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Abstract

Carbon nanosheets are a two-dimensional carbon nanostructure consisting of free-standing graphite sheets (∼1 nm thick) which we deposit
using an inductively coupled RF PECVD method. Our previous reports have shown that carbon nanosheets can be grown on a variety of
substrates, without catalyst, and under various growth conditions. In this work we describe process details and plasma control parameters to permit
rapid changeover from nanotube to nanosheet deposition in the same system. We present a thorough characterization of the nanosheet layer that is
produced under these circumstances. We also propose plausible mechanisms to account for the different mode of layer growth leading to the
observed topography and conformation of the nanosheets. The experimental evidence suggests that a combination of high plasma electron density
and large atomic hydrogen density of the inductively coupled plasma is the reason for nanosheet formation.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Since 1991, when carbon nanotubes were adequately
characterized and described by Iijima [1], carbon nanotubes
have been a very active research topic. A variety of methods of
carbon nanotube deposition have been developed [2], including
arc discharge, pulsed laser deposition, thermal chemical vapor
deposition, and direct current, hot filament, microwave, and
most importantly for this study, radio frequency (RF) plasma
enhanced chemical vapor deposition (PECVD).

More recently, synthesis of two-dimensional (2-D) carbon
nanostructures has been reported by several groups [3–10]. In
the work reported in this paper, and in the work of the other
groups, nanosheets are observed to curl into layers oriented
approximately perpendicular to the substrate. Although the base
of the layers is in good contact with the substrate, these layers
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have no auxiliary lateral support and are therefore often said to
be “free-standing”. Ando et al. [7], obtained petal-like graphite
sheets as a by-product of a carbon nanotube synthesis through
DC arc-discharge evaporation; Shang et al. [5], synthesized
carbon nanoflakes by a hot filament CVD method; Wu et al. [4],
and Chuang et al. [10], synthesized carbon nanowalls by a
microwave PECVD method, and Hiramatsu et al. [8], reported
fabrication of carbon nanowalls by capacitive PECVD assist by
hydrogen radical injection. In contrast to the work reported here,
all of the other reports describe 2-D free-standing carbon
nanostructures that are more than 10 nm thick. Novoselov et al.
[9], obtained atomically thin graphite films by mechanical
exfoliation, but, again contrasting with this work, their films lie
flat on the substrate surface and therefore would not be as useful
for certain device purposes. We recently reported the synthesis
of 2-D carbon nanosheet structures by an inductively coupled
RF PECVD [3,6,11,12]. Unlike the other 2-D carbon
nanostructures reported, the carbon nanosheets we synthesized
are free from impurities (either catalyst and/or other allotropes
of carbon), atomically thin, and free-standing.
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We have conducted depositions of both carbon nanotubes
and carbon nanosheets in the same RF PECVD system by
altering the process conditions. This has allowed us to in-
vestigate the comparative spatial and temporal growth of the
two forms and led to a plausible mechanism for the formation of
carbon nanosheets.

2. Experimental

In this study, carbon nanotubes and carbon nanosheets were
grown in an RF PECVD system as detailed previously [6]. In
brief, radio frequency (13.56 MHz) power was coupled into a
vacuum chamber by a 3-turn coiled planar antenna through a
quartz window on top of the chamber. By adjusting chamber
pressure, and the RF magnitude and phases of the RF voltage and
coil current in the coiled planar antenna configuration, either a
capacitively or an inductively coupled plasma, or in some cases
plasmas with some level of both characteristics, can be generated.
The complete elimination of the capacitive component, often
desirable to reduce sputtering from the coupling window, usually
requires the addition of a Faraday shield. In this work we have
been able to achieve such a result without the need for a shield,
creating high-density inductively coupled plasma at lower
pressure (∼12 Pa for this study) and low-density capacitively
coupled plasma at higher pressure (∼130 Pa for this study).

A resistively heated sample stage was located 3.5 cm beneath
the quartz window. The substrate temperature was monitored by
a thermocouple at the upper surface of the substrates. The
feedstock gases, including H2, CH4, NH3, and C2H2, were
introduced into the chamber through a side port and the gas flow
rates were controlled by mass flow controllers.

