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Abstract—The properties of a point fieldemission cathode representing a structure in the form of a silicon
carbide tip coated with a thin graphene film are assessed. For the point cathode with the graphene coating,
the current–voltage characteristics are constructed in the Fowler–Nordheim coordinates; the work functions
ϕ of the point cathode are calculated by their slope. The possibility of forming heavily doped n+SiC on the
point surface by the sublimation of lowthreshold field emission cathodes with low threshold electric fields
and fieldemission currents is shown.
DOI: 10.1134/S1063782615090146

1. INTRODUCTION
Over the last few years, field emission of cathodes
made of carbon materials: fullerenes, nanodiamonds,
nanotubes, glassy carbon, graphenelike materials,
and graphene films, have been actively studied. This is
due to the possibility of the development of a number
of fieldemission displays, micro and nanosensors,
and nextgeneration computers based on carbon field
emission cathodes [1]. Among all the abovelisted
materials, carbon nanotubes and graphene films are
considered as most promising for the development of
fieldemission structures of microand nanoelectron
ics (point cathodes).
This is related to the high carrier mobility, conduc
tivity, thermal conductivity, strength, and the radiation
and thermal stability of graphene [2]. However,
graphene films, despite great interest in their applica
tion as coatings for point cathodes, have not been ade
quately studied. This is mostly associated with difficul
ties in technological processes of the fabrication of
graphene films themselves and nanoscale fieldemis
sion structures on their basis. A very important factor
is also the choice of the substrate on which the
graphene film is formed. As shown in [3, 4], the most
successful combination of the possibilities of technol
ogy and obtained structural and optical properties of
graphene is the formation of graphene films on a SiC
surface by the sublimation method. In [5], this method
was used to grow graphene films on conductive and
semiinsulating substrates 6HSiC; the annealing
conditions allowed the fabrication of the least strained
graphene layers on SiC.

The objective of this work is the development and
study of prototypes of fieldemission cathodes based
on the graphene films on a heavily doped n+6HSiC
substrate grown by the sublimation epitaxy method
[3–5].
2. METHODOLOGICAL ASPECTS OF SAMPLE
FABRICATION AND MEASUREMENTS
Graphene films were grown by the technique
described in [3–5]. As substrates, 6HSiC samples
doped with nitrogen to a concentration of ~5 ×
1018 cm–3 were used. To remove silicon oxide from the
SiC surface, the samples were annealed at a tempera
ture of 900°C for 2 hours. Then the samples were
annealed in vacuum at T = 1250°C for 20 min.
The presence of graphene on the SiC surface, its
degree of perfection, and the film thickness were esti
mated by Raman scattering (RS) spectra. The results
of these studies were published previously in [5]. It was
shown that annealing at a temperature of 1250°C pro
motes the formation of a graphene film with film
forming cluster sizes of ~10 nm.
The graphenefilm surface morphology was studied
using a highvacuum (~10–7 Pa) scanning probe micro
scope (SPM) module (Nanofab NTK9, NTMDT).
Figure 1 shows atomicforce microscopy (AFM)
images of the 6HSiC substrate surface after annealing
at T = 900 and 1250°C. We can see that a step structure
typical of graphene films was formed on the SiC sur
face after annealing at T = 1250°C [4, 6, 7].
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Fig. 2. SEM image of the obtained fieldemission cathode.

Fig. 1. AFM images of the 6HSiC substrates after
annealing.

the emission current density at voltages above 8 V. This
is caused by features of the experimental setup. The
maximum current is limited by 20 nA.

Prototypes of point emission cathodes were fabri
cated by focused ion beams using a Nova Nanolab 600
system [8] at an accelerating voltage of 30 keV and an
ionbeam current of 30 pA–3 nA. The cathodes were
fabricated with tip radii of 20, 30, and 40 nm. To avoid
possible graphene contamination during etching by
gallium and siliconcarbide particles, graphene was
grown on the emitter tip after fabrication of a cathode
with the required sizes. Using a scanning electron
microscope (SEM), which was a component of the
system, images of the fabricated emission structures
were obtained. Figure 2 shows the general view of the
fabricated fieldemission cathode and an image of the
fieldemission cathode tip with a radius of 40 nm.

