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ABSTRACT Due to its difficulty, experimental measurement of field emission from a single-layer graphene

has not been reported, although field emission from a two-dimensional (2D) regime has been an attractive topic.

The open surface and sharp edge of graphene are beneficial for field electron emission. A 2D geometrical effect,

such as massless Dirac fermion, can lead to new mechanisms in field emission. Here, we report our findings from

in situ field electron emission characterization on an individual singe-layer graphene and the understanding of the

related mechanism. The measurement of field emission from the edges was done using a microanode probe

equipped in a scanning electron microscope. We show that repeatable stable field emission current can be

obtained after a careful conditioning process. This enables us to examine experimentally the typical features of

the field emission from a 2D regime. We plot current versus applied field data, respectively, in In(//E*?) ~ 1/E and

In(l/E%) ~ 1/E* coordinates, which have recently been proposed for field emission from graphene in high- and low-

field regimes. It is observed that the plots all exhibit an upward bending feature, revealing that the field emission

processes undergo from a low- to high-field transition. We discuss with theoretical analysis the physical

mechanism responsible for the new phenomena.
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raphene has an inherent two-

dimensional (2D) geometry, open

surface and edge. The large aspect
ratio due to the sharp edge of graphene
makes it attractive for field electron emis-
sion. More important, field emission from a
2D regime has not been studied. Graphene
can offer one such an opportunity. Theory
has predicted an unconventional electronic
structure of the edge states in graphene,’
which may affect electron tunneling prob-
ability from the edge. Considering massless
Dirac fermions in graphene,” which have a
linear dispersion relation that is different
from the quadratic relation of the nonrela-
tivity electrons, the density of states is
affected. Thus, further studies are needed
on its field emission mechanism. A number
of studies have already been carried out on
the field emission properties of graphene
thin film.3~> S. Wang et al. studied the high
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field emission reproducibility and stability
of carbon nanosheets.® G. Eda and co-
workers investigated the field emission
from graphene-based composite thin
films.* They reported the effect of graphene
alignment on field emission. Z. S. Wu et al.
measured the field emission of the films of
single-layer graphene.® These reports show
attractive field emission performance of
graphene films, but they represent the col-
lective behavior of a large number of
graphenes. To understand the physical
mechanism underlying, it is essential to
study field emission from a single-layer
graphene.

RESULTS AND DISCUSSION

To realize an individual graphene sheet
for field emission study, a single graphene
sheet was prepared by mechanical cleav-
age. They were then placed on the surface
of the SiO, layer that was already prepared
by thermally oxidizing a single crystal Si wa-
fer. The thickness of SiO, was carefully cho-
sen to ~300 nm to make the single-layer
graphene visible under optical microscope.
Gold electrodes were deposited on two
ends of a single-layer graphene. Optical im-
age of a single-layer graphene and a Ra-
man spectra were taken to confirm that the
graphene sample was a single layer. Figure
1 shows the typical Raman spectra and the
scanning electron microscopy (SEM) image
of the single-layer graphene.

The field emission measurement was
performed in a SEM chamber equipped
with a nanomanipulator,® which was fixed
with a cleaned tungsten microtip as the an-
ode probe. Figure 2a shows the SEM image
of the test structure. The distance between
the anode probe and the graphene was set
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Figure 1. (a) Typical Raman spectrum and (b) SEM image of the

single-layer graphenes.

to ~600 nm; at such a small vacuum gap, field enhance-
ment is negligible. We could not succeed in obtaining
stable emission when the single layer of graphene laid
flat on the substrate. We then used the anode probe to
squeeze part of the graphene single layer (as shown in
the red dashed square in Figure 2 a, so that it became
curled up, as shown by the SEM images in Figure 2b and
c. Field emission measurements were performed point
by point on the graphene single layer, marked as A—E
in Figure 2c and d. With reference to Figure 2d, three
types of test points were chosen in our experiment:
point A at the edge lying flat on the substrate, point E
at the center of the graphene single layer, and points
B—D at the edge above the substrate. Only negligible
currents with a noise level of <2 pA were observed for
points A and E even when the applied electric field was
increased to ~800 MV/m. However, field emission cur-
rents above 100 pA were observed from points B—D
with fields even below 800 MV/m. These reveal that the
edge of a single-layer graphene is prone to field elec-

