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Field emission studies have been carried out on undoped as well as N- and B-doped graphene
samples prepared by arc-discharge method in a hydrogen atmosphere. These graphene samples
exhibit very low turn-on fields. N-doped graphene shows the lowest turn-on field of 0.6 V /�m,
corresponding to emission current density of 10 �A /cm2. These characteristics are superior to the
other types of nanomaterials reported in the literature. Furthermore, emission currents are stable
over the period of more than 3 h for the graphene samples. The observed emission behavior has been
explained on the basis of nanometric features of graphene and resonance tunneling phenomenon.
© 2010 American Institute of Physics. �doi:10.1063/1.3464168�

Electron sources are becoming increasingly important
for use in both research and technological applications.
While conventional thermoelectronic emitters seem to be de-
clining in importance, cold electron emitters using field
emission are showing great potential for several applications.
Among the numerous nanomaterials, electron field emission
cathodes based on carbon nanocrystalline materials are
being extensively investigated for high current density
applications.1–4 Thus, carbon nanotubes and nanofibers have
been frequently used for fabricating field emission cathodes
because of their high aspectic ratios as well as unique me-
chanical and electronic properties. These materials exhibit
low turn-on voltages and large emission current densities.5,6

Most recently, graphene, the two-dimensional nanocarbon
has attracted great attention because of its exceptional
properties.7,8 In addition to possible applications in ultrahigh-
speed nanoelectronics,9 graphene promises to be useful in
chemical and biosensor.10,11 There have been attempts to in-
vestigate field emission properties of graphene films
recently.12–14 A spin-coated graphene film is reported to ex-
hibit a threshold field �for a current of 10−8 A /cm2� of
4 V /�m with a field enhancement factor, �, of 1200.12 A
few-layer graphene film synthesized by chemical vapor
deposition exhibits a favorable turn-on field but decays after
five cycles, the turn-on field shifting to 3 V /�m and � de-
creasing to 3000.13 Use of electrophoretic deposition appears
to lower the turn-on voltage.14 Besides geometrical factors
and spatial distribution, tailoring the work function provides
another means to improve the electron field emission. Theo-
retical studies have shown that substitutional doping can
modulate the band structure of graphene.15,16

We have carried out a careful investigation of the field
emission properties of undoped, as well as boron- and
nitrogen-doped graphenes. For this purpose, we have pre-
pared these graphene samples by carrying out arc discharge

of graphite with appropriate doping methodologies, since arc
discharge is expected to yield graphene samples with higher
conductivity.17 We carried out arc discharge in the presence
of hydrogen to obtain 2–3 layers of graphene �HG� �Fig.
1�a��. To prepare boron-doped graphene �BG�, we carried out
arc discharge in the presence of H2+B2H6. We prepared
nitrogen-doped graphene �NG� by carrying out the arc dis-
charge in the presence of H2+ pyridine.18,19 All the above
mentioned graphene samples were characterized by variety
of physical characterization techniques. Based on the XPS
measurements, BG and NG were found to contain 1.2 at. %
of boron and 0.6 at. % of nitrogen, respectively. Electron
energy loss spectroscopy measurements performed in an
electron microscope indicated that the contents of boron and
nitrogen to be comparable to those obtained from XPS.

Electrophoretic deposition was employed for depositing
vertically oriented graphene sheets20 for the electron field
emission measurements. Figure 1�b� shows field emission
scanning electron microscope images of HG, BG, and NG
samples obtained after deposition on Si substrate. The films
are randomly oriented with high graphene density and uni-
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FIG. 1. �a� High magnification transmission electron microscopy image of
undoped graphene �HG� showing the presence of 2–3 layers AFM images
confirm the presence of 2–3 layers. �b� field-emission scanning electron
microscopy image of graphene films obtained after deposition on Si sub-
strate undoped graphene �HG�.
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form morphology. The sharp edges present function as emis-
sion sites and enhance the field emission.

The graphene samples deposited on Si substrate were
loaded independently on a copper stub by using conducting
vacuum compatible silver paste in such a manner as to be
parallel to the phosphor coated conducting glass anode
screen. The distance between the cathode and anode was
manipulated by using a linear mechanical drive. After
mounting the sample inside the ultrahigh vacuum chamber,
the chamber was baked at 250 °C for 10 h to achieve a base
pressure of 1�10−8 mbar. Field emission current density–
electric field �J-E� and the emission current–time stability
�I-t� characteristics were measured at the same base pressure
using a Keithley 6514 picoammeter and a Spellman high
voltage dc power supply at room temperature. The interelec-
trode separation was kept at 1 mm throughout the experi-
ments.

