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est has been stimulated by graphene
due to its unique electrical properties,
such as its quantum Hall effect at room
temperature,>~* ambipolar electric field
effect,’ high charge mobility,> and transport
via relativistic Dirac fermions.%” Graphene has
been used to fabricate field effect transistors,®
gas sensors,” photodetectors,'® resonators,'’
and other devices. Recently, more and more
scientists are paying attention to graphene's
few-layer counterparts. Few-layer graphene
(FLG), named from its nature of 3—10 graph-
ite layers, has been extensively studied due
to its similar electrical properties to graphene
and because it is easy to fabricate.'*~'®
Up to now, several methods have been
used to prepare graphene, such as mechan-
ical exfoliation of highly oriented pyrolytic
graphite,' chemical exfoliation of graphite
on Si0,/Si,"®"” epitaxial growth on SiC,'®2°
oxidation and thermal expansion of graph-
ite?"?2 and chemical vapor deposition
(CVD) on metal catalysts.>>™2® However,
conventional CVD usually involves a catalyst
and carbonaceous gas, which make the gra-
phene grow rapidly and less controllably.

Since its discovery,” tremendous inter-

Here we report an approach to synthesizing
FLG on carbon nanotube arrays (CNTAs), Si
wafers, and diamond-like carbon (DLC) films
using radio frequency (rf) hydrogen plasma
sputtering deposition. FLGs grow extremely
slowly without the help of a catalyst and
carbonaceous gas. The growth of FLG is
discussed based on a defect nucleation
and diffusion growth mechanism.

There are few attempts of in situ growth
of graphene on carbon nanotubes (CNTs).
This novel graphene/CNT hybrid material
may find potential applications in high-
performance field emitters considering a
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The carbon nanotube (CNT) and graphene hybrid is an attractive candidate for field emission

(FE) because of its unique properties, such as high conductivity, large aspect ratio of CNT, and

numerous sharp edges of graphene. We report here a vapor—solid growth of few-layer

graphene (FLG, less than 10 layers) on CNTs (FLG/CNT) and Si wafers using a radio frequency

sputtering deposition system. Based on SEM, TEM,

and Raman spectrum analyses, a defect

nucleation mechanism of the FLG growth was proposed. The FE measurements indicate that

the FLG/CNT hybrids have low turn-on (0.956 V/x.m)

and threshold fields (1.497 V/um), large

field enhancement factor (~4398), and good stability. Excellent FE properties of the FLG/CNT

hybrids make them attractive candidates as high-performance field emitters.

KEYWORDS: few-layer graphene - multiwalled carbon nanotubes - hybrid

vapor—solid growth - field emission

synergistic effect of CNTs (high aspect ratio)
and graphene (numerous sharp edges). Here
we also report the FE properties of the FLG/
CNT hybrids, and this novel material has
much better FE performances than the as-
grown CNTAs, the FLG arrays grown on Si
wafers (FLGAs/Si), and the FLG arrays grown
on DLC films (FLGAs/DLC).

RESULTS AND DISCUSSION

Structural Characterization of FLG/CNTAs and
FLGAs/Si. In this paper, three types of sub-
strates, CNTAs, Si wafers, and DLC films, were
used in the same FLG growth conditions for
comparison. A radio frequency (13.56 MHz)
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Figure 1. SEM, TEM, and Raman characterizations of FLGs grown on CNTAs (FLG/CNTAs) and Si wafers (FLGAs/Si). (a) SEM side-
view image of the FLG/CNTASs. (b) SEM top-view image of the FLG/CNTAs. (c) Low-magnification TEM image of the FLG/CNTAs.
(d) High-resolution TEM image of the FLG/CNTAs showing a hybrid structure. (e) SEM top-view and side-view (inset) images of the
FLGASs/Si. (f) Typical low-magnification TEM image of the FLGAs/Si. (g) High-resolution TEM image of a curled up FLG edge with ~3
graphite layers (3L). (h) Raman spectra (633 nm laser wavelength) of the as-grown CNTAs, the FLG/CNTAs, and the FLGAs/Si. h,p
and hg are heights of the Raman 2D peak and G peak, respectively. Growth conditions: 300 W, 300 Pa, H, (2.5 sccm), 1000 K, 10 h.

