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This paper reports that the nano-sheet carbon films (NSCFs) were fabricated on Si wafer chips with hydrogen–

methane gas mixture by means of quartz-tube-type microwave plasma chemical vapour deposition (MWPCVD). In

order to further improve the field emission (FE) characteristics, a 5-nm Au film was prepared on the samples by using

electron beam evaporation. The FE properties were obviously improved due to depositing Au thin film on NSCFs. The

FE current density at a macroscopic electric field, E, of 9 V/µm was increased from 12.4 mA/cm2 to 27.2 mA/cm2

and the threshold field was decreased from 2.6 V/µm to 2.0 V/µm for Au-coated carbon films. A modified F-N model

considering statistic effects of FE tip structures in the low E region and a space-charge-limited-current effect in the high

E region were applied successfully to explain the FE data of the Au-coated NSCF.
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1. Introduction

In recent years, a great effort has been made to
develop of electron field emitters for the application in
display products.[1−3] Much attention has been paid to
carbon-based emitters which have good electron field
emission (FE) properties such as relatively low thresh-
old electric fields[4] and high FE current densities.[5]

Many reports indicate that amorphous carbon films
are also promising candidates for the field emitters due
to their unique chemical, electrical, optical, and me-
chanical properties.[6] In order to obtain such FE prop-
erties as low threshold voltages and high current den-
sities, it may be essential to fabricate nano-structured
carbon films. Thus recently various nano-structured
carbon films have been investigated. Zhang et al [7]

reported that the low threshold field of carbon nan-
otubes was attributed to a random distribution which
brought a high geometric enhancement factor. Wang
and co-workers found that the good FE properties of
carbon nano-sheets[8] and carbon nanoflakes[9] might
be due to the high density of graphite edges with po-
tential emission sites. The research results given by
Wang et al [10] indicated that the carbon nanocones
with a large aspect ratio had a higher FE current and

a lower threshold field. The FE properties of other
nano-carbon films have also been studied.[11] So far,
we have reported that high FE current densities can
be obtained from nano-sheets and nano-needles car-
bon films.[12,13]

All kinds of carbon nanostructured films have
good FE properties, however, it is difficult to more im-
prove their FE properties. The surface treatment may
be an effective method to enhance the FE properties of
carbon nanostructured films. Kung et al [14] reported
that the emission current of the carbon nanotube ar-
rays treated by oxygen and ozone was increased. An
effective method by low energy carbonhydrogen ion
treatment to enhance field emission of the carbon nan-
otubes is demonstrated by Li et al.[15] The FE prop-
erties of carbon nanostructured films coated by a thin
metal film may be able to be improved due to sur-
face modification, and the investigation on this has
been not reported at present. So we fabricated nano-
sheet carbon films (NSCFs) on Si substrates by means
of the quartz-tube-type MWPCVD and subsequently
deposited a 5-nm Au film on the NSCFs by using an
electron beam (EB) evaporation method, and the FE
characteristics of Au-coated NSCFs were studied in
this study.
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2. Experimental

First, chemically cleaned single-crystalline Si sub-
strates were ultrasonically scratched with diamond
powders. (Such a treatment is commonly employed as
a standard nucleation enhancement method for poly-
crystalline diamond chemical vapor deposition (CVD)
growth on a Si substrate.[16]) Furthermore, the Si sub-
strate surfaces were additionally pretreated for 10 min
using H2 plasma created with 300 W microwave power
at 4×103 Pa. Then, carbon films were deposited at a
total pressure of 8×103 Pa for 2 h on the Si substrates
thus prepared by means of the quartz-type MWPCVD
method with a mixture of 5-sccm CH4 and 20-sccm H2

gases at 450-W power of 2.45-GHz microwave. The
base pressure of the CVD chamber employed was be-
low 1.3×10−4 Pa. Finally, an about 5-nm Au film was
deposited on the carbon films by using EB evapora-
tion.

