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ABSTRACT

We report field emission (FE) properties of cold cathodes made by a scalable chemical vapor deposition synthesis of three-dimensional
graphene (3DG) from a cast catalyst followed by cold rolling. This process leads to an increase in mechanical strength and electrical conduc-
tivity of the tested material. For a given distance between the tip of the cathode and the anode, it is found that the FE current from the edge
of a single sheet of cold-rolled 3DG-based cathode can be increased by over one order of magnitude when rolling the 3DG sheet in the
shape of a cylinder with several turns. A FE current in the order of 4.5 mA was measured from a 3mm diameter cold-rolled 3DG cylinder
with six turns at a bias of 2400 V for a separation of 0.5 mm between the tip of the cylindrical cathode and the anode. The FE data of all
cold-rolled 3DG-based cathodes are well fitted by the expression proposed by Abbot, Henderson, Forbes, and Popov [Filippov et al., R. Soc.
Open Sci. 9, 220748 (2022)], Im ¼ CVκ

mexp(�B=Vm), where Im is the FE current, Vm is the bias applied between the cathode and anode,
and B and C are fitting parameters. It is found that κ ¼ 1 and 3=2 for FE from the surface and edge of the cold-rolled based cathodes,
respectively.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0232314

I. INTRODUCTION

Field emission (FE) cold cathodes have received widespread
attention for applications in electron microscopy, electron beam
lithography, novel x-ray sources, vacuum electronic devices, tera-
hertz sources, and high-power microwave tubes. For these applica-
tions, cathodes need to generate electron beams exhibiting long
lifetime when subjected to damaging conditions such as ion back-
bombardment and intense heating.

The most widely used cold cathode material for high power
microwave (HPM) devices is carbon fiber velvet.1–6 In the past,
carbon nanotube fibers have demonstrated improved performance

over carbon fibers during direct current (DC) FE mode of
operation.7–12 More recently, graphene-based materials have also
been investigated for use as FE cathodes in HPM devices, particu-
larly for those requiring a large area or conformable cathode
surface.13–35 A variety of graphene-based materials has been
reported in recent years; however, combining their excellent
mechanical and electrical properties in a bulk form has not been
entirely achieved. Over the last 15 years, there have been several
reports on the FE properties of single- and few-layer graphene
sheets and graphene sheet arrays in direction perpendicular or in
the plane of the sheets. Chen et al.25 published a review article
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describing many attempts to fabricate graphene or reduced gra-
phene oxide field emitters using various methods such as chemical
vapor deposition, chemical exfoliation, electrophoretic deposition,
screen-printing, and chemical synthesis methods. These studies
have shown that the vertical alignment of graphene sheets or edge
arrays can facilitate efficient electron emission from the atomically
thick sheets. These arrays have been shown to possess a low
turn-on voltage, high field enhancement factor, current stability,
and luminance.

The pristine and cold-rolled graphene samples are composed of
multilayered graphene flakes which are randomly oriented. The
flakes close to the emitting edge of the graphene sheets are those
which participate in FE. The large field enhancement factor of these
flakes is what causes FE from their edges. For the cold-rolled
samples, there may be some electrostatic screening of the field
enhancement factor by the flakes which are in close proximity. The
great number of flakes near the edge is what eventually leads to a
large FE current from the cold-rolled samples. For instance, Gao and
Okada36 recently wrote a review of FE from graphene nanostructures
pointing out that emission occurs mainly at the edge of the graphene
flakes where electric field lines are highly concentrated making emis-
sion current very sensitive to the flake edge’s geometry and their
functionalization.22 Zhang et al.37 showed that graphene emitters
may feature sharp protruded tips, increasing the field enhancement
factor by upwards of a factor of 6. Zhang et al.38 examined vertical
few-layer graphene and demonstrated how the geometry of the
emitter (height and tip shape) greatly affect the field emission perfor-
mance. Hu et al.39 investigated the field screening effect on graphene
nanoribbons, showing how the enhancement factor depends on both
the ribbon width and distance between ribbons.

FE from graphene is still a challenge because the fabrication
methods such as micro-mechanical exfoliation, screen-printing,
and electro-chemical deposition, can result in sheets lying flat on
the substrate which is disadvantageous for electron tunneling from
the surface barrier.40 Liquid-phase exfoliation can be utilized to
achieve bulk graphene sheet field emitters; however, the shapes are
not uniform with a random distribution and require transfer tech-
niques, which limits any practical FE properties. For instance, the
screen-printing method is a simple technology for the preparation
of large-scale graphene FE cathodes, but organic binders mixed
with graphene during the fabrication process can result in high
emitter and contact resistance. To date, several other methods have
been developed to design and fabricate graphene for potential
applications as a field emitter. However, the low-cost, large-area,
high quality, and yield of the products are still far away from the
practical FE applications.36 The fabrication of graphene with opti-
mized sizes, controllable shapes, high electrical conductivity, and
stability remains a challenge in expanding its fundamental proper-
ties and potential applications. From a technological point of view,
both an ultra-high and stable emission current density along with
reproducible performance are necessary to satisfy commercial
applications. To meet these demands, alignment uniformity, tailor-
ing the density and shape of the emitters, along with optimizing
the intrinsic properties such as work function and conductivity are
needed to improve the FE performance.

