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Fabricating vertically aligned ultrathin graphene nanosheets without
any catalyst using rf sputtering deposition
0168-583X/$ - see front matter � 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.nimb.2012.12.120

⇑ Corresponding author. Tel./fax: +86 10 62205403.
E-mail address: gacheng@bnu.edu.cn (G.-A. Cheng).
Jian-Hua Deng a, Shao-Long Wu b, Yu-Mei Yang b, Rui-Ting Zheng b, Guo-An Cheng b,⇑
a College of Physics and Electronic Information Science, Tianjin Normal University, Tianjin 300387, PR China
b Key Laboratory of Beam Technology and Material Modification of Ministry of Education, College of Nuclear Science and Technology, Beijing Normal University, Beijing 100875,
PR China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 30 September 2012
Received in revised form 28 November 2012
Accepted 2 December 2012
Available online 18 January 2013

Keywords:
Graphene nanosheet
Radio frequency sputtering
Field emission
Ultrathin graphene nanosheets (GNSs) were synthesized on Si substrates by using radio frequency sput-
tering deposition. SEM, TEM and Raman were employed to characterize the GNSs. The GNSs are well
aligned on the Si substrates with sharp edges separated and unfolded outside. The TEM observation
shows that most of the GNSs are less than 10 layers. The field emission properties of the GNSs synthe-
sized for 10 h were also studied. They show good field emission characteristics, with a low turn-on elec-
tric field of 2.522 V/lm, a large field enhancement factor, and excellent stability behavior, suggesting
promising prospects in the application of field electron emitting devices.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Graphene research has developed at a relentless pace since its
discovery in 2004 [1]. Numerous applications based on graphene
have been tried due to its incomparable physical properties [2,3].
However, the synthesis of mono-layer graphene is usually low
yield and the products are hard to be purified, it is thus very impor-
tant to synthesize some other material behaves like graphene but
is easy to be fabricated. Based on this purpose, few-layer graphene
nanosheets (GNSs) were synthesized. The fabrication of ultrathin
GNSs has been reported by Wang and his coworkers in 2004
[4,5]. They presented an inductively coupled radio-frequency plas-
ma enhanced chemical vapor deposition (rf–PECVD) method to
prepare single-, bi-, and few-layer GNSs, and they also proposed
a possible 2-dimensional GNS growth mechanism [6]. However,
the traditional CVD growth of graphene usually involves high tem-
perature decomposition of carbonaceous gas and catalysts, which
results in the growth of graphene with a high rate and makes the
growth process less controllable [7–10].

In this study, we developed a controllable way to fabricate few-
layer GNSs without any catalyst on Si substrates by using rf sput-
tering deposition, and the field emission (FE) characteristics of the
well aligned ultrathin GNSs were studied.
2. Experimental details

The growth of GNSs was carried out by using a capacitively cou-
pled rf (13.56 MHz) sputtering system schematically shown in
Fig. 1. Hydrogen was not only used for glow discharge but also
for sputtering carbon which comes from a high-purity graphite tar-
get. The vacuum chamber was pre-pumped to 8.0 � 10�4 Pa, and
the Si substrate was then heated to 700 �C in hydrogen ambient
at 300 Pa. The distance between the graphite target and the Si sub-
strate was about 6 cm. During the growth of GNSs, the rf power,
the substrate temperature, the gas flow and the pressure were
300 W, 700 �C, 2.5 sccm and 300 Pa, respectively. The growth time
was 1 h, 5 h and 10 h, respectively.

The FE testing system has been described previously in detail
[11,12]. In short, a diode configuration with the prepared GNSs
as the cathode against a stainless steel plate as the anode was
employed, and the distance between the cathode and the anode
was 1 mm. The base pressure and the cathode temperature dur-
ing the FE measurements were �1 � 10�7 Pa and �288 K, respec-
tively. The experimental data was automatically recorded by a
computer in terms of emission current versus applied voltage
(I–V).