Surface morphologies of the carbon films before
the metal deposition were observed with an FE scan-
ning electron microscope (FESEM) while the struc-
tures of the carbon films were characterized with Ra-
man spectroscopy. The FE measurements were per-
formed at room temperature (RT) below 6.6×10−4 Pa
in another high vacuum chamber. A sample with an
FE area of about 2×5 mm2 acted as a cathode while
an aluminum plate was utilized as its counter anode.
The anode was set to be 100 µm away from the sample
surface by using two 50-µm Teflon sheets as a spacer.
Macroscopic average electric fields ranging from 0 to
9 V/µm were applied between the anode and the cath-
ode.

3. Results and discussion

As shown in Fig.1, Raman spectra taken from a
typical carbon film uncoated with Au thin film have
two Raman peaks located at about 1353 cm−1 and
1587 cm−1 respectively, indicating that standard fea-
tures are formed in the carbon films.

A typical FESEM image of a typical carbon film
uncoated with Au thin film is shown in Fig.2(a). This
picture indicates that the film surface is composed
mainly of stand-up nano-structured carbon sheets
which are complicatedly twisted with each other. This
kind of structure is a little different from that of other
nano-sheets.[8] The SEM image looks like veins with
about 100-nm in width and 1-µm in length. More-

over, many nano-protuberances are observed on the
surface of nano-sheets, so a large numbers of potential
field emission sites can be expected to be formed on
the nano-carbon films.[8] The formation of the carbon
nano-sheets can be attributed to higher CH4 concen-
tration and substrate temperature. Higher CH4 con-
centration and substrate temperature offer the driv-
ing force for nanosheet growth.[17] A high flux of fast
atoms and ions bombardment associated with the in-
ductively coupled microwave plasma will yield growth
along the strongly bonded planes of graphite sheets,
rather than in the more weakly bonded stacking di-
rection.

Fig.1. Typical Raman spectrum taken from a typical as-

deposited carbon film (with no metal film) fabricated in

the present study.

The 5-nm Au-coated carbon films and its corre-
sponding magnifications are shown in Figs.2(b) and
2(c), respectively. These two images show that large
numbers of about 10-nm particles are formed on the
Au-coated carbon film. The formation of nano-sized
Au particles may be attributed to a self-assembly pro-
cess due to little reactivity between the Au atoms and
the carbon atoms.

In this study, the threshold E was defined as E

at which the emission current density, J of 1 µA/cm2

appeared.[4] Figure 3 shows FE current density ver-
sus macroscopic electric field (J–E) data of the NSCF
coated without and with 5-nm Au film. As shown in
Fig.3, the as-deposited NSCF exhibits good emission
properties. The threshold is 2.6 V/µm and the cur-
rent density is 12.4 mA/cm2 at the field of 9 V/µm.
After Au deposition, the sample exhibits enhanced FE
properties than the as-deposited NSCF, with the lower
threshold field of 2.0 V/µm and larger emission cur-
rent density of 27.2 mA/cm2 at the field of 9 V/µm.
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Fig.2. The FESEM images taken from nano-structured carbon films coated (a) without Au

films, (b) with 5-nm Au films and (c) a corresponding magnification of (b).

Fig.3. The FE current density J versus macroscopic elec-

tric field E of typical FE characteristics obtained from the

nano-sheet carbon films coated with and without the Au

films shown in Fig.2.

The increase of the emission properties of Au-

coated NSCFs may be contributed to nano-particles’
formation on its surface, because the formation of
nano-particles can induce the increase of potential FE
sites. In addition, figure 3 shows that the FE current
density of Au-coated carbon films steeply increases
with increasing E below the E of 2.5 V/µm, above
which there is an obvious saturation behavior of J . It
is shown that the saturation behavior of J happens at
the lower E for the Au-coated NSCF than those for
the as-deposited NSCF.

In order to fully understand the FE mechanism
concerned, the FE data of samples should be discussed
separately in the low and high E regions. In the un-
saturated J region or in the low E region, a modified
F–N model considering the statistical distribution in
structure of the FE tips and E-dependent parameters
gives the following relation between J in A/m2 and E

in V/m:[12,13]
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where Sr is an effective relative emission area, β is an
effective field enhancement factor, and ϕ is the work
function of the tip material in eV.

