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E
lectrons from a solid can be emitted
into the vacuum by thermal excitation
(i.e., thermionic emission),1 decreasing

the work function,2�5 or applying suffi-
ciently large electric fields (i.e., field
emission).1,6 Most electron emitters such
as X-ray sources utilize thermionic emission
to generate high-current electron beams
but are problematic because they are un-
stable and bulky and cause heating of the
surrounding device housing. Therefore cold
cathode emitters that remain at room tem-
perature and provide high emission current
density at low electric fields are desirable.
High aspect ratio materials such as carbon
nanotubes and metallic tips exhibit excel-
lent electron emission characteristics due to
local field enhancement at the tip, which
decreases the barrier width, allowing elec-
trons to tunnel into vacuum at low electric
fields. Although low threshold fields (∼1 V/
μm) have been reported for carbon field
emitters of various types, careful experi-
ments on individual or well-separated emis-
sion sources have revealed that the onset of
field emission is related only to the field
enhancement factor (β = h/r where h is the
height and r is the radius) and the work
function (Φ ≈ 5 eV for sp2 carbon) of the
emitter.7�9 In unique cases, however, low
threshold field emission is possible in ultra-
smooth surfaces, due to intrinsically lower
(or even negative) work functions. For ex-
ample, hydrogenation of diamond leads to
a negative electron affinity surface,3,4,10,11

and low threshold field emission can be
readily observed.12�14 However, low carrier
concentration in the conduction band due
to its large energy gap limits the overall
emission current from diamond cathodes,

precluding their implementation into appli-
cations such as X-ray tubes,15,16 microwave
amplifiers,17 and rocket thrusters,18�20

where high current density metallic cath-
odes that emit multiple closely packed elec-
tron beams at low threshold fields are
required. Recent progress on deposition of
nanodiamond films alleviates some of the
low saturation current issues,21 but emis-
sion in such films can be attributed to
graphitic grain boundaries rather than sp3

diamond phase. In addition to low thresh-
old fields and high current densities, emis-
sion of coherent electron beams is also
technologically desirable. In rare instances,
when the emission sites are located within
the phase coherence length of the cathode
material, as in a hemispherical cap of a
multiwalled carbon nanotube22,23 or litho-
graphically defined Pt tips that are located
within e1 nm of each other, coherent elec-
tron beams have been observed.24,25
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ABSTRACT Point sources exhibit low threshold electron emission due to local field enhancement

at the tip. The development and implementation of tip emitters have been hampered by the need to

position them sufficiently apart to achieve field enhancement, limiting the number of emission sites

and therefore the overall current. Here we report low threshold field (< 0.1 V/μm) emission of

multiple electron beams from atomically thin edges of reduced graphene oxide (rGO). Field emission

microscopy measurements show evidence for interference from emission sites that are separated by

a few nanometers, suggesting that the emitted electron beams are coherent. On the basis of our

high-resolution transmission electron microscopy, infrared spectroscopy, and simulation results,

field emission from the rGO edge is attributed to a stable and unique aggregation of oxygen groups

in the form of cyclic edge ethers. Such closely spaced electron beams from rGO offer prospects for

novel applications and understanding the physics of linear electron sources.
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Here we demonstrate low threshold field emission
from individual atomically thin reduced graphene
oxide (rGO) sheets and show that it arises from a
decrease in work function of the edge due to the
creation of cyclic C�O�C ether groups in combination
with geometric field enhancement. Furthermore the
emission sites from rGO are densely packed, located
only a few nanometers apart. Our investigation of the
spatial distribution of emission sites with field ion
microscopy (FIM) in combination with simulations of
the emission patterns obtained using field emission
microscopy (FEM) suggests that the emitted electron
beams from several sites along the rGO edge interfere.