sputtering system was employed to synthesize the
FLG. High-purity H, (99.999%) and a graphite plate
(99.5%) were respectively used as the sputtering gas
and the sputtering target. The distance between the
graphite target and the substrates was about 6 cm.
During the FLG growth, the rf power, the substrate
temperature, the H, gas flow, and the pressure were
fixed at 300 W, 1000 K, 2.5 sccm, and 300 Pa, respectively.

The morphology and structure of FLGs grown on
nanostructured CNTAs and planar Si wafers were
characterized by scanning electron microscope (SEM),
transmission electron microscope (TEM), and Raman
spectroscopy (633 nm), as shown in Figure 1. It could
be observed that sparsely distributed FLGs of 200—
300 nm in length and 100—150 nm in width are
deposited on the tips of CNTs (Figure 1a—c), which
are absent in the as-grown CNTAs; see Supporting
Information Figure S1a,b. Due to the densely packed
nature of the CNTAs, it is difficult for carbon atoms to
go down to the root of CNTs, so the density of FLGs
decreases rapidly from the top to the end of CNTs. The
FLGs on CNTs are well separated with sharp edges
unfolded outside, which weakens field screening during
FE and therefore ensures electron tunneling through
barriers.” Figure 1d is the high-resolution TEM image
of a FLG/CNT hybrid, showing that a FLG with 1-3
layers grows firmly against a CNT. The connection
between FLG and CNT is hard to observe in TEM when
the FLG is thin due to the distortion of FLG, but we did
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observe similar hybrids with thick FLGs, which present
clear atom arrangement at the joints (Supporting
Information Figure S2), suggesting that the FLG grows
on CNT by sharing carbon atoms rather than being
adhered to it. The FLGs grown on Si wafers at the same
experimental conditions are 400—500 nm in diameter
(inset of Figure 1e), with high density and good separation
(Figure 1e). In comparison, the FLGs grown on the CNTs
are smaller and sparser than those on the Si wafers.
Figure 1fis a low-magnification TEM image of FLGs grown
on Si wafers. Intrinsic morphologies such as corru-
gations and wrinkles are clearly observed in our FLGs.*®
Figure 1g presents a curled up FLG edge with ~3 graphite
layers, the full-view image of which is shown in the
Supporting Information, Figure S3. We would like to point
out that the layer number of most FLGs in our study is less
than 10 whether the substrate is a CNT array, a DLC film, or
a Si wafer. The interlayer spacing of FLGs, in most cases, is
larger than that of the typical bulk graphite (0.34 nm),
suggesting a reduction of the van der Waals interaction.

Figure 1h shows Raman spectra of the as-grown
CNTAs, the FLG/CNTAs, and the FLGASs/Si. For both
types of FLGs, a symmetric single 2D peak at around
2661 cm™ is observed, which stems from the second
order of the zone-boundary phonons and is closely
related to the layer number of graphene.? The height
ratio of the 2D peak and G peak, h,p/hg, has usually
being adopted to evaluate the FLG. A larger h,p/hg
ratio is in conformity with graphene of quite few
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Figure 2. SEM top-view images of 1 h FLG growth on (a) CNTAs, (b) Si wafers, and (c) DLC films. SEM top-view images of 5 hFLG
growth on (d) CNTASs, (e) Si wafers, and (f) DLC films. (g) Corresponding Raman spectra of FLGs grown on different substrates
within 1 and 5 h, respectively. Other growth conditions are 300 W, 300 Pa, H, (2.5 sccm), 1000 K. Scale bar: 500 nm.

layers.?® The h,p/hg ratio of the FLGAs/Si is around 1.67,
indicating that these FLGs are high-quality superthin
graphene. The h,p/hg ratio of the FLG/CNT hybrids is
only about 0.56, mainly due to the small amount of
FLGs in the CNTAs, but it is still much larger than the
ratio of the as-grown CNTAs (~0.14).