Fig.4. The F–N plots in the unsaturated field emission

current region with a set of short lines fitted using a local

fitting method with E-dependent parameters of the ef-

fective field enhancement factor and the effective relative

emission area.

Here, the work function ϕ is assumed to have
a constant value of 4.5 eV and 5.1 eV for the as-
deposited NSCF and Au-coated NSCF, respectively.
Sr and β are assumed to change with E while they
are regarded as constant values in each E sector of
about 0.1 V/µm. Figure 4 shows the observed J–E

data of samples in the unsaturated J region and those
fitted in every sequential 0.1-V/µm E region by using
a local fitting method,[12,13] indicating that the mod-
ified F–N model can reasonably well reproduce the
experimental data.

The fitting parameters Sr and β deduced as a
function of E in the E region from 1.4 V/µm to
3.5 V/µm are shown in Figs.5(a) and 5(b), respec-
tively. For two samples examined, the β descends with
increasing E in the low E region and then tends to be
saturated to their minimum values in the high E re-
gion (Fig.5(a)), this is coincident with our prevenient
result.[12,13] The maximum β value of the Au-coated
NSCF is larger than the as-dopesited NSCF, this may
be attributed to the formation of nano-Au particles
on the surface of the carbon sheets which can lead
to the descending of the curvature radius of FE sites.
This is a possible reason that the threshold field of the
Au-coate NSCF is lower than that of the as-deposited
NSCF.

As shown in Fig.5(b), the Sr increases with in-
creasing E in the low E region and then tends to
be saturated to their maximum values in the high E

region, this is coincident with our prevenient result,
too.[12,13] However, the effective emission area of the
Au-coated NSCF was extremely larger than that of
the as-deposited NSCF, this may be due to a large
number of nano-Au particles formed on the surface of
the carbon sheets. A large number of nano-Au parti-
cles cause the increase of the total effective FE area of
the emitter, so the FE current density of the Au-coate
NSCF is higher than that of the as-deposited NSCF.

Fig.5. Fitting parameters of (a) the effective field enhancement factor β and (b) the effective

relative emission area Sr, deduced from the local fitting procedure with Eq.(1) in the text as a

function of the macroscopic electric field E.
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The change of the effective field enhancement fac-
tor and the relative emission area with increasing E

is consistent with our prevenient reports and has been
reasonably explained.[12,13] The FE behavior in J at
sufficiently high E can be reasonably explained by
using the space-charge-limited-current (SCLC) model
represented in terms of the Child–Langmuir law[18] as
follows:

J ∝ E3/2. (2)

As shown in Fig.6, the measured FE data can
be well fitted only above the E of 6.5 V/µm and
5.5 V/µm by using Eq.(2) for the as-deposited and
Au-coated NSCF, respectively. This is a possible

Fig.6. J–E data with a curve fitted as J ∝ E3/2 in

terms of the Child–Langmuir space-charge-limited-current

model.

explanation that the saturation behavior in J of the
Au-coated NSCF happened at the lower E than that
of the as-deposited NSCF. Figure 6 shows that the
SCLC model may be a strong candidate for the mech-
anism explaining the saturated behaviour observed at
the high FE currents.

4. Conclusion

The nano-sheet carbon films fabricated by means
of a high-power MWPCVD method were coated with
an above 5-nm Au film. The field emission charac-
teristics of the Au-coated NSCF were obviously im-
proved, in comparison with that of the as-deposited
NSCFs. The FE current density at a macroscopic elec-
tric field of 9 V/µm was increased from 12.4 mA/cm2

to 27.2 mA/cm2 and the threshold field was decreased
from 2.6 V/µm to 2.0 V/µm for Au-coated carbon
films. The measured FE data in the unsaturated J re-
gion were interpreted by using a modified F–N model
considering the statistic effects of the tip structure
whereas those in the saturated J region were explained
in terms of a space-charge-limited-current mechanism.
The enhanced FE properties of the Au-coated NSCF
were resulted in the bigger effective field enhancement
factor and the extremely high effective emission area.
The FE behavior in the saturated J region was found
to be well reproduced in terms of the Child–Langmuir
law following the relation J ∝ E3/2.
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