RESULTS AND DISCUSSION

Cathode Geometry and Field Emission Characteristics. Most
of the reported field emission studies from graphene-
or rGO-based cathodes have included a large number
of flakes of varying dimensions and orientations,
obscuring the intrinsic emission characteristics and
mechanisms of individual graphene and rGO sheets
by averaging effects.26�31 In this study, we have fabri-
cated field emitters consisting of individual rGO sheets
prepared from suspensions of chemically derived gra-
phene oxide (GO),32,33 using a simple and reproducible
methodology that results in individual vertically
aligned rGO sheets (see Supporting Information). The
flakes were mounted on copper supports for the field
emission experiments, as shown in Figure 1a. After
cathode preparation, the flakes were annealed with
repeated current-induced heating prior to field emis-
sion measurements, thus thermally reducing the GO.
This in situ Joule heating or “preconditioning” step in
field emission measurements is well known to heat

carbon samples above ∼1150 K, removing any ad-
sorbed species that are present on the sample.8

Field emission experiments were conducted by ap-
plying a bias voltage between the rGO cathode and the
imaging anode plate, which was positioned perpendi-
cular to the cathode plane to ensure that the electron
emission occurred from the rGO edge (Figure 1b). The
average threshold field required to emit currents of 1 nA
was found to be less than 0.1 V/μm (Figure 1c). The field
emission current was found to increase exponentially
with the applied voltage, following the typical Fowler�
Nordheim tunneling behavior34 (Figure 1d). The low
threshold field is attributed to the combination of large
enhancement factor35�38 and lower local work function
at the edge. The field emission was very stable (see
Supporting Information), and no drastic change was
observed in the atomic structure of the edge after the
measurements. The emission patterns obtained with
FEM show that the emission sites are distributed over
the entire rGO sheet edge.

Field Emission Microscopy. Information about interac-
tions between emitted electron beams was obtained
from the FEM luminescence patterns on the anode
above a critical applied voltage (∼1 kV) between the
anode and the cathode. FEM images obtained at
different applied voltages are shown in Figure 2a.
The increase in the number and brightness of the
luminescent spots with applied voltage corresponds
to the increase in the number of emission sites and
current density. Interestingly, rGO cathodes exhibit
emission patterns consisting of alternating bright and
dark fringe bands asmost readily observed in Figure 2a
(iii) [the major bands are indicated by arrows], in
contrast to conventional metal tip cathodes, which

Figure 1. Experimental setup of the field emission measurements. (a) Typical SEM image of rGO sheet mounted on a
copper support bar. (b) Schematic of the FEMmeasurement setup. Voltages up to 4 kVwere applied between the imaging
anode and the cathode for FEM. For FIM, opposite bias is applied and helium ions (instead of electrons) produce the
image on the screen. (c) I�V field emission characteristics and corresponding (d) Fowler�Nordheinm plot for rGO (red)
and the multilayered (black) samples.
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typically show a single to few bright circular spots.39,40

Such fringe patterns with well-defined bright and dim
bands that remain relatively stable over time were
observed only in single layer rGO cathodes, strongly
suggesting that they are not simply related to intensity
fluctuations among emission sites but are a conse-
quence of interactions among emitted beams from the
rGO edge. Similar but much fewer fringes have been
previously observed from multiwalled carbon nano-
tubes (MWNTs)22,23,41,42 and nanosplit Pt emitters.24,25

For comparison, we have also measured samples with
multiple graphene layers (N > 10). Themain features
of the FEM patterns observed for multilayered
samples consisted of multiple circular or elliptical spots
(Figure 2b). Fower�Nordheim (FN) analysis of the field
emission results reveals significantly larger geometric
field enhancement factors for the single-sheet rGO
relative to the multilayered samples, suggesting that
the difference in the FEM patterns is a direct conse-
quence of the emitter being atomically thin (see
Supporting Information for details).

Field Ion Microscopy. The electron emission site dis-
tribution along the atomically thin rGO edge was
investigated with field ion microscopy1,6 in which
helium gas is physisorbed onto the cathode surface
at liquid He temperatures and large negative bias is
applied to the anode. Along the rGO edge, where
emission is most likely to occur, He gas molecules are

ionized due to high field concentration and acceler-
ated toward the phosphor screen, causing lumines-
cence upon impact. The FIM image of emission sites
from the rGO edge (indicated by the yellow line)
consisting of an array of bright spots corresponding
to emission sites responsible for the FEM patterns
shown in Figure 2a (iii) is shown in Figure 2c. Analyses
of the emitted electron beam angles reveal that the
emission spots are aligned almost perpendicular to the
corresponding fringe bands in the FEM patterns, sug-
gesting that the emission occurs from the top of the
rGO edge. Most importantly, the distance between the
emission sites can be estimated to be on the order of a
few nanometers based on the number and length of
emission sites projected on the screen, the degree
of defocusing of an electron beam, and separation
distance between anode and cathode. This value is
consistent with experimental electron microscopy
measurements of dimensions of emission centers as
well as FEM pattern simulations, as discussed below.
The brightness profile of the emission spots along the
yellow line in Figure 2c is plotted in Figure 2d. The
profile clearly shows that the brightness peaks in
Figure 2d occur at reasonably regularly spaced inter-
vals, suggesting that emission sites are uniformly
distributed along the rGO edge.