Figure 2. (a) SEM image of the graphene structure and the anode tip for the field emission test. (b) SEM image of the curved
graphene, which is located in the red dashed square in (a). (c) Magnified SEM image of the curved graphene in (b). Field emis-

tron emission. In order to avoid vacuum break-
down of graphene, the current levels were
kept to several hundreds of pico-amperes dur-
ing our measurements on points B—D.
Typical findings are reported below. First,
a room temperature conditioning process
can result in a reproducible stable field emis-
sion from the edges of a graphene single layer.
Such a procedure is described below. The an-
ode voltage was applied on the edge of
graphene single layer and increased manually
at a voltage step of 0.1V, and the current was
very unstable (Figure 3a). One may see a gen-
eral trend from Figure 3b that as the number of cycles
of voltage increases, gradually a lower voltage (and
fields) is needed to obtain the same level of field emis-
sion currents. This is completely different from carbon
nanotubes, which will emit electrons at much lower
fields before conditioning. Also from Figure 3b, cur-
rents become more and more stable as the condition-
ing process goes on. In order to avoid vacuum break-
down, we kept the upper current limit to around 100 pA
when the current was seen to be more stable. We fi-
nally reach the stage when all /—=V curves are within a
narrow range, as may be seen from Figure 3 b (curves
36—49). We enlarged these /—V curves and show them
in Figure 3c. One may see that the fluctuation of cur-
rent becomes small. This indicates that the edges of the
graphene single layer became gradually clean. The
small variation in current between the individual volt-
age cycles may be attributed to other factors, such as
mechanical vibration, rather than surface absorption.

A g 4D
Graphene BC
Sio,

sion tests were performed on points A—E. (d) A 3D schematic illustration shows the relative position among anode probe,

graphene, test points, and substrate.
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Figure 3. (a) Field emission /I—E curves showing the care-
fully conditioning processes for continuous testing cycles
of 1—25. (b) Curves 26—35 showing the end of the condi-
tioning process before stable and repeatable /—E curves
(36—49) are obtained. (c) Showing stable and repeatable
I—E characteristics obtained after the conditioning.

One can imagine that carbon atoms in the emitting lo-
cation may also have vibration in such 2D field emission
regimes, and in the present study, we have not been
able to characterize this effect on electron emission.

In order to find the physical mechanism underlying,
it is essential to further analyze the field emission -V
data. Early reports gave Fowler—Nordheim (FN)
plots®> > by assuming that the field emission from
graphene films may follow the prediction of the con-
ventional FN equation. However, here we are dealing
with field emission from single-layer graphene, which
is a 2D regime, so we should take the effect of the 2D
system into account. Recently, we have derived an ana-
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lytical solution of the line current density (LCD) of field
emission from the nanosheet,” which takes into ac-
count the effect of quantization of the motion in the di-
rection perpendicular to the sheet. The zero-field bar-
rier height seen by an electron in a state with a
transversal kinetic energy W, is &s = & + W, + W,,”®
with ¢ the work function of the material and W; the en-
ergy difference between the Fermi level and the state.
This effect makes the longitudinal energy of electron
significantly small, so that when the surface barrier is
large, the probability of electron tunneling through the
barrier becomes small. Only states close to the state
whose surface barrier is relatively small can have contri-
bution to the emission. But the above model should
be developed to take into account the physical prop-
erty of graphene. For graphene, first, the external applied
field may penetrate into it, and it leads to induced charges
accumulating near the emitting edge. Also, the K state
(Dirac point) has the minimum surface barrier, ¢ ~ ¢
(work function ¢ = 4.7 eV). The state corresponding to
the next smallest surface barrier minimum is the M state,
and oy ~ ¢ + |t| ~ 7.4 eV, with t being the hopping pa-
rameter of graphene. So the K-state emission is domi-
nated, thus here after only the K-state emission is
considered.

The solution for the emission line current density
may be expressed below:

32
I(E) = 2"d¥? exp(—l%q)%) M

where z" is a positive constant, which is irrelevant to
our discussion, and b = 6.83 eV~¥2V nm~", The param-
eters dr and I'r may depend on the applied field E, and
they are related to each other via®

d-' = b o ﬁ )
E Edg\ T,

The power 3/2 of de in eq 1 originates from the 2D sup-
ply function.

In the following, we look into both high- and low-
field cases. In the high-field regime, the barrier thick-
ness is very small, therefore electrons having longitudi-
nal energies significantly smaller than the Fermi energy
may tunnel through the barrier. As a result of the small
barrier thickness, the effect of the surface barrier modi-
fication due to the specific geometry of the edge of
graphene and the distribution of the induced charge is
not significant.” The triangular barrier is then a good ap-
proximation for the surface barrier. Then I'¢ is reduced
to the field enhancement factor (y), and eq 1 becomes

b 3/2
I4(B) ~ B exp(— ;pK ) (3)

In eq 3 there are two notable features that are differ-
ent from the conventional FN theory for the 3D
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Figure 4. (a) Curves in In(I/E*?) ~ 1/E coordinate, and (b) Single curve for clear exhibition of the upward bending feature.
The units of / and E are ampere (A) and volt/meter (V/m), respectively. The inset numbers in (b) are the slope values of the fit-
ting straight lines, while (c) and (d) show the curves in the In(I/E3) ~ 1/E? coordinate. All the curves in this figure corre-

spond to all the I—E curves 36—49 shown in Figure 3c.

system: (1) The power of E in the prefactor is 3/2 in-
stead of 2 in the FN theory, and (2) The work function
of the FN theory is replaced by ¢y, the zero-field barrier
height seen by an electron in the K state.