Field emission scanning electron microscope (SEM, JSM-4800)
was utilized to observe the morphology of the GNSs, and high res-
olution transmission electron microscope (HRTEM, TECNAI F30)
was employed to characterize their fine structures. Structural
information of the GNSs was also determined by Raman Spectros-
copy (LavRAM Aramis) with a laser wavelength of 633 nm. The
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Fig. 1. Schematic illustration of the capacitively coupled rf sputtering system used for the GNS growth.
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work function of the GNSs was measured by using photoelectron
spectrometer (AC-2 RIKEM KEIKI).

3. Results and discussion

Morphological evolution of the GNSs with the growth time
can help us understand their growth process. Fig. 2 shows SEM
top-view images of the GNSs synthesized for 1 h (Fig. 2a), 5 h
(Fig. 2b), and 10 h (Fig. 2c), respectively, and the insets are the
corresponding SEM side-view images. In the first growth hour,
there are spot-like and needle-like nano-structures appearing
on the Si substrates, and this phase is believed to be related to
the nucleation of the GNSs [11]. And then, the GNSs grow
according to a quasi-2-dimensional growth model. The height
of GNSs reaches about 400 nm after 10 h hydrogen plasma pro-
cessing (inset of Fig. 2c). The GNSs are separated from each
other with sharp edges unfolded outside, and this morphology
is believed to be beneficial for FE due mainly to a less field
screening effect [13].

Further structural information revealing the morphological evo-
lution with the growth time was determined by Raman spectros-
copy with a laser wave length of 633 nm, as shown in Fig. 3. For
all types of GNSs, symmetric single 2D peak around 2662 cm�1 is
observed, which stems from the second order of the zone-bound-
ary phonons and is closely related to the layer number of graphene
[14–16]. The height ratio of 2D peak and G peak, h2D/hG, has usually
being adopted to evaluate graphenes. Larger h2D/hG ratio is in con-
formity with graphene of few layers [14]. The h2D/hG ratio of the
GNSs synthesized for 10 h is �1.16, demonstrating that these GNSs
are ultrathin graphenes. While the h2D/hG ratios of the GNSs syn-
thesized for 1 h and 5 h are comparatively smaller, due mainly to
the defective carbon layer pre-deposited on the Si substrates also
contributes to the Raman G peak, but in our calculation by using
the h2D/hG ratio, only Raman contribution to G peak generated by
graphenes can be taken into consideration, this extra Raman con-
tribution to G peak from the defective carbon layer results in the
decrease of the h2D/hG ratio and makes the evaluation inaccurate.
However, we can conjecture that the percentage of this Raman
contribution to G peak from the defective carbon layer decreases
with the increasing coverage of GNSs on the Si substrates, it is thus
reasonable to evaluate the GNSs by using h2D/hG ratio when the Si
substrates are covered by GNSs, referring to GNSs synthesized for
10 h shown in Fig. 2c. The peak centered at 1332 cm�1 reveals that
our GNSs are defective.

The morphological study indicates that the growth of GNSs
undergoes two main phases: nucleation and 2-dimensional
growth. Pre-depositing a defective carbon layer on the Si sub-
strates to provide defective locations is indispensable during the
nucleation of GNSs [11]. The 2-dimensional growth process, refer-
ring to a carbon atom diffusion process on the surface of graphene,
has been discussed previously in detail [6,17–19].

The fine structure of the GNSs synthesized for 10 h was ob-
served by HRTEM. Fig. 4a is a low-resolution TEM image of the
GNSs, showing that the GNSs are aggregated; we consider that this
may arise from the sonication of GNSs in alcohol during the prep-
aration of TEM samples since nearly all nano-materials are inclined
to aggregation to lower their surface energy. Fig. 4b is a HRTEM im-
age of a curled-up GNS edge, showing that the GNS has about nine
layers. In fact, during the TEM observation, the vast majority of
GNSs are less than 10 layers, having parallelly stacked inner layers
and defective outer shells.