Simulation of Field Emission Patterns. The FIM results
indicate that the observed FEM fringe patterns may be

Figure 2. FEM and FIM images of atomically thin and the multilayered rGO sheets at different applied voltages. Scale bars
indicate 5 mm at the imaging anode. (a) FEM patterns as a function of applied voltage. Fringe patterns were observed at
anode voltage ofg2 kV. The arrows in (iii) indicate the major bands in the FEM pattern. (iv) Intensity profile of (iii) across the
fringe region. The arrows indicate the position of minor bands. (v) Simulated FEM patterns for the case of three aligned
emission sites. (b) FEM patterns for a multilayered graphitic cathode as a function of the applied voltage showing elliptical
and circular FEMpatterns and absence of fringes. (c) FIM image showingemission sites on the rGOedge (measurements taken
at 40K). Numerous emission spots (>10) along the line corresponding to the rGO sheet edge canbe seen. (d) Brightness profile
of the emission sites along the yellow line in (c).

A
RTIC

LE

http://pubs.acs.org/action/showImage?doi=10.1021/nn201043a&iName=master.img-001.jpg&w=303&h=246


YAMAGUCHI ET AL . VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

D

due to interference among several electron beams
originating from the rGO edge. The fringe patterns
consist of a series of major and minor bands
[Figure 2a (iii)] unlike the typical circular or elliptical
patterns observed formetallic tips or nanotube thin film
emitters. To gain insight into electron beam interactions
that give rise to the fringe bands in FEM patterns of rGO,
we have simulated the projected intensity of multiple
electron beams originating from an array of nanoscopic
emission sources along an atomically thin edge (see
Supporting Information for details). The calculations
used here are comparable to those used by Oshima
et al.22 to reproduce FEM patterns from MWNTs. In the
simulations the size and spacing of emission sites along
the edge can be adjusted. The best results in terms of
being able to reproduce our experimentally observed
FEMpatternswere found for emission spots of∼1 nm in
diameter separated by ∼2 nm. Furthermore, we have
found fromour calculations that if the electron beams in
such close proximity are coherent, then they readily
interfere and that such interference leads to fringe
patterns that are similar to those observed experimen-
tally in Figure 2a (iii). Typically, interference between
electron beams occurs only when the distance between
emission sites is equal to or less than the coherence
length of the material. For rGO, this length estimated
from our transport studies is on the order of a few
nanometers.43

To verify the simulations, we compare the experi-
mental FEM results with the calculated patterns. The
intensity profile of the fringe pattern in Figure 2a
(iii) plotted in Figure 2a (iv) shows that it consists of
major and minor bands. In the simulations we found
that for n = 2 emission sites, the FEM pattern consists
of only major bright bands and no minor bands (see
Supporting Information). However for n > 2 emission
sites, additional equally spaced minor bands appear
between the major bands as observed in the calcu-
lated pattern shown in Figure 2a (v). Our calculations
suggest that the number of emission sites on the rGO
edge can be estimated from the number of minor
bands observed in FEM patterns. In Figure 2a (iv) one
minor band between the major bands can be seen
(arrows in 2a (iv) point to minor bands), indicating
emission from three sites. Additional analysis of the
intensity profiles of the FEM fringe patterns provided
in the Supporting Information shows interference
from g4 electron beams. It can be further noticed
that the intensity, separation, and the width of the
bands remain nearly constant in our experimental
FEM measurements, making it highly unlikely that
anomalous effects such as intensity distribution
among emission sites could be responsible. This
suggests that more than two electron beams are
constantly interfering and several emission sites are
responsible for the observed patterns (see Supporting
Information for details).

