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The growth of few-layer graphene (FLG) on carbon nanotubes (CNTs) was realized by using
radio frequency hydrogen plasma sputtering deposition. A defect nucleation mechanism
and a two dimensional growth model of the FLG were proposed, and field emission charac-
teristics of these FLG-CNT hybrids were studied. They show excellent field emission prop-

erties, with a low turn-on electric field (0.98 V/um) and threshold field (1.51 V/um), large
field enhancement factor (~3980) and good stability behavior, which are much better than
those of the as-grown CNT arrays. The sharp edges and the low work function of the
hybrids are believed to be responsible for the improved field emission properties.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs), since they were first demonstrated
as electron field emitters in 1995 [1], have been extensively
studied to explore applications as electron emitting sources
due to their unique structural, electrical and mechanical
characteristics [2-7]. Compared with other conventional low
dimensional field emission (FE) materials, such as nanofibers
[8], nanorods [9], nanotips [10], and nanowalls [11], CNTs
show superior FE properties, such as high emission current
density (J), low turn-on electric field (Eon, applied field at
10 pA/cm?) and threshold field (Ey, applied field at 10 mA/
cm?).

Graphene has become a rising star since its discovery in
2004 [12], and has been qualified as an attractive candidate
for applications in FE sources due to its high sharp edge,
incomparable electrical conductivity and excellent mechani-
cal properties [13-16]. Graphenes can be distinguished into

* Corresponding author. Tel./fax: +86 10 62205403.
E-mail address: gacheng@bnu.edu.cn (G.-a. Cheng).

three types: single-, double- and few-(3-10) layer graphene
(FLG) [17]. Extensive attention has been paid to FLG in the past
2 years due to its unique mechanical and electrical properties,
and easy to be fabricated [18-20]. It is worth noting that the
FLGs have promising FE properties due to their rich sharp
edges. However, to our best knowledge, there is no report
about the FE characteristics of hybrids synthesized by grow-
ing FLGs on CNT arrays forming FLG-CNT hybrids. It is worth
expecting that the FLG-CNT hybrids have better FE properties,
because such hybrids have advantages of the both, i.e., the
high aspect ratio of CNT and the sharp edge of FLG.

In this paper, we report the uncatalyzed growth of FLG on
CNT realized by radio frequency (rf) H plasma sputtering
deposition. The FE characteristics of the FLG-CNT hybrids
were studied. The hybrids display excellent FE properties with
low Eop, and Ey,, large field enhancement factor and good sta-
bility, which are much better than those of the as-grown CNT
arrays and other low-dimensional materials.

0008-6223/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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2. Experimental details

2.1.  FLG synthesis

Fig. 1 shows the schematic diagrams of facilities for material
preparation and FE measurements. Fig. la shows the rf
(13.56 MHz) sputtering system employed for the synthesis of
FLG. The substrates used for FLG growth are CNT arrays,
and the fabrication of CNT arrays has been reported previ-
ously [21]. Differing from the traditional graphene synthesis
by using chemical vapor deposition (CVD) that usually in-
volved catalyst and carbonaceous gas [22-24], the FLG growth
here was catalyst-free and carbonaceous-gas-free.

Hydrogen was used not only for glow discharge but also as
a sputtering gas. The sputtering target was graphite with
high-purity (99.5%). The distance between the graphite target
and the samples was ~6 cm. During the FLG growth, the rf
power, substrate temperature, growth time, H, gas flow and
pressure were kept at 320 W, 750 °C, 10 h, 2.5 sccm (standard
cubic centimeter per minute) and 500 Pa, respectively.

2.2. Structural characterization

Morphology of the samples was characterized by scanning
electron microscope (SEM, Hitachi S-4800, 10 kV) and trans-
mission electron microscope (TEM, JEM-2010, JEOL, 200 kV).
It should be emphasized that the FLG-CNT hybrids used for
the SEM observation were pre-deposited an ultrathin Pt coat-
ing (~2nm) to prevent the accumulation of static electric
fields at the specimens due to the electron irradiation re-
quired during imaging. Structural information of the samples
was further determined by Raman spectroscopy (LobRAM
Aramis) with an excitation of 633 nm. Photoelectron spec-
trometer (AC-2 RIKEM KEIKI) was employed to characterize
the work function of the samples.

IR

Cooling water ‘I of

a)

Quartz cove

H,

aphit@itarget
Valve Substrate

Glow region
Heater 0 ~ 1100 K

b) ] 0~10KkV (anode)
[ ]

A

2 ™| FLG-CNT hybrids (cathode)

—" /v
~1.0x107 Pﬂa

C o Cooling water
opper cylinder I_I/v

Fig. 1 - (a) Schematic diagram of the 1f sputtering system
utilized for FLG growth. (b) Schematic diagram of the diode
configuration applied for FE measurements.