A capacitive plasma was used for all nanotube depositions.
Substrates for carbon nanotube depositions were (100) Si
wafers with Ni catalyst patterned by a previously reported
nanosphere lithography method [13] (see Fig. 1(a)). The
substrates were pre-etched in an inductively coupled NH3

plasma (8 sccm, ∼12 Pa, 900 W RF power) for 5 min to
optimize the catalyst dot size. The feedstock gases were
typically 20% C2H2 (15 sccm) in NH3 (60 sccm); and the total
pressure was kept at 130 Pa by adjusting the pumping valve.
The substrate temperature was 680 °C and the RF power was
700 W for the nanotube deposition. The deposition period was
25 min. The sample stage was grounded during the deposition
so that the capacitive plasma was constrained between the
sample stage and the quartz window.

Carbon nanosheets have been deposited under a variety of
conditions in an inductively coupled plasma. Our observation is
that they grow in our system without the need for any specific
catalysts; indeed they can be grown on nearly any substrate of
Fig. 1. SEM images (a) of the Si substrates with Ni nanodots patterned by a
nanosphere lithography method. SEM (b and c) and HRTEM (d) images of
typical nanotubes deposited in a capacitive plasma of 20% C2H2 in NH3. Other
conditions are 700 W, ∼130 Pa, 75 sccm, 680 °C, and 25 min for RF power,
total pressure, total gas flow, substrate temperature, and deposition time. The
substrates were pre-etched in an inductive NH3 plasma (8 sccm,∼12 Pa, 900W,
and 5 min) before the deposition.



Fig. 3. (a) SEM image of typical nanosheets deposited on a Ni grid in order to
show both plan and cross-section views in the same image. The nanosheets have
a smooth surface morphology and are free-standing perpendicular to the
substrate surface. (b) High magnification SEM image of one nanosheet edge
with a thickness of ∼1 nm. (c) HRTEM image of a single nanosheet; two
parallel fringes at the fold-back location on the edge show that the sheet consists
of only two graphene layers, and the distance between the two fringes is
0.34 nm.

Fig. 2. Raman spectra of typical nanotube and typical nanosheet samples excited
with 514 nm Ar+ ion laser. The presence of the D and G peaks and D′ shoulder
for both the nanotube and nanosheet samples indicates that both have a defective
graphitic structure. Second order peaks are also pronounced for nanosheet
sample.
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interest. In this work, nanosheets were grown on several choices
of materials. The typical nanosheets were deposited with the
substrate temperature of 680 °C; the feedstock was 40% CH4

(4 sccm) in H2 (6 sccm); the pressure was ∼12 Pa and the RF
power was 900 W. The deposition period was 20 min. Nickel
grids and (100) Si wafers were used as substrates for electron
microscopy imaging and Raman spectroscopy, respectively.
The sample stage was usually electrically isolated, however,
results from experiments not detailed here have shown that
grounding the substrate during deposition does not affect the
nanosheets produced.

In order to identify the critical parameters that drive
nanosheet growth, three experimental variations were con-
ducted to deposit carbon nanotubes under conditions similar to
nanosheet growth and vice versa. First, carbon nanotubes were
deposited using typical nanosheet feedstock (20% CH4 in H2)
in a capacitive plasma (at 130 Pa pressure) for 5 min. For this
experiment the substrates were pre-etched in an inductive
hydrogen plasma for 5 min. Second, typical carbon nanosheets
were deposited in an inductive plasma on Ni nanodot-
patterned Si wafers (the same as those used for carbon
nanotube deposition). Third, nanosheets were deposited using
typical nanotube feedstock (20%–80% C2H2 in NH3) in an
inductive plasma on Ni nanodot-patterned Si wafers. In order
to generate an inductive plasma for the third experiment, the
total gas flow rate was 10 sccm so that the total pressure was
∼12 Pa.