Morphological Evolution of FLG. In order to understand
the growth process of FLG, structures of samples with
different growth time were characterized by SEM and
Raman, as shown in Figure 2. After one hour of plasma
processing, it can be observed that the CNTAs (Figure 2a)
still look like their primary state (see Supporting Informa-
tion Figure S1b), but spot-like and needle-like nanostruc-
tures appear on the Si wafers (Figure 2b) and DLC films
(Figure 2c). The sizes of these nanostructures on DLC
films are larger than on Si wafers. After 5 h of growth,
small FLGs with the length of 50— 100 nm emerge at the
tips of CNTs (Figure 2b, marked by arrows). Meanwhile,
FLGs that are 100—200 nm in diameter are grown on Si
wafers, and FLGs of larger size (250—350 nm in diameter)
are observed on DLC films. The morphological evolution
of FLGs indicates that the nucleation and growth rate of
FLGs changes with the substrate. Figure 2g shows the
Raman spectra of FLGs grown on different substrates for
1 and 5 h. The h,p/hg ratios of the above three samples
are quite small (0.11—0.15) after an hour of growth, which
is mainly due to the small amount of FLGs. After 5 h, the
growth of the FLGs is confirmed by the large h,p/hg ratio
of 0.86 for FLGs grown on Si wafers and 1.11 for FLGs
grown on DLC films (the small h,p/hg ratio of the FLG/
CNTAs is due to the small amount of FLGs in the CNTAs).
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Nucleation and Growth Mechanism of FLG. Comparing
the above three types of substrates, CNTAs with in-
trinsic defects (see Raman spectrum shown in Figure 1j),
Si wafers with perfect surfaces, and DLC films with
defective surfaces,*® we conjecture that the FLG nu-
cleation is defect guided. Figure 3a—g are the sche-
matic diagrams of the defect nucleation and growth
mechanism of FLG. For CNTAs (Figure 3a,b), sputtering
and hydrogen etching defects and intrinsic growing
defects are believed to be the initial positions for FLG
growth. On flawless Si wafers (Figure 3c—e), the FLG
nucleation starts with a deposition of a thin defective
carbon layer that can be detected by the Raman
spectrum, in which a carbon-related D peak and G
peak® are observed after an hour of FLG growth
(Figure 2g). Then, the point defects or small-scale
defects in this defective carbon layer grow by absorb-
ing activated carbon atoms, for example, by forming
large-scale linear defects. For FLG grown on DLC films
(Figure 3f,g), the carbon layer growth is accelerated for
the abundant defects in DLC. So we conjecture that, for
FLGs grown on planar substrates, the relatively slower
growth of FLGs on Si wafers than on DLC films is due to
the FLG nucleation on the former being postponed.
While for FLGs grown on CNTs the nanostructured
morphology of CNTs greatly hinders the defect growth,
especially in the hydrogen etching ambient, small-
scale defects are more likely to be etched away.

According to previous investigations on vertically
aligned carbon nanosheets (CNSs),>' * sputtered car-
bon atoms arrive at the CNS and serve as activated
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carbon atoms. These activated carbon atoms diffuse on
the surface of the CNS and form covalent bonds at the
edge before they are re-evaporated. A long enough
surface diffusion length of the carbon atom (14, the
average distance that a carbon atom can migrate along
a flawless graphene surface before being re-evaporated)
is essential for the growth of thin CNSs.3>* The A4 in
our growth conditions (1000 K) is about 3.2 um,*' >3
far larger than the diameter of FLGs (less than 500 nm),
which means that the activated carbon atoms can
migrate to the edges of FLGs and form covalent bonds
before being re-evaporated; that is, the FLGs grow in a
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Figure 3. FLG nucleation and atom diffusion. Schematics of
(a) as-grown CNTAs with intrinsic defects, (b) defect growth
on CNTs, (c) Si wafer with flawless surface, (d) point defects
formed on the Si wafer, (e) defect grows on the Si wafer, (f) as-
grown DLC film with a great amount of nanoscale defects, and
(g) defect growth on the DLC film. Schematics of activated
carbon atom diffusion on graphene in (h) ideal conditions and
(i) actual conditions; A and B in (i) correspond to atom—atom
collision and atom—defect interaction, respectively.

