacing of 0.34
nm.

3.2 Growth mechanism

The growth of graphene in the PECVD technique is a competi-
tive process in which there is a competition between the growth
by the carbon radicals and etching of amorphous or disordered
carbon by the atomic hydrogen.' Kalita et al.'” have proposed
that during the growth of graphene in the PECVD technique,
carbon radicals present in the plasma are continuously absor-
bed on the Cu surface and bind together in the sp® bonded
graphene film by the diffusion process. In contrast to the Ni and

This journal is © The Royal Society of Chemistry 2015

Co, the temperature required to dissolve carbon on the Cu
lattice is very high ~2700 °C. This temperature is very high
compared to the maximum temperature needed for the growth
of graphene on Cu at ~1000 °C. Cu has the lowest carbon
affinity to form a carbide phase (0.001-0.008% wt at 1084 °C).**
The absorption-decomposition mechanism is responsible for
the graphene growth on Cu lattice rather than the dissolution—-
precipitation mechanism in the Ni and Co metal.** Cu is an
important substrate for a single layer graphene deposition by
the CVD technique as copper acts as a catalyst for the hydro-
carbon dissociation. The MLG growth is possible in the plasma
based technique as the carbon radicals are generated by the
plasma and have no much effect of the substrate. The carbon
radicals with hydrogen detachment induced by the microwave
plasma formed sp> carbon film on the copper substrate.'” The
low temperature growth of MLG even at 240 °C is possible in the
plasma based techniques as carbon atoms or radicals are
supplied by the plasma, and there is not much effect of the
substrate.’” The Ar assisted smooth, uniform plasma and high
carbon radical density induced by the microwave provides MW-
PECVD as a rapid growth process. Due to the initial low mass
thickness, the as deposited Ni thin film is deposited in the form
of discontinuous islands. The discontinuous Ni island film
contains particles with the high surface coverage in the form of
the particles of irregular shape. In the annealing step during the
deposition, the discontinuous irregular islands transform into
the regular spherical shape nanoparticle with the low surface
coverage.®® Catalyst nanoparticles with a diameter of several
tens of nanometers are critical to grow CNTs. The particle size
distribution has been given in Fig. 7, which gives the radius of
nanoparticles, not the diameter of nanoparticles. The diameter
of CNTs depends upon the size of catalyst nanoparticle and
below a critical size single CNT is grown on the single nano-
particle. At the same time, several CNTs can grow on the catalyst
nanoparticle with the larger size.** The statement in the
manuscript does not reflect that most of the Ni nanoparticles do

RSC Adv., 2015, 5, 90111-90120 | 90115
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Fig. 8 TEM micrographs of (a) MLG film, (b) CNTs, (c) HRTEM image of CNT, (d) HRTEM image of graphitic planes of one side of CNT and (e)
interplaner distance (0.34 nm) calculated by the Gaten microscopy software.

not participate in the growth of CNTs. The process is different
for the small catalyst nanoparticle (<20 nm), large nanoparticle
(>100 nm) and intermediate nanoparticle. For the small catalyst
nanoparticle (<20 nm), surface diffusion of carbon atoms
dominates due to the large surface area to volume ratio, for the
larger catalyst particle (>100 nm) bulk diffusion dominates and
for the intermediate nanoparticles (between 20 to 100 nm) both
the processes may occur.®® Transition metal acts as a catalyst for
the CNT growth by the vapor-solid interaction process. Instead
of the smooth and continuous film, catalyst metals in the form
of nanoparticles are necessary for the CNT growth.*® The
hydrocarbon precursor, radicals, ions, etc., in the plasma
adsorbed on the catalytic nanoparticle surface, released carbon
which diffuses and dissolves into the catalyst nanoparticles.
After reaching the supersaturating state, the dissolved carbon
atoms precipitate out of the catalyst nanoparticles in the form
of tubular carbon nanotubes.*®

The microwave energy is consumed in H, vibrational mode,
translation-rotation mode of heavy species and activation of
chemical process due to the interaction of electrons to heavy
species.”” At lower microwave power densities, molecular
hydrogen is not dissociated efficiently. At high microwave
power, the concentration of atomic hydrogen [H] and H energy
increases to a much higher value. The increase of atomic
hydrogen density enhances the hydrocarbon dissociation via
the successive dehydrogenation process. Under these condi-
tions, the high energetic atomic hydrogen immediately etches
the defects away and saturates the surface for further bonding.*®
At the same time, other surfaces are activated and bond with
other species from the plasma.®® There is a competitive
phenomenon between these two processes, namely etching and

90116 | RSC Adv., 2015, 5, 90111-90120

deposition. The atomic hydrogen is also responsible for the sp?
bonded carbon atoms which in turn etch the graphene film.
This is clear from the SEM micrograph in Fig. 5(b) that gra-
phene film has been etched away in some region. As we have
used MLG, so the graphene is sustained after interaction with
the atomic hydrogen.