The results presented thus far reveal that the low
threshold field emission occurs from multiple sites on
the rGO edge. Furthermore the FEM and FIM results
indicate that the closely spaced electron beams inter-
fere to produce fringe patterns comparable to those
from MWNTs.22 To determine the structure of the
edges, we have performed extensive TEM imaging
analyses. Imaging atomically thin edges in TEM is
challenging because the time required to locate and
focus on the edge leads to high electron dosage
exposure, causing it to evolve and change. Neverthe-
less, we have been able to image edge structures
sufficiently quickly before significant evaporation or
structural alteration could occur. A low-magnification
image of a single-layer edge is shown in the Support-
ing Information, Figure S6.

High-Resolution TEM of the Edges. Ahigh-resolution TEM
image of the edge perturbed by a kinkmakes it possible
to investigate its termination, as shown in Figure 3a. On
the basis of the contrast difference between carbon and
oxygen atoms in the TEM, we can deduce that the
structure of the edge shown in Figure 3a consists of
C�O�C cyclic ethers. An edge consisting of purely
carbon atoms is shown in Figure 3b. The contrast
intensity profile (without correcting for electron beam
probe contributions) in Figure 3c shows a clear differ-
ence between the oxygen and carbon atomswith peaks
corresponding to positions of oxygen atoms along the
line in Figure 3a. In Figure 3d, such a contrast difference
is not observed in an edge containing primarily carbon
atoms. Using this information, the oxygen atoms are
indicated along the edge in Figure 3e by red dots, and a
model of the structure is shown in Figure 3f. These TEM
observations are in excellent agreementwith our recent
IR spectroscopic investigation on similarly prepared
GO,44 which clearly revealed that the oxygen functional
groups form C�O�C cyclic ether groups at the sheet
edges upon thermal annealing. In that work, the ob-
servation of a giant IR absorption peak at 800 cm�1 was
critical to establish cyclic ether termination of atomically
straight edges. The unusual absorption at 800 cm�1 was
shown by first-principles calculations to arise from
density of mobile states created by the asymmetric
stretchingmode of the C�O�C groups at the rGO edge
(see ref 44). Additionally, the activation of such C�O�C
metallic states requires adjacent oxygen atoms to be
greater than ∼7 in the chain and accompanied by a
pristine sp2 graphene region near the edge. The IR
spectroscopy and simulations quantification results
(see Supporting Information for detailed analysis of
the C�O�C concentration along the rGO edge) also
indicate that only a small fraction (∼1%) of the sheet
edges are straight and decorated with ether groups,
making their observations by TEM particularly challen-
ging as noted above.

DFT Calculation of Work Function at the Edges. To deter-
mine how the C�O�C ether groups at the rGO edge
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influence the field emission properties, we have per-
formed density functional theory (DFT) calculations to
determine the work function of the rGO edge as a
function of the oxygen content. The results of the DFT
calculations are shown in Figure 3g and h, which show
the variation of the work function with distance from
within the rGO sheet to the edge for varying applied
electric fields. The case for pure graphene is given in
Figure 3g, which shows that in the absence of an
applied electric field the work function at the edge is
5.45 eV, significantly larger than that of graphite. The
work function decreases with applied electric field, but
even at extremely large fields (1 V/Å = 104 V/μm), the
barrier remains high at 4.2 eV. In contrast, the work
function of the rGO edge containing C�O�C func-
tional groups with g7 adjacent oxygen atoms is sub-
stantially lower at 3.70 eV even in the absence of an
applied field. Thus, the presence of C�O�C groups at
the rGO edge significantly reduces the barrier for
electron emission into vacuum compared to a pristine
graphene edge. In addition to the two cases shown in
Figure 3g and h, we have also monitored the barrier

heights as a function of the oxygen atoms along the
edge and found that a minimum of ∼7 oxygen atoms
are required to lower the work function (see Support-
ing Information). This suggests that the exceptionally
low threshold field emission observed in this study is
closely related to the presence of metallic density of
states in low work function graphene structures with
straight edge cyclic ether termination (see ref 44 for
detailed description of the density of states and elec-
tronic structure calculations of C�O�C chains on the
rGO edge).