two-dimensional (2D) way. However, the situation where
a carbon atom diffuses on a flawless graphene (Figure 3h)
does not exist. There are many carbon atoms that diffuse
on the FLG surface at the same time and atomic collisions
occur frequently (Figure 3i, labeled by A). Atom—atom
collision greatly increases the actual surface diffusion
length (1,4) on the FLG surface. This prolonged diffusion
makes the activated carbon atoms more likely to be
captured by defects which already exist on the FLG
surface (Figure 3i, labeled by B), resulting in the increase
of the FLG thickness. We should emphasize that the
above discussions about carbon atom diffusion is more
a conjecture based on SEM and Raman rather than in situ
observations; we still cannot figure out the exact diffusion
process, which needs to be further understood.

Itis hard to measure the exact carbon concentration
(Co) in the sputtering system; alternatively, we can
measure the deposition rate of carbon using a MDC-
360 oscillation quartz crystal film thickness monitor
(MAXTEK, Inc.). The deposition rate of the carbon film is
just 7.9 nm/h at room temperature (the thickness
monitor can work only at room temperature), which
is quite small. The actual deposition rate should be
even smaller considering the higher re-evaporation
rate of carbon atoms at high temperatures (~1000 K).
This small deposition rate means an extremely low C.in
the sputtering chamber and is beneficial to the growth
of superthin FLGs according to our above discussions.

Application to Field Emission. The FE properties of FLG
hybrids synthesized in the same growth conditions
were measured using a diode setup at room tempera-
ture (see Methods). Figure 4a plots the emission cur-
rent density (J) of the as-grown CNTAs, the FLG/CNTASs,
the FLGASs/Si, and the FLGAs/DLC (the SEM top view
image of FLGAs/DLC is shown in the Supporting Infor-
mation Figure S4) as a function of the applied field (E),
i.e.,, J—E curves. It is found that the turn-on electric field
(Eon, 0.956 V/um at 10 uA/cm?) and threshold field (Ey,
1497 V/um at 10 mA/cm?) of the FLG/CNTAs are
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Figure 4. Field emission properties of the as-grown CNTAs, the FLG/CNTAs, the FLGAs/Si, and the FLGAs/DLC. (a) Plots of
emission current density (J) as a function of applied filed (E), and the inset is the corresponding F—N plots given in terms of
In(J/E?) and 1/E. (b) Stability of the products displayed in terms of J versus time. E: applied field in stability test, J,,: mean
emission current density, Jq,op: €mission current degradation, “—" for current degradation and “+” for current increase.
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TABLE 1. Field Emission Results of the As-Grown CNTAs,
the FLG/CNTAs, the FLGASs/Si, and the FLGAs/DLC

turn-on electric  threshold work field enhancement
sample field (V/um) field (V/um) function (eV) factor
as-grown CNTAs 1.150 1.787 4.89 3892
FLG/CNTAs 0.956 1.497 4.67 4398
FLGAs/Si 2.525 4.64 1761
FLGAs/DLC 2.690 4.63 1691

