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Nano-sheet carbon films are prepared on Si wafers by means of quartz-tube microwave plasma chemical vapour

deposition (MPCVD) in a gas mixture of hydrogen and methane. The structure of the fabricated films is investigated

by using field emission scanning electron microscope (FESEM) and Raman spectroscopy. These nano-carbon films are

possessed of good field emission (FE) characteristics with a low threshold field of 2.6V/µm and a high current density

of 12.6mA/cm2 at an electric field of 9V/µm. As the FE currents tend to be saturated in a high E region, no simple

Fowler–Nordheim (F–N) model is applicable. A modified F–N model considering statistic effects of FE tip structures

and a space-charge-limited-current (SCLC) effect is applied successfully to explaining the FE data observed at low and

high electric fields, respectively.
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1. Introduction

In recent years, a great effort has been made to
develop electron field emitters for the application in
display products.[1−3] Much attention has been paid to
carbon-based emitters, such as diamond,[4] diamond-
like carbon,[5] carbon nanotubes,[6,7] and amorphous
carbon (A–C),[8] and so on, because these materials
have good chemical, electrical, optical, and mechan-
ical properties. In order to obtain good field emis-
sion properties at a low threshold voltage and a high
current density, it may be essential to fabricate nano-
structured carbon films. Various nano-structured car-
bon films have been investigated recently. Zhang et
al [9] reported that the low threshold field of carbon
nanotubes was attributed to the random distribution
which brought on the high geometric enhancement
factor. Wang and co-workers found that the good field
emission properties of carbon nano-sheets[10] and car-
bon nanoflakes[11] might be due to the high density
of graphite edges with potential emission sites. The
research results given by wang et al [12] indicated that
the carbon nanocones with a great aspect ratio had a
higher emission current and a lower threshold field.

The field emission properties of other nano-carbon
films have been studied, too.[13,14]

Recently, many studies have indicated that the
F–N curves of nano-structured carbon films manifest
themselves the non-linearity.[9,15,16] This phenomenon
cannot be reasonably explained by the classic F–N
theory. The F–N theory should be adapted to flat
cathode surfaces of metals with a sufficient number of
free electrons. Thus, it may not be applicable for var-
ious carbon films that have complex structures with
irregular shapes where the emission sites and electri-
cal conductivity are significantly different from those
of pure metal plates. Moreover, the number of FE sites
may not be constant when the electrical field varies in
a wide range where the maximum local field reaches
an extremely high field of 107V/cm. Therefore, it may
be necessary to modify the F–N theory for solving the
above problem. We have proposed a modified F–N
model considering statistical distribution of field emis-
sion tip structures and explained successfully the field
emission mechanism of carbon nano-films.[17,18]

In the present study, we fabricate nano-sheet car-
bon films on Si substrates by means of the quartz-tube
MPCVD and report further evidences for our modified

†E-mail: grgu@byu.edu.cn
http://www.iop.org/journals/cpb　http://cpb.iphy.ac.cn



1468 Gu Guang-Rui et al Vol. 17

F–N approach and a possible FE current saturation
mechanism.

2. Experiment

Carbon films were deposited on Si substrates
by means of quartz-tube MPCVD in a mixture of
CH4 (5sccm) and H2 (20sccm) at a reactive pres-
sure of 8×103 Pa and a microwave plasma (MP)
power of 450W. The chamber base pressure was be-
low 1.3×10−4 Pa and the deposition time was 3 h. Si
substrates were ultrasonically scratched with diamond
powder prior to the deposition process (such a treat-
ment is commonly employed as a standard method of
enhancing nucleation for diamond films.[19]) Further-
more, a 10-min pretreatment with H2 plasma irradi-
ation was carried out at a reactive pressure of 4×103

Pa and an MP power of 300 W for the scratched Si
surfaces in a quartz-tube reaction chamber.

Surface morphologies of the carbon films were ob-
served by an FE scanning electron microscope. The

structures of the carbon films were characterized by
Raman spectroscopy. The FE testing was performed
in a high vacuum (< 6.6×10−4Pa) system at room
temperature. A film sample (2mm×5mm) acted as a
cathode while an aluminium plate was utilized as an
anode. The anode was set to be 100 µm away from
the sample surface with two 50 µm-thick Teflon sheets
used as a spacer. Macroscopic electric fields ranging
from 0 to 9V/µm were applied across the anode and
cathode separately.

3. Results and discussion

A typical FESEM image of a typical carbon film
deposited in the present study is shown in Fig.1(a),
and its corresponding magnifications are shown in
Figs.1(b) and 1(c). These pictures indicate 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 little
different from that of other nano-sheets.[10] The SEM

Fig.1. FESEM images taken from a typical carbon film grown on a Si substrate by using quartz-

tube microwave plasma CVD. Subfigures (b) and (c) are parts of magnified area of subfigure (a).
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images look like veins with about 100 nm in width
and 1–3µm in length. Moreover, many nano-
protuberances are observed on the surface of nano-
sheets, so a large number of potential field emission
sites can be expected to be formed on the nano-carbon
films.[10] As shown in Fig.2, Raman spectra taken from
the nano-carbon film have two Raman peaks located
at about 1353 cm−1 and 1587 cm−1 separately, indi-
cating that standard features are formed in the carbon
films.

Fig.2. Raman spectrum taken from the carbon film shown

in Fig.1.

Fig.3. Field emission current density J versus macro-

scopic electric field (J −E) for the 1st, 2nd, 4th, 6th and

8th measurements on the carbon film shown in Fig.1.