Next, when the field on the edge of graphene is
weak, the graphene can screen the field almost com-
pletely and may be considered as an ideal metallic
sheet of zero thickness. As an approximation, we as-
sume that the induced charge is located along a line
at distance r from the edge, with r being the field pen-
etration depth. Further, let the line density of the in-
duced charge be \. One can find that I's = y +
NQ2meorE) ' = N(2meorE) . In the last step, we have
used the fact that the surface barrier is mainly deter-
mined by the induced charge in the weak-field regime.
It is known that the density of state is linear in the vicin-
ity of the K point, therefore, N ~ ||, with the p be-
ing the chemical potential relative to the energy of the
K state. It is reasonable to assume that . is proportional
to the edge field as yE. With all of these arguments we
obtain the weak-field parameter I's = k+y?E, where the
parameter k depends on r and the graphene band
structure [using the tight-binding band structure of
the graphene, k ~ 3e3r?/(16m?eoa?t?)]. This is consistent
with the sophisticated solution for the flat sheet.”
Finally, the LCD in the low-field regime follows

3/2
() ~ E° exp(— b(ﬂKz) @
KkYE
Now we can plot the /—E data in coordinates:
In(l/E*) ~ 1/EP. When (o, B) = (3/2, 1), we have plots as
shown in Figure 4a and b, which should be straight lines
in the high-field region as predicted by eq 3. When (c,
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B) = (3, 2), we have plots as shown in Figure 4c and d,
which should be straight lines in the low-field region as
predicted by eq 4. We can see that, in fact, the curves in
all cases exhibit an up-bending feature but no linearity.
This up-bending feature is very unique to single-layer
graphene and was not reported in the early studies.®> >
It reveals that as field increases, the emission efficiency
becomes higher and higher, as compared to the nonlin-
ear FN plot often reported of carbon nanotubes, nano-
wires, and diamond and related films, where it shows
down bending with increase of the field. In those cases,
as the field increases, the field emission gradually
emerges into a current saturation region.

More important, this up-bending feature reveals
that only eqgs 3 or 4 are not enough to explain our ex-
perimental findings. We shall demonstrate in the fol-
lowing that both equations are needed because the
field emission process we measured involves the under-
lying physics predicted by the two equations.

Let us compare the slops of the plot In(l/E*) ~ 1/EP
in the high- and low-field regimes. Denote the high-
and low-field are E, and Ey, respectively. From eqs 3
and 4, ignoring the prefactors, the slop difference be-
tween the high- and the low-field parts of a curve, i.e.,
the high- minus low-field slop may be written as

by

2
1 — 5
Y ( KYEW) ®

A =

forp =1,and

(6)

2

_b(Pi/ZEH 1 2
2y KYEy
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for B = 2. When A; < 0, the plot in the coordinates
with B = 1 will bend upward. Using the graphene pa-
rameters, we estimate k = 0.78r%/(nm - V). Therefore, the
up-bending condition for the B = 1 plot is fulfilled
when yEyr? > 2.56V - nm? When yr? > 14.2 nm?, the
field derived will be within the range of our experimen-
tal applied field. The valid regime is even wider if the
penetration depth is larger. Since Ey > Ey by definition,
whenever those of B = 1 are bending up, i.e, A <0,
one has A, < 0, thereby the plot with B = 2 must also
bend upward and more obviously than the plot of B =
1. It is indeed what we observed in Figure 4. Let us con-
sider Figure 4b, the slop difference between high- and
low-field regimes is about 1 V/nm (1000 V/p.m) that co-
incides with —A; given by eq 5if y = 5and r = 3.9 nm.
We may also consider another effect of applied elec-
tric field that can lead to gradually increase the elec-
tron supply to field emission. It is reported'®'" that in
a field effect transistor (FET) device structure, when ap-
plying a field to a graphene single layer, its conductivity
(o) will increase. In our field emission regime, electric
fields are constantly applied on the graphene and
gradually increase. Thus, the supply of electrons to the
emitting edge of the graphene will be strongly affected
by the applied electric field. According to the above dis-

METHODS

A single graphene sheet was prepared by mechanical cleav-
age. They were placed on silicon substrate with a SiO, layer
(300 nm in thickness) to make the single-layer graphene, visible un-
der optical microscope. Optical image of a single-layer graphene
and Raman spectra was taken to confirm that the graphene sample
was a single layer. Gold electrodes were fabricated on the two
ends of a single-layer graphene using e-beam lithography, sputter-
ing deposition of Au and PMMA lift-off process.

The field emission measurement on single-layer graphene
was performed in a SEM chamber equipped with a nanomanip-
ulator, which was fixed with a cleaned tungsten tip with a radius
of 800 nm as the anode probe. In the experiments, the distance
between the anode probe and the graphene was set to ~600
nm. A picoammeter with a power supply (Keithley 6487) was em-
ployed to record the field emission current. The typical vacuum
chamber pressure was ~8 X 107° Pa.
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