significantly lower than those of the as-grown CNTAs
(Eon, 1.150 V/um; Ey,, 1.787 V/um), the FLGAS/Si (Eon,
2.525V/um), and the FLGAs/DLC (E,p, 2.690 V/um). The
results are listed in Table 1. It is worth noticing that the
Eon of the FLG/CNTAs is lower than some other low-
dimensional materials, such as single-layer graphene
films,* single-crystalline boron nanowire arrays*® and
single-crystalline Sb,Se; nanowires>®” Replotting of the
data as In(J/E?) versus 1/E, as shown in the inset of
Figure 4a, indicates F—N-type FE behavior.® The work
function (®) of the emitters was measured using a
photoelectron spectrometer. The work functions of the
FLG/CNTAs, the FLGAs/Si, and the FLGAs/DLC (4.67, 4.64,
and 4.63 eV, respectively) are smaller than that of the as-
grown CNTAs (4.89 eV), which may be due to the
ascended Fermi level induced by the increased state
density of defects during the long-time H plasma
processing.>® With the ® and the constant F—N slope in
the low-current region, as shown in Table 1, the geometric
field enhancement factor () of the FLG/CNT hybrids is
determined to be ~4398, which is larger than those of the
as-grown CNTAs (~3892), the FLGAs/Si (~1761), and the
FLGAs/DLC (~1691). 3 is closely related to the morphol-
ogies of emitters; larger S means larger local electric fields
(Etocs Etoc = BEappi Eappi is the electric field applied between
the anode and the emitters) at emitter tips and is
beneficial to the electron emission. The excellent FE
properties of the FLG/CNTAs should be attributed to the
increase of effective emission sites, the large aspect ratio
of the CNT, and the decrease in work function. The 5 of
FLG/CNTAs is far larger than that of the FLG arrays grown
on planar substrates, suggesting that the CNT here plays a
role more than a substrate but can improve the FE of the
FLGs, also. Furthermore, we consider that the FE proper-
ties of FLGAs/Si being better than those of FLGAs/DLC can
be ascribed to the insulating nature of the DLC films,
which restricts electron transfer from the substrate to the
FLG emitters.

The stability of FE devices is quite important in
applications. We tested the FE stability behavior of
the FLG/CNTAs and the as-grown CNTAs at around

METHODS

CNT Fabrication. CNTAs were grown by thermal CVD (CyH, as
the carbon feedstock) on single-crystal n-Si (100) wafers. First,
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10 mA/cm? for 10 h. The largest emission current
densities of FLGAs/Si and FLGAs/DLC are far less than
10 mA/cm?, so we tested their stability behavior at
around 1—2 mA/cm? for 10 h. The results are shown in
Figure 4b. We employ Jy.op (J degradation during the
testing time, calculated by Usrst — Jiast)/Jmi Jfirstr Jasts
and J,,,, are the first, the last, and the mean emission
current density, respectively) to evaluate the stability
behavior of these nanoarrays. The FLG/CNTAS (Jgrop,
—0.397%), the FLGAS/Si Ugrop +3.087%), and the
FLGAS/DLC (Jgrop, +2.184%) show better FE stability
than the as-grown CNTAS (Jyop, — 18.388%, “—" for current
degradation and “+" for current increase). The excellent FE
stability of FLG/CNTAs is better than or comparable to
some validated good field emitters reported previously,
such as the camphor-grown CNTAs, the J of which drops
~5% in one week at an initial J of 1 mA/cm?* and the
thermal oxidation processed CNTAs, showing a current
degradation of ~10% in 12 h with a high initial J of
316 mA/cm>*' For CNTAs, some protruded CNTs will
suffer from an excessive electron emission because of less
field-screening,”” and these CNTs are more likely to be
burned off by Joule heat during FE.**** While for 2D planar
emitters like FLG, this Joule heating induced emission site
decrease can be greatly weakened due to the uniform
current distribution on its homogeneous surface. Except
for the advantages already mentioned, it should be
emphasized that the low applied field at ~10 mA/cm?
of the FLG/CNTAs (1.560 V/um), which is 1.830 V/um for
the as-grown CNTAs, is favorable in practical applications.