2.3. FE measurements

The FE measurements were carried out using a diode config-
uration in vacuum (~1.0 x 1077 Pa) at 288 K (cooled by water),
as schematically shown in Fig. 1b. The as-prepared samples
were used as the cathode and a stainless steel plate was used
as the anode, and the distance between the cathode and the
anode was 2 mm. The emission current and applied voltage
(I-V) was recorded automatically by a computer program,
and the increasing rate of the applied voltage was 500 V/min.

3. Results and discussion

3.1.  Structural characterization by SEM and TEM

Fig. 2a and b are low-magnification SEM images of the as-pre-
pared CNT arrays. It can be found that the CNTs are densely
packed, well aligned and having curly tips. The average length
of the CNTs is about 20 um (inset of Fig. 2a), and the diameter
is around 40-60 nm. A high-resolution TEM image shown in
the inset of Fig. 2b presents a typical CNT with ~60 parallel
graphite layers as the tube wall. Fig. 2c and d present the side
and top view of the FLG-CNT hybrids. FLGs with small sizes
are sparsely distributed on the top of CNTs with sharp edges
unfolded. We conjecture that the high density of the CNTs
and the low carbon concentration in the sputtering system
prevent the FLGs from growing in the deep CNT forest. The
inconsistent sizes in the length (~300nm) and the width
(~150 nm) of the FLGs are due to the space limitation of the
nano-size CNTs. The FLGs not only grow on the tips of CNTs
with residual iron catalysts embedded but also on tube walls
that have no catalyst left, as shown in the inset of Fig. 2c, sug-
gesting that the secondary growth of FLG on CNT is uncata-
lyzed, which is quite different from the catalyzed growth of
thin CNT on thick CNT reported previously [25]. The FLG dis-
plays a relatively smooth surface and a very sharp edge which
is believed to act as effective field emission sites. The sharp-
edge feature of the FLG can also be observed in the high res-
olution TEM image (inset of Fig. 2d). The FLG has 5-7 parallel
graphite layers, and the layer spacing is about 0.34 nm. It
should be emphasized that the layer numbers of the FLGs
are ~2-10 in most cases in our study. The broken CNTs
(Fig. 2c), the curled up, twisted and corrugated FLGs, and
the disordered C atom arrangements (inset of Fig. 2d) suggest
that structural damage has been brought into the FLG-CNT
hybrids after the 10-h rf H plasma processing. However, the
CNTs are still well aligned and the inner structures of the
FLGs are still perfect, which is quite different from the severe
structural damage induced by high-energy ion irradiating or
bombarding [26]. Therefore, after a 10-h deposition, defective
hybrids with sparsely distributed FLGs and well aligned CNT
arrays were obtained.

3.2. Raman characterization

Raman spectrum is one of the effective methods to character-
ize graphene in previous researches [14,16,20,22-24,27]. In this
study, Raman spectroscopy was utilized to further reveal the
structural information of the products, as shown in Fig. 3.
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Fig. 2 - (a) SEM side view and panoramic view (inset) images of the as-grown CNT arrays. (b) SEM top view image of the as-
grown CNT arrays, the inset is a high-resolution TEM image of a layered CNT. (c) SEM side view image of the FLG-CNT
hybrids, the inset is a TEM image showing a hybrid structure between a CNT and a FLG. (d) SEM top view image of the FLG-
CNT hybrids, the inset is a high resolution TEM image showing a curved edge of a FLG with ~5-7 graphene layers.
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Fig. 3 - Raman spectra of the as-grown CNT arrays and the
FLG-CNT hybrids.

The FLG-CNT hybrids show typical defective multilayered
graphene characteristic with a sharp defect-related D peak
around 1329 cm ™}, a broad crystalline graphite-related G peak
around 1571 cm™ and a broad 2D peak around 2647 cm™?
whose position and shape are related to the structure of
graphene, especially the layer number [28-32]. The ratio of
2D peak height/G peak height is about 0.72, (~0.11 for the as
grown CNT arrays), indicating the super thin feature of the
FLG [28], which is consistent with our TEM observation (inset
of Fig. 2d). Raman D peak reveals the disordering of the prod-
ucts [28-30], the intensity of which increases after the growth
of FLG, indicating an increasing structure disorder. Compared

to the as-grown CNTs, the Raman G peak of the hybrids
broadens due to the presence of a microcrystalline-related
D' peak around 1606 cm™' [28]. An unconspicuous peak at
~2900 cm™~! comes from the combination of the D peak and
G peak [30].