Fig. 5a shows the FE characteristics of the vertically aligned
ultrathin GNSs synthesized for 10 h presented in terms of emission
current density versus applied fields, namely, the J–E curve. The
turn-on electric field (Eon, applied field when J is 10 lA/cm2) and
the threshold field (Eth, applied field when J is 1 mA/cm2) are
2.522 and 3.401 V/lm, respectively, and the largest J is about
4 mA/cm2. The inset of Fig. 5a is the corresponding FN plots, the
nearly linear relationship between ln(J/E2) and 1/E reveals that
the emitted electrons are extracted by the applied fields [20]. By
applying the FN model [20], the field enhancement factor (b) is
determined by the slope of FN curve (�38.96) and the work func-
tion of the GNSs (4.69 eV): 1781. b is a parameter strongly depen-
dent on the electron tunneling at the emission sites, and this large
b of the GNSs can facilitate the electron tunneling through barriers,
namely, can improve the FE properties of the GNSs. It can be found
that the FE properties of the GNSs are better than that of a great
many low dimensional field emitters, such as carbon nano-fibers
[21], carbon nano-tips [22], flat-lying single-layer grapheme [23],
and even approach that of carbon nanotubes [24]. We attribute
the eminent FE properties of the GNSs, on the one hand, to the sep-
arated, unfolded and sharp edges of the GNSs which are effective



Fig. 2. SEM top-view images of GNSs synthesized for (a) 1 h, (b) 5 h, and (c) 10 h,
respectively, and the insets are the corresponding SEM side-view images. Other
growth conditions: 300 W, 300 Pa, H2 (2.5 sccm), 700 �C. All the scale bars are
400 nm.
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Fig. 3. Raman spectra (633 nm laser wavelength) of GNSs synthesized within
different durations. h2D and hG are heights of Raman 2D peak and G peak,
respectively.

Fig. 4. TEM images of the GNSs synthesized for 10 h. (a) Low-resolution TEM image.
(b) High-resolution TEM images of a curved GNS edge with about nine layers. Other
growth conditions: 300 W, 300 Pa, H2 (2.5 sccm), 700 �C.
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emission sites during FE, and on the other hand, to the vacancy-re-
lated defects generated from atomic collision during the hydrogen
plasma processing that provide a great many effective emission
sites [25].

Fig. 5b shows the stability behavior of the GNSs synthesized for
10 h (GNSs-10 h) at an applied field of 3.200 V/lm. We employ a
parameter Jdrop (J degradation during the testing time, calculated
by (Jfirst – Jlast)/Jm, Jfirst, Jlast and Jm are the first, the last and the mean
emission current density, respectively) to evaluate the FE stability
behavior of the emitters.

The Jdrop of the GNSs-10 h is negligible (1.481%). We attribute
this excellent FE stability to the unique 2-dimensional structure
of the GNSs which ensures a relatively uniform current distribution
on its surface and greatly prevents the effective emission sites from
being burned off by Joule heat [26]. The above results have sug-
gested a promising potential for using the GNSs as high-perfor-
mance field emitters.
4. Conclusions

Ultrathin GNSs have been synthesized in hydrogen ambient
without any catalyst by using rf sputtering deposition at 700 �C
on Si substrates. The morphological evolution with the growth time
study indicates that the growth of GNSs undergoes two phases:
nucleation and 2-dimensional growth. The HRTEM observation re-
veals that our GNSs synthesized for 10 h are less than 10 layers in
most cases. The GNSs synthesized for 10 h show good FE properties.
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Fig. 5. FE properties of the GNSs synthesized for 10 h. (a) J–E curve, the inset is the corresponding FN plots. (b) 10 h stability behavior, Jm: mean emission current density,
Jdrop: J degradation during the testing time.
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They have a low Eon of 2.522 V/lm and Eth of 3.401 V/lm, a large
field enhancement factor of �1781, and excellent stability
(1.481% emission current degradation in 10 h), suggesting promis-
ing prospects in the application of high-performance field electron
emitting devices.
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