Morphology and structures of both the nanotube and
nanosheet samples were investigated by scanning electron
microscope (SEM, Hitachi S-4700), high resolution transmis-
sion electron microscope (HRTEM, Jeol JEM 2010F, 200 kV),
and Raman spectroscopy (Renishaw, InVia, 514 nm Ar+ laser
excitation). Optical emission spectra (OES) of the plasma were
collected by a fiber optic spectrometer (Ocean Optics,
USB2000) to monitor the plasma species composition, emission
intensity, and relative concentration.
3. Results and discussion

The results of the typical C2H2/NH3 nanotube growth
experiments are shown in Fig. 1. The Ni patterning on the Si
substrate surface produced via nanosphere lithography [13] is
shown in Fig. 1(a). The triangular features coalesce into
nanodots upon heating/etching in the vacuum system [13]. As
indicated by the hexagonal patterned Ni dots at the roots of the
nanotubes in Fig. 1(b), typical nanotubes formed via a base
growth mechanism. Fig. 1(c) shows that the nanotubes produced



Fig. 4. SEM image (a) (30° tilted) of carbon nanofibers deposited in 20% CH4/
H2 capacitive plasma at 130 Pa, 700 °C for 5 min on Ni nanodot-patterned Si
substrate. SEM image (b) of carbon nanosheets was formed in 40% CH4/H2

inductive plasma at ∼12 Pa for 5 min on the same type of substrate as in (a).
Carbon nanosheets were deposited an inductive plasma with (c) 60% and (d)
80% C2H2 in NH3 on Ni nanodot-patterned Si wafers; all other conditions are
the same as for typical nanotube deposition. The nucleation density is extremely
low at 20% and 40% C2H2, and increases for 60% C2H2 and complete coverage
is achieved at 80% C2H2. Although more corrugated and defective, the C2H2/
NH3 nanostructures retain the sheet-like morphology.
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are randomly oriented; 15–20 nm in diameter, and several
microns in length. The HRTEM image in Fig. 1(d) indicates that
they consist of parallel rolled graphene layers with a hollow
center and the layers are parallel to the tube axis, so they truly are
multi-walled nanotubes, not bamboo-like carbon nanofibers.

The Raman spectrum from a typical nanotube sample (Fig. 2)
has a D peak, a G peak and a D′ shoulder at ∼1350 cm−1,
∼1580 cm− 1, and ∼1620 cm− 1, respectively, which is
representative for multi-walled carbon nanotubes. Fig. 2 also
shows the Raman spectrum from a typical nanosheet sample
which also has the same D, G, and D′ peaks as well as more
enhanced second order peaks. For a more detailed analysis of
nanosheet Raman spectra the reader is referred to references [3,6].

Fig. 3(a) is a SEM image of typical (40% CH4 in H2)
nanosheets grown on a Ni grid so both plan and cross-section
views are presented (nanosheets grown on Si wafer have the
same morphology and structure). The nanosheets have a smooth
surface morphology and are free-standing nearly vertical to the
substrates. Typical nanosheets are hundreds of nanometers wide
and ∼700 nm high, but, as shown in Fig. 3(b) and Ref. [3], they
are 1 nm or less in thickness. The high resolution transmission
electron micrograph, Fig. 3(c), shows a single nanosheet,
consisting of 2 atomic layers at the curled edge and the inter-
plane distance is 0.34 nm. As reported in reference [3], typical
nanosheets have a graphitic electron diffraction pattern. As
detailed in reference [11], the asymmetric X-ray diffraction
pattern of typical nanosheets shows (002), (004) and (101)
reflections, further confirming that nanosheets have a defective
graphitic structure.

X-ray photoelectron spectroscopy and Auger electron
spectroscopy results [14] indicate that carbon is the only
element detected in typical nanosheets, with the exception of
very small amounts of oxygen from adsorbed H2O due to
ambient exposure. Thermal desorption spectroscopy data [15]
revealed that there is also a large amount (2.375×1017/cm−2) of
H atoms incorporated into ∼600 nm high nanosheets deposited
under typical conditions.

Fig. 4(a) shows the SEM image of carbon nanofibers
deposited in CH4/H2 capacitive plasma for 5 min. In this
Table 1
Comparison of the experimental parameters for nanotube and nanosheet
depositions

Parameters CNT CNS

Catalyst Necessary No effect
Plasma
pre-etching

Yes No effect

Deposition
temp. (°C)

∼700 ∼700

Gases
composition

20% CH4 in H2;
20% C2H2 in NH3

10–100% CH4 in H2;
20–80% C2H2 in NH3

Pressure (Pa) ∼130 ∼12
Plasma power (W) 700 400–1200
Plasma coupling
mode

Capacitively
coupled

Inductively
coupled

Sample stage Grounded No effect

The ability to use similar non-plasma parameters to deposit both nanosheets and
nanotubes suggests the plasma coupling mode is an important difference in the
two growth processes.