3.3 Raman spectroscopy

Fig. 9 shows the Raman spectra of MLG film on the copper
deposited for different times. All the samples show a disorder
induced D band at around 1350 cm ™" due to the phonon scat-
tering at the defective site and impurities. The D band is
generally absent or weak in the graphite or high quality gra-
phene. The G band with a peak position varying from ~1590 to
1600 cm ™' originates due to the E, in plane vibration of the sp?
carbon atoms. A second order 2D band occurs with the position
varying from 2690 to 2697.9 cm~" and D + G band occurs at
~2940 cm ™. The difference between the Raman spectra of MLG
and graphite is the shape of the 2D band. In the MLG, the 2D
band is symmetric, whereas, in the graphite the 2D band is non-
symmetric with a shoulder appearing in the left. The D peak is
prominent in all the samples which may be correlated to the
non-coalescence of the graphene domains as D band is associ-
ated with the edge defects and the direct exposer to the plasma
also affects adversely the graphene film.*® The quality of Cu
substrate also affects the graphene film growth as it is prefer-
ably a defect free and smooth Cu substrate, which is achieved in
multi-steps e.g. electroplating, annealing, etc. This may also be
the reason for the prominent D peak as the MLG film is grown
in a single step. Such type of Raman spectra with the prominent
D peak is an important spectral feature of the graphene film

This journal is © The Royal Society of Chemistry 2015
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Fig. 9 Raman spectra of the MLG film grown on copper for different deposition times of (a) 30 s, (b) 60 s, (c) 90 s and (d) 120 s.

grown by the PECVD technique at low temperature.*® The high
amount of defect density in the PECVD grown graphene is due
to the energetic particle from the plasma interacting with the
growing graphene surface.> To remove this problem, a certain
distance is maintained between the plasma and the deposition
stage.”® The I/I; ratio has been found to be 1.9, 2.0, 1.7 and 1.3
for the sample deposited at different times, respectively. The
number of graphene layers can be calculated from the intensity
ratio of 2D and G band. The I,p/I ratio is varying from 0.70 to
0.45 with the increase of deposition time from 30 s to 2 min. D +
G band is also due to the defects in sp® sites and graphene
domain edge in the MLG film."” The /I ratio is showing that
the numbers of layers are varying in the range of 6-10. Panwar
et al** have reported graphene by the filtered cathodic
vacuum arc technique using a solid source with I,p/Is ratio
varying between 0.42 to 0.47 by annealing the amorphous
carbon film of 3-6 nm thick at 750 °C and calculated the
number of layers as 4-5. Origin of the similar D + G band is
a feature of the Raman spectra of MLG film deposited by the
plasma based techniques.'”*! Although high intensity of D peak
shows that the quality of graphene film is not so good compared
to the CVD grown graphene but Kim et al.** have demonstrated
that the capacitive touch panel can be realized with similar
graphene film. Fig. 10 depicts the Raman spectroscopy of CNT
grown on MLG film on copper substrate deposited with CH, gas
flow rate of 20 sccm. The D, G and 2D peak have positions at
1346, 1603 and 2693.5 cm ™', respectively. The L/l ratio has

This journal is © The Royal Society of Chemistry 2015

significantly decreased to 0.26 for the CNTs grown on the MLG
with CH, gas flow rate of 20 sccm.

3.4 UV-visible spectroscopy

For the transmission measurement, the MLG films have been
transferred to the corning glass. Fig. 11 shows the trans-
mittance of MLG on glass substrate in the wavelength range of
300-800 nm. The transmittance (measured at 550 nm) is varying
from 82 to 91.8% with the increase of the deposition time. The

Intensity (a.u.)

1000 1500 2000 2500 3000
Wave number (cm™)

Fig. 10 Raman spectra of CNTs on MLG film deposited with CH,4 gas
flow rate of 20 sccm.

RSC Adv., 2015, 5, 90111-90120 | 90117


http://dx.doi.org/10.1039/c5ra16917h

Published on 21 October 2015. Downloaded by Indian Institute of Technology New Delhi on 09/05/2016 16:04:19.

RSC Advances

100

3 8
4 reonm

120s

Transmittance (%)

400 600 800 1000
Wavelength (nm)

Fig. 11 Transmittance of MLG film deposited at different times,
transferred to the glass substrate.

transmittance is correlated to the Raman results which confirm
the MLG film.

Optical reflectance can be neglected for few layer graphene.*
Li et al.** have found the application of the CNT/graphene
composite film as transparent electrode and found high trans-
mittance (70-90%) in the wavelength range >500 nm with
a strong UV absorption (centered at 250 nm) due to the 7
plasmon absorption by CNTs. Due to the high density of CNTs
in this work, the film cannot be used as a transparent electrode.
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3.5 Field emission

The Fowler-Nordheim (F-N) theory is the well-known model to
explain field emission from the metal surface and is also
applicable to study the field emission behavior of carbon based
nanomaterial. The field emission is governed by the Fowler-
Nordheim (F-N) equation.*

A(BE)* — B2
s I

where J is the emission current density, @ is the barrier height
(taken as the work function), E is the applied electric field, 8 is
the field enhancement factor and A and B are constants and
have the values of 1.54 x 10°® A V? and 6.83 x 10° V. m™"
eV 22, respectively.