3.3. Nucleation and 2D growth model of the FLG

We propose a two-step two dimensional (2D) growth model
for the FLG, as shown in Fig. 4. The as-grown CNT arrays have

rf
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Glow region

Growth
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Fig. 4 - Schematic of a two-step FLG growth model:
nucleation and 2D growth. C,: activated C atoms.
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inherent defects which can be observed from the TEM image
(inset of Fig. 2b) and the Raman spectrum (Fig. 3). The inher-
ent defects start to grow from point to line by absorbing sput-
tered activated C atoms (C,) once the CNTs are exposed to the
rf plasma. These linear defects will provide the places for the
2D FLG growth. The C, diffusing on the surface of graphene
and forming covalent bonds at the edge of graphene before
being re-evaporated have been discussed previously in detail
[33-35]. In brief, a long enough surface diffusion length (14,
the average distance that a C atom can migrate on the graph-
ene surface before being re-evaporated) can guarantee a good
running of this diffusing-bonding process so as to ensure a 2D
growth of graphene. The calculated 14 of the FLGs in our
growth conditions is ~2.6 ym [33-35], which is much larger
than the width (~150 nm) and the length (~300 nm) of the
FLGs, that is, the 2D growth of the FLGs can advance perfectly.
In addition, the etchant, hydrogen, is beneficial for promoting
the crystallinity of FLG by etching away the defective C on its
surface, such as forming hydrocarbon (CHy) by chemical reac-
tion with the defective C.

3.4. FE characteristics of the FLG-CNT hybrids

Prior to the FE measurements, an aging process was taken at
~Jwn (threshold emission current density, 10 mA/cm? for 5h
to weaken influences such as absorbates induced promotion
[36] and Joule heating induced degradation on FE characteris-
tics [37]. Fig. 5 shows the plots of ] as a function of E (J-E
curves), and the corresponding testing results are shown in
Table 1. It can be found that the E,, (0.98 V/um) and Eu,
(1.51 V/um) of the hybrids are lower than that of the as-grown
CNT arrays, and it is worth nothing that they are much lower
than that of the C nanofibers [8], C nanotips [10], single-layer
graphene films [13], and well-aligned graphene arrays [16]. Be-
yond that, the largest emission current density of FLG-CNT
hybrids (>70 mA/cm?) is far larger than these 1D emitters
[8,10] and pure graphene emitters [13-16]. From the differ-
ences of FE properties between the FLG-CNT hybrids and
the pure graphene emitters, it is obvious that the field

6
80 3 Slope = 20.24
704 W oo
3
604 £ -3
-6{ Slope=17.32
« 504 9
£ 04 06 08
S 404
£

S 809 - As-grown CNT arrays
—(O— FLG-CNT hybrids

== |_inear fit of as-grown CNT arrays
10 ===l inear fit of FLG-CNT hybrids

Fig. 5 - FE properties of the as-grown CNT arrays and the
FLG-CNT hybrids presented in terms of ] and E, and the
inset is the corresponding F-N plots.

Table 1 - Eon, Ex, Work function () and field enhancement
factor () of the as-grown CNT arrays and the FLG-CNT

Sample Eon (V/pm) Ew (V/pm) @ (€V) f
As-grown CNT arrays 1.17 1.81 4.89 3649
FLG-CNT hybrids 0.98 1.51 4.67 3980

emission of FLGs is improved by CNT, and CNT plays a role
more than a substrate.