Figure 2�a� shows the variation in J-E characteristics of
the HG, BG, and NG samples. The turn-on electric field
�defined as the field required to draw the current density of
10 �A /cm2� is 0.7, 0.8, and 0.6 V /�m for HG, BG, and
NG, respectively. As the applied voltage was increased fur-
ther, the emission current density of �50 �A /cm2 was
drawn at an applied field of 0.95, 1.08, and 0.99 V /�m for
HG, BG, and NG, respectively. These values are found to be
significantly lower than the best values reported for graphene
samples,20–22 subnanometer graphite sheets,23 undoped and
doped carbon nanotubes,24–26 and other semiconducting na-

nomaterials such as CdS aligned nanowires,27 tungsten oxide
nanowires28 and ZnO needles.29 The smaller turn-on electric
field observed by us is thus noteworthy and probably results
from the unique characteristics of the graphene prepared by
arc discharge in hydrogen.

The Fowler–Nordheim �FN� model of field emission
originating from the study of flat metallic surfaces at 0 K is
widely used in carbon based electron emitters.30 We have
used Eq. �1� to calculate the field enhancement factor, �.

J = A��2E2/��exp�− B�1.5/�E� . �1�

Here, J is the emission current density, A�1.54
�10−6 A eV /V2� and B�6.8�109 eV−3/2 V /m� are con-
stant, � is the work function and is assumed to be 5 eV same
as that for graphite. The FN theory is valid only for metallic
emitters. In the case of semiconducting emitters, effects such
as field penetration and band bending will have to be consid-
ered but there is no unified equation or theory which ac-
counts for all these parameters for both semiconducting and
metallic emitters. Hence, one uses the FN equation for the
analysis of field emission data. In the present study, the FN
plot is found to be nonlinear and such FN plots have been
reported for many semiconducting nanomaterials.31,32 The
nonlinearity in the FN plot can be resolved into two linear
sections with distinct slopes in the high-field and low-field
regions �see Fig. 2�b��. The field enhancement factors ��� are
calculated from the slope of the low-field and the high-field
regions of the FN plot, using the following equation,

� = �6.8 � 103 � �3/2�/slope �2�

are found to be 15740, 11879, 25849 for the low-field region
and 24058, 12067, 49690 for the high-field region of HG,
BG, NG, respectively. These calculated values of � may be
overestimates due to the limitation of the FN equation.

The small turn-on field is associated with the edges of
vertically oriented graphene sheets. Furthermore, N-doped
graphene shows the lowest turn-on field, relative to undoped
graphene. One of the reasons probably is the up-shift of the
Fermi level of graphene due to N-doping.18 The turn on volt-
age depends upon the local field through �, the charge carrier
density, and the type of doping �donor or acceptor�. In addi-
tion to these parameters, resonance tunneling may also play a
role.33 Our field emission patterns consist of random spots,
unlike emission from single graphene sheet20 suggestive of
resonance tunneling. Field emission includes transfer of elec-
trons from the electrode to the field emitting material, and
subsequently transit of electrons into the material, finally go-
ing to the vacuum. For a given material, the first and the last
steps are important factors.13,22,34,35

Stability of the field emission current is an important
requirement for practical applications of cold cathodes.
We have measured the stability of HG, BG, and NG at a
current value of 1 �A over a duration of more than 3 h by
using a controlled data acquisition system, acquiring the
emission current data with a sampling time of 10 s. Figure 3
shows the current–time plots measured at a base pressure of
1�10−8 mbar. Ignoring short-term fluctuations due to ad-
sorption and desorption of residual gas molecules and diffu-
sion of adsorbed species on the emitter surface, the I-t plots
are nearly identical after repetitive measurements with no
degradation in the emission current during long term opera-
tion �Fig. 3�. The field emission patterns shown as insets in

FIG. 2. �a� Current density �j� of undoped �HG�, boron-doped �BG�, and
nitrogen-doped �NG� graphenes as a function of electric field. �b� FN plot of
HG, BG, and NG graphenes.

063102-2 Palnitkar et al. Appl. Phys. Lett. 97, 063102 �2010�

Downloaded 11 Jan 2011 to 203.90.91.225. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



Fig. 3 reveal tiny spots and the number of emission spots
does not change during I-t measurements. The postfield-
emission surface morphology shows no deterioration of the
emitter surface indicating its mechanical robustness against
ion bombardment and field-induced stress.

In conclusion, we have employed electrophoresis to fab-
ricate undoped and doped graphene films synthesized by arc-
discharge in hydrogen and studied their field emission prop-
erties. These high-density graphene films exhibit better field
emission properties than other nanostructures, with a turn-on
electric field of �0.7 V /�m. The excellent field emission
properties of graphene appear to arise from the intrinsic
properties such as electrical conductivity, morphological fea-
tures, and resonance tunneling.
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FIG. 3. Current stability of undoped �HG�, boron-doped �BG�, and nitrogen-
doped �NG� graphenes �Inset field emission pattern corresponding to HG,
BG, and NG�.
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