Fig. 12 shows the J-E curves of the CNT-MLG films deposited
at different methane gas flow rates of (a) 10 sccm, (b) 20 sccm
and (c) 30 sccm, respectively. The inset in Fig. 12(a) shows the
schematic of the field emission set up. The field emission
measurements have been measured directly on the CNT-MLG
film on a copper substrate. The individual MLG has not shown
field emission, neither on copper nor on silicon substrate. The
turn-on field is defined as the field at which the current density
has approached to 10 pA cm 2 The turn-on field has been
found to vary from 5 to 1.6 V um ™ with increasing the methane
gas flow rates. The maximum current density has been found to
be 1.5, 2.5 and 2.8 mA cm ™ at methane gas flow rates of 10, 20

J
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Fig. 12 J-E plots for the CNT-MLG film deposited at different methane gas flow rates of (a) 10 sccm, (b) 20 sccm, (c) 30 sccm and (d) their F=N

plots.
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and 30 sccm, respectively. There are two barriers in the whole
process: (i) barrier between the CNT-MLG film and the
substrate and (ii) barrier between the CNT-MLG film and the
vacuum. Since we have measured the field emission properties
directly on Cu substrate, which have good electrical conduc-
tivity, so the barrier between the film and the substrate is ex-
pected to be negligible in the whole process. The F-N plot
between In(J//E*) and 1/E is shown in Fig. 12(d). The linear
behaviors of the F-N plots have confirmed that the emission
process is due to the electron tunneling through the triangular
barrier, confirming that the J-E characteristics follow the F-N
relation. The slopes of these plots give the effective emission
barriers @, if we assume an ideal plane emitter with a field
enhancement factor 8 of 1. The values of @ calculated for the
carbon based films were =0.1 eV.**** These values are obviously
quite low and the true barrier may be quite large.*® The field
enhancement factor (8) has been calculated from the slope of
the straight line in the F-N plot. The work function of the CNT-
MLG film has been considered as the individual work function
of CNT and graphene (~5 eV). The value of 8 has been found to
be 800, 1500 and 5540, respectively, for the sample deposited at
different gas flow rates. The image of the phosphor screen
during the field emission for the sample deposited using 30
sccm methane gas flow rate is shown in Fig. 13, which reveals
that the field emission is uniform.

The field emission properties of the hybrid can be tuned
significantly by varying the CNTs density. The field enhance-
ment factor plays an important role in the field emission as it is
directly proportional to the local field generated. The value of
6 depends only on the structure of the film. From the SEM
micrographs, it is clear that the density of CNTs is increasing
with the increase of methane gas flow rates, so the value of  is
increasing accordingly.

The CNTs network acts as a matrix with the conductive
channel, at the same time the MLG acts as an interconnector for
the CNTs to enhance the overall electron transport. Nguyen

Fig. 13 Image of the phosphor screen during field emission for the
sample deposited using 30 sccm methane gas flow rate.

This journal is © The Royal Society of Chemistry 2015
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et al.*® have measured the field emission properties of the
hybrid film and the turn-on field has been found to vary from 10
to 2.9 V um ' with varying the density of the CNTs on the gra-
phene. Nguyen et al.*” further studied field emission properties
of reduced graphene oxide (rGO)-CNT hybrid film with varying
CNT density and found the lowest turn on field of ~2.82 V
pum™ . Nguyen et al.*® have demonstrated that the hybrid film by
the low vacuum annealing of cellulose acetate on the nickel
show field emission with turn on field of 2.12 V pm™*. The
strong physicochemical interaction of graphene interfacial layer
with Cu substrate has contributed the low turn on field. Deng
et al.*® have deposited catalyst free graphene flakes on the CNT
and studied their field emission properties with the lowest turn
on field of 0.73 V um™". The field emission strongly depends
upon the geometric morphology of the emitter. The MLG layer
has an advantage of the fast current dissipation, which in turn
help to reduce the possibility of the loss of the emission sites
due to the Joule heating.*

4. Conclusion

We have demonstrated a two-step process for the unification of
MLG and CNTs on the copper and Si wafer by the MW PECVD
technique. MLG was grown on Cu substrate by the MW PECVD
technique at a low pressure and transferred to the Si wafer.
Optical image and SEM micrographs are confirming the trans-
mittance of the MLG film deposited at different times, which
has been found to vary from 82 to 91.8%. Ni nanoparticle
assisted CNTs were grown on the MLG both on the Cu and Si
substrates. The turn on field has been found to vary from 5 to
1.6 V um™'. The lowest turn-on field of 1.6 V um™' was
accompanied with the highest current density of 2.8 mA cm ™2
(at an electric field of 3.5 V um™") for the CNTs having the
highest density.
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