Fowler-Nordheim (F-N) theory [38] is one of the most clas-
sical theories in the electron FE studies [1-11,13-16,21,26]. The
F-N plots of In (J/E?) versus 1/E yield lines (inset of Fig. 5),
which is in accordance with the F-N equation and indicates
that the emitted electrons are extracted by the applied fields
[38]. The work function (®) values of the as-grown CNT arrays
and the FLG-CNT hybrids were obtained using photoelectron
spectrometer, which are listed in Table 1 too. The decreased @
(from 4.89 to 4.67 eV) of the FLG-CNT hybrids can be ascribed
to a promotion in Fermi Level induced by the increased state
density of defect after the longtime rf H plasma processing
[39]. Additionally, the chemically absorbed H atoms at the
dangling bonds of C can decrease the work function, either
[40]. Field electron tunneling from a emission site into vac-
uum is determined by the local electric field (Ejoc) at this site,
Eioc is given by Eioc = fEapp1, Where Eqpp is the applied field and
f is a geometry parameter determined by the aspect ratio of
emitters, so a larger f usually means a larger local applied
filed at the emission site and easier tunneling of electrons
through emitters. With ® and the constant slopes of the F-N
plots, the field enhancement factor () of the emitters can
be calculated by using the F-N equation [38], as shown in Ta-
ble 1. The  of the FLG-CNT hybrids (~3980) is a little bit larger
than that of the as-grown CNT arrays (~3649) but much larger
than those pure graphene based emitters, such as the graph-
ene powders [13], suggesting that the local electric fields at
the emission sites of these hybrids are mainly determined
by CNTs rather than graphenes themselves. Large aspect ratio
(B) of CNT is the reason we choose it as the substrate for FLG
growth. However, for CNT and FLG with the same length, the
aspect ratio of FLG (ratio of length to thickness) is larger than
that of the CNT (ratio of length to diameter), and we conjec-
ture that this may be the main reason for the little increase
of B (~331) after the growth of FLGs on CNTs. Furthermore,
we must emphasize here the FLGs should be sparsely distrib-
uted on CNTs so that this field enhancement from the CNTs
can not be shielded by the FLGs.

Stable field electron emission is important for practical
applications. In this paper, we monitored the FE currents of
the as-grown CNT arrays and the FLG-CNT hybrids at given
applied fields for 20 h respectively, the results are shown in
Fig. 6 and Table 2. It can be found that the applied field of
the FLG-CNT hybrids at the given ], (mean emission current
density) is much lower than that of the as-grown CNT arrays
whatever the J,, is around 10 or 20 mA/cm?, which greatly
facilitates practical applications. For convenience, we employ
a parameter J4r0p (/ degradation during the testing time, given
by (starting — Jiast)/Jm) to evaluate the FE stability of the
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ters like graphene, the large-scale side length of the edge en-
sures a relatively uniform current distribution on its surface
and greatly prevents the effective emission sites from being
burned off by the Joule heat. The combination of FLG and
CNT will make full use of the large aspect ratio of CNT and
the stable field emission of FLG, and provide a promising can-
didate for FE devices.

4. Summary

The growth of FLGs on CNTs was realized in an rf H plasma
sputtering deposition system at 750 °C. The FLGs are sparsely
distributed on the top of CNTs with 2-10 layer sharp edges.
The unique structure ensures a full utilization of the advanta-
ges of CNTs (high aspect ratio) and the FLGs (rich sharp edges)
during FE. The FLG-CNT hybrids present excellent FE proper-
ties, with E,3=0.98V/um, Eg=1.51V/um, &=4.67¢€V,
f=~3980, and good FE stability behavior, which are much
better than that of the as-grown CNT arrays. Growth of
sharp-edge FLGs on the CNTs could improve FE properties
by introducing extra effective emission sites. The excellent
stability behavior of the hybrids is ascribed to that the uni-
form current distribution on the FLG. The results suggest that
FLG-CNT hybrids will be a promising candidate for the high-
performance field emitters.

10 15 20
Time (hour)

o4
(6]

Fig. 6 — 20-h stability behavior of the as-grown CNT arrays
and the FLG-CNT hybrids when J,,, is around (a) 10 and (b)
20 mA/cm?. J,,,: mean emission current density.

products. When J,,, is around 10 mA/cm? (Fig. 6a), the Jgrop Of
the FLG-CNT hybrids is inappreciable (0.06%) while that of
the as-grown CNT arrays is remarkable (13.45%). When the
Jm is around 20 mA/cm? (Fig. 6b), Jarop Of the hybrids (8.17%)
is obvious, but it’s still much smaller than that of the as-
grown CNT arrays (15.21%). Moreover, there is an inflexion
around 12.5h in the ] versus Time curve of the FLG-CNT hy-
brids (Fig. 6b, labeled by a green line). The J stops dropping
and reaches a balance from the inflexion, while the J of the
as-grown CNT arrays keeps dropping in the whole testing
duration. CNT arrays usually have uneven surface morpholo-
gies, the protruding emitters are believed to suffer high den-
sity emission currents than others due to less field-
screening [41], and those emitters are more likely to be
burned off by Joule heat during FE [37]. While for planar emit-

Table 2 - Stability testing results of the as-grown CNT arrays|
and the FLG-CNT hybrids.

Sample Jm (mA/cm?)  E (V/pm)  Jarop (%)

As-grown CNT arrays 11.30 1.83 13.45
19.78 1.93 15.21

FLG-CNT hybrids 11.17 1.53 0.06
20.80 1.60 8.17
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