The values of FE current density (J) are measured
several times as a function of the macroscopic electric
field (E) for as-grown samples of nano-carbon sheets,
and they are shown in Fig.3. It is indicated that an un-
stable emission with little high FE current is obtained
for the first measurement and that the reproducibil-
ity and the stability of the J − E data both are im-
proved significantly through increasing the measure-
ment times. The average threshold E of 2.6 V/µm at

a current density of 10µA/cm2 is substantially lower
than those for other carbon nano-sheets[10] and car-
bon nanotubes,[20] and the value of J increases with
increasing E at E < 3V/µm, above which there oc-
curs an obvious saturation behaviour of J . The av-
erage current density of 12.6 mA/cm2 is obtained at
E=9V/µm.

In order to fully understand the FE mechanism,
the FE data are discussed first in a low E region
(E < 3.5V/µm) where the saturation tendency of J is
not found. So a modified F–N model considering the
statistical distribution in structure of the FE tips and
E-dependent parameters is presented as follows:[17,18]

ln
J

E2
= ln

(
1.5414× 10−6Sβ2

ϕ

)

− 6.8309× 109ϕ3/2

β

(
1
E

)
, (1)

where J (in A/m2) is the emission current density, E

(in V/m) is the applied electric field, β is the effective
field enhancement factor, S is the effective relative
emission area and ϕ (in eV) is the work function.

Fig.4. F–N relation at low electric fields (E < 3.5V/µm)

for the 4th measurement, denoted with a set of short lines

fitted by using a local fitting method with E-dependent

parameters of the effective 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, S and β are assumed to
change with E while they are regarded as constant
values in each E sector of about 0.1V/µm. As shown
in Fig.4, the 4th measurement F–N data in the low
E region are fitted in each sequential 0.1 V/µm E re-
gion by using a locally fitting method, indicating rea-
sonably good agreement between the results obtained
from the experiment and the modified F–N model.

The parameters S and β are evaluated from the
locally fitting process as a function of E in a range
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from 2.0 to 3.5V/µm, and they are shown in Fig.5.
It is found that the β value decreases first at rela-
tively low values of E and then increases at relatively
high values of E with E value increasing. The β value
is more than 9320 at the low field edge of 2.0 V/µm,
and minimum β value is about 820 at 3.0 V/µm. The
higher β value can be attributed to quite a number
of nano-protuberances on the surface of nano-sheets.
The S value increases first at relatively low values of E

and then decreases at relatively high values of E with
E value increasing. The S value is around 1×10−17

when the value of E is 2.0 V/µm and a maximum value
of S is about 0.05 at 3.0 V/µm. Furthermore, the de-
duced S values are extremely small, suggesting that
the effective emission areas of the samples are much
smaller than their apparent surface areas.

The variations of S and β with E can be under-
stood as follows. In a low E region, when an extremely
low E is applied to the sample, the emission behaviour
is governed by the FE sites with a larger value of β

whereas the contribution to J from FE sites with a
smaller value of β is neglected. When E value is fur-
ther increased to a relatively large value, FE sites with
a smaller value of β turn to making a contribution to
J . The number of such sites with smaller values of
β should be significantly larger than that of the sites
with larger values of β. In the low E region, the FE
currents from such low β sites significantly increase
with the value of E increasing while the contribution
to J from the larger β sites relatively decreases due
to such a saturation effect as observed in the case of
sufficiently high J .

Fig.5. The effective field enhancement factor, β, and the

effective relative emission area, S, deduced from the local

fitting procedure as a function of the macroscopic electric

field, E.

As shown in Fig.4, at E > 3.0V/µm, S again
becomes smaller with the value of E increasing. This
cannot be explained reasonably in terms of the present

modified F–N model. On the one hand, the FE cur-
rent density should be limited by the density of states
near the Fermi energy for C atoms located at the emit-
ter tips such as carbon nanotubes,[21] and on the other
hand, the value of ϕ for the emitter tip surface may
be E-independent.[22] Furthermore, each FE emitter
that gives the field enhancement effect may not work
fully at such a high E due to an insufficient screening
effect by the limited number of free electrons.

Thus, in the high E region, a substantial contri-
bution of some kind of space-charge-limited-current
(SCLC) mechanism may be considered to be able to
explain the FE behaviour measured in the sufficiently
high E region, namely at E larger than about 6V/µm.
In such a case, J in the saturated region may be rep-
resented in terms of the Child–Langmuir law[23] as
follows:

J ∝ E3/2. (2)

As a matter of fact, the measured FE data in the
high E region can be well fitted only at E larger than
about 6 V/µm by using the above equation as shown
in Fig.6. This means that the SCLC model may be a
strong candidate for the physical mechanism explain-
ing the saturated behaviour in FE currents. Thus, the
FE currents in the middle of E region may be con-
trolled by both the F–N model and the SCLC model.
A further study on this issue is needed.

Fig.6. J − E data of the 4th measurement for the car-

bon film with a curve fitted as J ∝ E3/2 in terms of the

Child–Langmuir space-charge-limited-current model.

4. Conclusions

Nano-sheet carbon films are successfully pre-
pared on Si substrates by quartz-tube MPCVD. The
good FE characteristics with a low threshold field of
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2.6V/µm and a high field emission current density
of 12.6 mA/cm2 are obtained from such films. The
measured FE data are separately discussed both in a
low E region and in a high E region. It is proposed
that the modified F–N model considering the statis-
tic effects in the low E region (E < 3V/µm) and the
SCLC model in the high E region (E > 6V/µm) be

able to explain the observed FE data. The present
modified F–N model suggests that the effective field
enhancement factor decreases while the relative emis-
sion area increases with the value of E increasing in
the low E region. The FE behaviour observed in the
high E region can be well reproduced in terms of the
Child–Langmuir SCLC mechanism.
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