CONCLUSIONS

We have demonstrated a simple, controllable, un-
catalyzed, and vapor—solid approach to fabricating
FLGs (less than 10 layers) on both CNTAs and planar
substrates (Si wafers and DLC films) by an rf H plasma
sputtering deposition system. On the basis of the SEM,
TEM, and Raman characterizations, a defect nucleation
mechanism is proposed for the growth of FLG. We also
studied the FE properties of the FLG/CNTAs, the FLGAs/
Si, and the FLGAs/DLC in comparison with that of the
as-grown CNTAs. The FLG/CNTAs show excellent FE
properties, with E,, = 0.956 V/um, Ey, = 1497 V/um, a
large field enhancement factor of ~4398, and 0.397%
current degradation of around 10 mA/cm?in 10 h, which
are much better than those of the as-grown CNTAs, the
FLGASs/Si, and the FLGAs/DLC. We attribute the excellent
FE properties of FLG/CNTAs to the increased effective
emission sites from the sharp FLG edges and the de-
crease of work function. FLG/CNTAs are promising can-
didates for high-performance field electron emitters.

a 5-nm-thick iron film was deposited on the Si wafers as a
catalyst using magnetron sputtering. Then the catalyst was
annealed at 580 °C for 1 h under 400 sccm H, in a tubular
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furnace. Before the growth, the catalyst was etched in 150 sccm
NHs for 10 min at 750 °C. The growth was then carried out at
750 °C for 30 min under a gas mixture of 600 sccm H, and 87
sccm CoH,. Then the sample was rapidly cooled to room
temperature in H, ambient (600 sccm).

DLC Preparation. The DLC films were fabricated via a metal
vapor vacuum arc ion source deposition system on single-
crystal n-Si (100) wafers at room temperature. The Si wafers
were fixated on a rolling stainless specimen holder that was
placed in a chamber with a base pressure of 5 x 10~ Pa. Then
the Si wafers were exposed to carbon plasma, which was
energized by arc discharge, and a negative bias of ~150 V
was applied on the Si wafers. The deposition time was 40 min,
during which an approximately 100-nm-thick DLC film was
deposited.

FLG Growth. A capacitively coupled rf (13.56 MHz) sputtering
system was employed to synthesize FLG. As-grown CNTAs,
single crystal n-Si (100) wafers, and Si wafers with ~100-nm-
thick DLC films were adopted as the substrates. H, was used as
the sputtering gas, and the sputtering target is a high-purity
graphite plate (99.5%). The deposition was carried out in a
chamber that was prepumped to 8.0 x 10~ Pa. Then the
samples were heated by our own designed heater under
2.5 sccm H, at 300 Pa. The distance between the graphite target
and the substrates was ~6 cm. During the FLG growth, the rf
power, the substrate temperature, the H, gas flow, and the
pressure were 300 W, 1000 K, 2.5 sccm, and 300 Pa, respectively.
For morphology observation, the growth time was about 1, 5,
and 10 h, respectively.

Field Emission Measurements. A diode setup was placed in a
vacuum chamber with the prepared sample (area: 2—4 mm?) as
the cathode and a stainless steel plate as the anode. The
distance between the cathode and the anode was 1 mm. The
base pressure of the vacuum chamber was ~1 x 107 Pa, and
the temperature was ~288 K (cooled by water). The emission
current and the applied voltage were recorded automatically by
a computer, and the increasing rate of the applied voltage was
500 V/min.

Characterization. A field emission scanning electron micro-
scope (Hitachi S-4800, 10 kV), a high-resolution transmission
electron microscope (JEM-2010, JEOL, 200 kV), and a Raman
(LobRAM ARAMIS) with an excitation of 633 nm were employed
to characterize the products. A photoelectron spectrometer
(AC-2 RIKEM KEIKI, spot area: 4 x 4 mm?) was adopted to
measure their work functions at room temperature and at
ambient pressure.
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