Proposed Field Emission Model of rGO. We surmise that
field emission is uniform along the rGO edge and
occurs through sites that are localized at low work
function C�O�C ether chain regions, as summarized
in the self-consistent model illustrated in Figure 4. The
low work function C�O�C chain dimensions are
∼1 nm, consistent with the size of the emission sites
used in the FEM simulations. Assuming that the field
emission occurs from the low function regions on the
edge of rGO and the fact that the electronic structures
of C�O�C ether chains along the rGO edge are very

Figure 3. TEM images and work function of rGO edges. Representative atomic resolution TEM images of an edge
(a) containing oxygen functional groups in the form of C�O�C ether chains and (b) an edge containing only carbon atoms.
(c) Contrast intensity profile along the line in (a) showing peaks corresponding to the oxygen atoms. (d) Contrast intensity
profile along the line shown in (b) showing the absence of peaks, indicating thatmost of the atoms are carbon. (e) TEM image
with red dots indicating the positions of the oxygen atoms. (f) Atomic structure of the edge illustrated in a ball-and-stick
model. Red and gray balls indicate oxygen and carbon atoms, respectively. Density functional calculations showing the
variation of the work function from within the sheet to its edge at different applied fields for (g) pure graphene and (h) rGO.
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similar, it is not surprising that the emitted electron
beams from such sites would have similar phase
characteristics. This combined with the fact that the
FEM simulations and FIM results suggest that the
maximum separation between the emission sites is
within a few nanometers (within the coherence length
of rGO from ref 43) satisfies the basic conditions for the
interference of the emitted electron beams.

CONCLUSIONS

We have demonstrated exceptionally low thresh-
old field emission from atomically thin edges of rGO.
The edges are found to provide an array of emission
sites in the form of low work function C�O�C
ether chains from which multiple electron beams are

simultaneously emitted. The emission from rGO edges
occurs from localized C�O�C chains with similar
electronic structures so that the emitted electron
beams appear to be coherent, as indicated by the fact
that they interfere with each other and produce fringe
patterns in field emission microscopy. The enhanced
field emission characteristics are attributed to the
termination of straight edges by cyclic ether that
constitute the most stable form of oxygen in rGO.
These results demonstrate that atomically thin edges
are excellent linear sources of high-density electron
beams. Furthermore, coherent electron beams from
the rGO may open up new and interesting physics as
well as novel applications such as nanolithography,
vacuum electronics, and electron optics devices.

METHODS
Sample Preparation. Graphene oxide (GO) was prepared che-

mically via modified Hummer's method. The graphite powders
(Branwell Graphite Inc.) with size of >425 μm were chemically
oxidized, exfoliated, and purified by repeated centrifugation.
Aqueous chemically derived GO solution was then drop cast
onto Cu grids. Parallel grids instead of mesh grids were used to
exclude the possibility of field emission occurring from the edges
of removed horizontal bars during the measurements. Prior to
casting, the grid lines were cut from the outer ring using a focused
ion beam (FIB) (DB Strata 235 Dual-Beam FIB). When the solution
dried, a suspended GO film formed over the prepatterned gap.
Suspended GO flakes were reduced via hydrazine monohydrate
vapor and thermal annealing at 200 �C in a vacuum for 5 and 20 h,
respectively. The individual grid line was carefully removed,
obtaining a bar with graphene film on its end. The bar was fixed
onto the tungsten needle sample stage using silver paint and
inserted into the ultra-high-vacuum chamber for measurements.

FEM and FIM Measurements. The base pressure of the measure-
ment system was ∼1 � 10�7 Pa. Phosphor-coated indium�tin
oxide (ITO)/glass plate was placed about 22 mm from the
sample. FEM and FIM were performed on the same area of an
identical sample without breaking the vacuum. This minimizes
adsorptions on the sample, which would prevent direct com-
parison between the two techniques. A few cycles of voltage
ramps up to 4 kVwere applied prior to FEM imaging to complete
the “preconditioning” step by in situ Joule heating, which
stabilized the emission current. The emission patterns on the

phosphor screen were captured by a CMOS camera. Measure-
ments were performed both at room temperature and at ∼7 K.

For FIM, a micro channel plate photomultiplier was placed
in front of the phosphor screen between the anode and the
sample to enhance the image visibility. The sample was cooled
to∼7 K, and He gas was introduced into the chamber to allow
its condensation onto the sample surface. A negative bias of
∼10 kV was applied to the ITO anode relative to the grounded
graphene to induce field ionization of the He. The pressure
during the FIMmeasurement was∼10�3 Pa. The luminescence
of the phosphor was captured by a CMOS camera.
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