Fig. 6. Schematic of the configuration of the antenna and the distribution of the
induced electromagnetic field in inductively coupled plasma in cylindrical
coordinates as shown on right. The induced magnetic field is mainly in the Yz
andYr directions, thus the induced electric field is mainly inYu direction and thus
is non-conservative.

Fig. 5. Optical emission spectra of typical (C2H2/NH3) capacitive nanotube
plasma and typical (CH4/H2) inductive nanosheet plasma. The collection times
were 2000 ms and 300 ms, respectively. The collection time was shortened for
the inductive plasma to avoid detector saturation. For direct comparison the
nanosheet spectrum should be multiplied by 6.7, which was not done in order to
preserve the fine structure of the nanotube spectra.
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experiment, the nanofiber density is extremely low because our
system has been tuned away from the process window associated
with carbon nanotube or nanofiber deposition. Thus the few
nanofibers we create are not comparable to other high quality
carbon nanotubes, such as those in DC [16] or hot filament
PECVD [17]. Nevertheless, we note the appearance of 1-D
carbon nanostructures, not 2-D nanosheets, that begin to form in
the capacitive CH4/H2 plasma. Fig. 4(b) is a SEM image of the
nanosheets deposited on a similar Ni patterned Si substrate in an
inductive CH4/H2 plasma under typical nanosheet conditions for
5 min. Nanosheets have clearly nucleated and are growing
around the Ni dots. Fig. 4(c) and (d) are nanosheets deposited on
a Ni nanodot-patterned Si substrate in an inductively coupled
plasma of 60% and 80% C2H2 in NH3 with a constant total gas
flow rate of 10 sccm and a total pressure of∼12 Pa at a substrate
temperature of 680 °C for 5 min. The nanosheet nucleation
density was extremely low at 20% and 40% C2H2 (not shown),
but increased with higher C2H2 concentration. Although the
nanosheets produced with C2H2 in NH3 (Fig. 4(d)) are not as flat
or smooth as typical nanosheets deposited from CH4 in H2 (Fig.
3(a)), they retain the same sheet-like morphology and are similar
to CH4/H2 nanosheets deposited at a higher substrate temper-
ature [6] and are consistent with XRD measurements which
show a decreasing average uncorrugated length with increasing
substrate temperature [11]. A detailed comparison of the
parameters for nanotube and nanosheet deposition is listed in
Table 1.

Using optical emission spectroscopy to compare typical
deposition plasmas of the nanotubes and the nanosheets shows,
as expected, that the inductive plasma produces a much higher
density of atomic and molecular excited states. As shown in Fig.
5, the total optical emission intensity is much higher for the
inductive plasma of typical nanosheet deposition as compared to
the capacitive plasma of typical nanotube deposition. In addition,
the atomic hydrogen peaks –Hα (656.1 nm) and Hβ (486.1 nm) –
are predominant for the nanosheet plasma, but do not rise above
the noise for the nanotube plasma. It should be noted that the
collection time for the inductive CH4/H2 plasma was reduced
from 2000 ms to 300 ms to eliminate detector saturation. The
spectra were not rescaled for direct comparison in order to
preserve the fine structure of the nanotube plasma spectrum.
Spectra from a capacitively coupledCH4/H2 plasmawas collected
but not shown, since the plasma was so dim that spectral features
were too small to be distinguished from the ambient background.

On catalyst patterned substrates, carbon nanotubes were
successfully synthesized in the capacitively coupled C2H2/NH3

plasma. Synthesis of nanotubes from the capacitively coupled
CH4/H2 plasma was not optimized, but nanotubes and/or
nanofibers were formed (although of a low density). Chemical
vapor deposition carbon nanotube and nanofiber growth
mechanisms generally include dissolution, saturation and sepa-
ration of carbon from the catalyst particles [18]. The catalyst is
critical to the growth process, serving as a template of nucleation
on which the nanotube forms. Efficient growth of carbon
nanotube via CVD without catalyst is generally not possible.