To analyze the characteristics of the fieldemission
prototype, the I–V characteristics were constructed in
the Fowler–Nordheim coordinates:

3. EXPERIMENTAL RESULTS
The current–voltage (I–V) characteristics of the
tip structures were measured using an Ntegra Vita
scanning probe nanolaboratory at fixed interelectrode
distances of 1, 3, and 5 nm. Figure 3 shows the I–V
characteristic of the field emission cathode–probe
system with a cathodetip radius of r = 40 nm at inter
electrode distances of 1, 3, and 5 nm.
We can see in Fig. 3 that electron emission is
observed at low voltages. The field gain at interelectrode
distances of 1, 3, and 5 nm was 1.01 × 109, 3.43 × 108, and
2.09 × 108 V/m, respectively. The emitting surface
areas and fieldemission current densities were calcu
lated. It was found that the emitting surface area,
depending on the applied voltage, can reach 6 ×
10–15 m2 at U = 10 V; in this case, the dependence S =
f(U) is almost linear (Fig. 4a). As the voltage increases,
the fieldemission current density increases to ~4 ×
106 A/m2 at an interelectrode distance of 1 nm. Figure 4b
(curves 1 and 2) shows the limitation of an increase in
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where J is the current density and E is the electric field
strength. The I–V characteristics constructed in the
Fowler–Nordheim coordinates have a linear appear
ance (Fig. 5), which is typical of field emission. The
work functions ϕ of the point cathode were calculated
by the slope of the I–V characteristics shown in Fig. 5.
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Fig. 3. Current–voltage characteristics of the fieldemis
sion cathode–probe system at interelectrode distances of
(1) 1 nm, (2) 3 nm, and (3) 5 nm.
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Fig. 4. Dependence of the (a) emitting surface area and
(b) fieldemission current density on the voltage in the
emissioncathode–probe system at interelectrode dis
tances of (1) 1 nm, (2) 3 nm, and (3) 5 nm.

The work functions of the fieldemission cathode with
a tip radius of 40 nm are listed in the table.
Workfunction estimations for cathode tip radii of
20 and 30 nm at interelectrode distances of 1, 3, and
5 nm showed values of the same order. We note that the
work function of graphene, depending on the number
of monolayers is 4.3–4.6 eV according to [9]. The
minimum and maximum values of ϕ are given in [9]
for one monolayer and ten monolayers, respectively,
which is identical to the corresponding value of crys
talline graphite [9] and is close to ϕ of silicon carbide.
We observed values of ϕ closer to those of graphene
like structures based on carbon nanotubes [1] or car
Electron work function ϕ of the point cathode with a curva
ture radius of 40 nm at various interelectrode distances
Parameter
Interelectrode distance, nm
Work function, eV

Value
1
0.31

3
0.6

5
0.9

Fig. 5. Experimental current–voltage characteristic
(Fig. 3) on the Fowler–Nordheim coordinates at inter
electrode distances of (1) 1 nm, (2) 3 nm, and (3) 5 nm.

bon nanoclusters [10, 11]. In [1] and [11], ϕ is 1 and
0.05–0.3 eV, respectively.
Indeed, provided that nanoclusters are fieldemis
sion sources as is considered in [10, 11], the graphene
nanocluster sizes determined based on the RS data in
our previous study [5] as ~10 nm suggest that the
rather low field emission observed in this study is
caused specifically by graphene nanoclusters on the
point cathode.
4. CONCLUSIONS
It was shown that lowthreshold fieldemission
cathodes can be formed based on graphene films
grown on the tip surface of heavily doped n+SiC by
the sublimation method. The observed threshold val
ues of the electric field and fieldemission current
appeared significantly lower than those for ordinary
point cathodes. Lowthreshold field emission can be
explained under the assumption of the presence of
graphene nanoclusters on the point cathode surface.
This assumption is confirmed by the comparatively
low electron work function of graphenecoated point
cathodes. The dependences of the emitting surface
area and fieldemission current density on the cath
ode–anode voltage were obtained. It was found that an
increase in the voltage results in an increase in both the
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area from which emission occurs and the current den
sity. A decrease in the interelectrode distance led to a
decrease in the work function, which made it possible
to achieve higher emission currents, higher field
emission current densities, and larger emitting surface
areas. The results of this study should be considered
when developing devices of field emission micro and
nanoelectronics.
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