However, no catalyst is needed for nanosheet deposition. In
fact, nanosheets have been deposited on a variety of metallic,
semiconducting and insulating substrates [3,6] without catalyst
or special substrate preparation. Furthermore, as shown in Fig. 4
(b), (c) and (d), in an inductively coupled plasma nanosheets
rather than nanotubes were deposited on Ni dots patterned
silicon substrates at the same substrate temperature. This clearly
indicates that nanosheet nucleation and growth are favorable
over nanotube processes in an inductively coupled plasma
deposition process. As listed in Table 1, all the conditions for
nanotube and nanosheet deposition are the same except for the
total pressure and thus the plasma coupling mode. This seems to
be strong evidence that, although the fundamental mechanism
for nanosheet growth is not yet clear, the plasma coupling
mechanism is a critical factor.

Even though the gas pressure is usually∼10 times lower, the
plasma density of an inductively coupled plasma is approxi-
mately 10 times higher than a capacitively coupled plasma
because the fractional ionization rate is ∼100 times higher due
to the different coupling mechanisms [19]. During the
inductively coupled plasma discharge for nanosheet deposition,
the planar coil antenna acts as the primary inductance and the
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discharging gas in the vacuum chamber acts as the secondary
inductance, so the coupling force is the RF magnetic field. In the
plasma, the coupled magnetic field has mainly Yz and Yr
components, so the induced electric field has mainly Yu com-
ponent (as illustrated in Fig. 6) and is non-conservative, i.e.
∇×E≠0 [20], therefore charged particles can gain time-
average energy from the field without collisions. This property
fundamentally distinguishes a inductively coupled plasma from
a capacitively coupled plasma which has conservative,
irrotational electric fields. This increase in plasma density is
consistent with the increase in atomic H and total emission
signal seen in the optical emission spectra.

From the optical emission spectra in Fig. 5, it is clear that there
is a dramatic increase in the intensity of the atomic hydrogen
peaks from the inductive plasma used for typical nanosheet
growth relative to the capacitive plasma used for nanotube
growth. We believe the high relative concentration of atomic
hydrogen in the plasma is one of the reasons for nanosheet
formation. It is well known that atomic hydrogen plays an
important role in diamond thin film growth [21,22] by etching
amorphous carbon, sp2 and sp3 hybridized carbon at very
different rates. We propose that in nanosheet deposition, atomic
hydrogen prevents the formation of additional graphene layers by
etching weakly bonded carbon atoms and small graphitic
fragments. This is supported by the process conditions associated
with 2-D carbon nanostructures reported in the literature, where
the authors note that hydrogen appears to be a necessary process
component [4,5,7,8]. Ando et al. [7], used H2 in the DC arc-
discharge evaporation to produce petal-like graphite sheets;
Shang et al. [5], used 3–15% C2H2 in H2 mixture in the hot
filament CVD for the carbon nanoflake formation; Wu et al. [4],
used 20% CH4 in H2 in the microwave PECVD for the carbon
nanowall deposition and Hiramatsu et al. [8], used capacitive RF
PECVD, however, assisted with a hydrogen radical injection for
the carbon nanowall fabrication.

Our ongoing studies also suggest that the inductively
coupled plasma may encourage nanosheet growth by providing
higher concentration of activated carbon species and producing
larger electric fields which may enhance the field-induced
surface species migration. Further elaboration of the details of
the mechanism of nanosheet formation is under investigation by
our group.

4. Conclusion

Carbon nanosheets and nanotubes/nanofibers were success-
fully synthesized in the same RF PECVD system under almost
the same condition with only different pressure and therefore
different plasma coupling modes. One-dimensional nanotubes
or nanofibers are formed in capacitively coupled plasma on
catalyzed substrates. Although thicker nanosheet structures can
be grown under other conditions, in our system, atomically thin,
two-dimensional nanosheets are formed whenever the induc-
tively coupled plasma mode dominates, even on patterned
catalyst substrates and/or using a C2H2/NH3 gas mixture. We
attribute the growth of such extremely thin nanosheets, oriented
nearly vertically with respect to the arbitrary choice of
substrates, to a combination of high plasma density, high atomic
hydrogen density and the presence of vertical electric fields at
the substrate in the inductively coupled plasma.
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