In this work, we investigate how our recent advances in pro-
ducing and characterizing three-dimensional graphene (3DG) can

help address these challenges; 3DG has become an area of great
interest due to its unique properties, different synthesis routes, and
structures, as described in the literature. The challenges of retaining
high quality, scaling up fabrication, and proven feasibility are
apparent. In the past, we have investigated the synthesis, processing,
and applications of 3DG, and revealed a new architecture of this
material obtained after cold rolling.41–43 We also demonstrated how
this novel form of cold-rolled 3DG structures offers an alternative
to knitted carbon nanotube fabric cathodes,12 which would need
less tedious steps for fabrication and implementation in HPM
devices, particularly for those requiring confined conformable
cathode surfaces.

For a given distance between the tip of the cathode and the
anode and a given applied bias, it is found that the FE current from
the edge of a single sheet of cold-rolled 3DG cathode can be
increased by one order of magnitude when rolling the 3DG sheet
in the shape of a cylinder with several turns. A FE current of the
order of 4.5 mA was measured from a 3mm diameter cold-rolled
3DG cylinder with six turns at a bias of 2400 V and a separation of
0.5 mm between the tip of the cylindrical cold-rolled 3DG cathode
and the anode.

Section II presents details of the preparation of cylindrical
cathodes made of cold-rolled 3DG sheets. Section III describes the
FE system used to record the FE data of the fabricated cold-rolled
3DG cathodes. Section IV reports the FE data from these cathodes
and an analysis of their FE characteristics. Section V contains a dis-
cussion of the FE results, including a study of the stability of the FE
current over a period of several hours. Finally, Section VI contains
the conclusions of this work.

II. CATHODE DESIGN AND FABRICATION

Previously, we reported a new architecture of 3DG which has
been achieved by cold rolling that yielded increase in its strength
and electrical conductivity.41–43 The fabrication process of the pris-
tine 3DG sheet and the following cold rolling is illustrated in Fig. 1.
It consists of the following steps:

Catalyst preparation. A catalyst slurry has been formed by
dissolving polystyrene in toluene. The mixture was heated to
70�C and stirred until the polymer was completely dissolved.
Then nickel powder as well as di-(ethylene glycol) dibenzoate
serving as a plasticizer, were added and mechanically agitated
until the nickel powder was well dispersed in the solution.

Knife casting An adjustable 150 mm wide casting knife appli-
cator for film formation was employed. The prepared mixture
was poured behind the knife on a flat, smooth, and leveled
Teflon sheet. The blade was then carefully guided over the
thicker slurry, producing a film with customizable thickness,
depending on the height of the knife. The cast slurry was left
in a ventilated area until the toluene evaporated, leaving a flex-
ible film of nickel–polymer composite held together by the
polystyrene binder. The graphene sheets prepared this way can
be tailored in any design dimensions and cut by a roll blade,
scissors, or laser, then placed in a CVD reactor for the synthe-
sis of pristine 3D graphene. Synthesis and post-processing The
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chemical vapor deposition (CVD) synthesis was carried out
in a ET-1000 First Nano reactor containing a quartz tube
(1000 � 50 mm2), and a flat quartz platform (200 � 20 mm2)
suspended in the tube by a loading arm. The CVD process
was carried out at 1000�C in the presence of an argon, hydro-
gen, and methane gas mixture at volumetric flow rates of
1000, 325, and 25 SCCM, respectively. After three minutes of
such processing, the reactor was cooled rapidly in the presence
only of argon and hydrogen. Once the sample has reached
room temperature following the forced cooling, the formed
porous Ni-graphene substance was removed from the reactor
and then submerged in a heated hydrochloric acid bath, 50%
by volume, at 80�C for 4 h to extract the remaining Ni. The
sample was then rinsed several times with DI water until
reaching a pH of 7 and transferred into a container where a
final wash with ethanol has been conducted followed by
drying in air. Details related to the processing steps can be
found elsewhere.41

Images of the surface and cross-sectional morphology of pris-
tine and cold-rolled 3DG obtained by SEM are displayed in Fig. 2.
The compression of pristine 3DG caused its thickness reduction
along with folding, stacking, and alignment of the graphene flakes
parallel to the surface. This can increase the mean free path of the

electrons thus raising the electrical conductivity of compressed
samples which can reach values in excess of 1000 �S/cm.42,44

III. DC FE TESTING

DC FE measurements were performed in a custom made
UHV chamber built by McAllister Technical Services. This system
was used in the past to study the FE characteristics of CNT based
straight and looped fibers and CNT films.12,45–48 Measurements
were made at a background pressure of 10�8 Torr in a diode config-
uration. All samples were let to degas in the vacuum chamber for a
period of two days prior to making FE measurements. In our
setup, a 5 mm diameter stainless steel anode probe tip is driven by
a stepper motor with a 2.5 μm step size for controlling the anode–
cathode gap distance. The pristine or cold-rolled 3DG sheets are
mounted to a stainless-steel rail on an XY axis linear translation
stage. Centering the anode tip over the individual vertically ori-
ented graphene samples is accomplished by an XY axis linear trans-
lation stage with the use of two optical cameras looking through
viewports positioned at 90� from each other in the same plane.

The FE properties of cold-rolled 3DG sheets placed either in
the plane of the cathode or aligned in a direction perpendicular to
it have been investigated. An Infinity SK Long Distance Microscope
with a C4 objective is used for imaging the cold-rolled 3DG
cathode and the anode-cathode gap distance. Once the gap distance

FIG. 1. Schematic illustrating the fabrication of pristine 3DG by CVD followed by cold rolling.42,44
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is set, the voltage on the anode is increased in steps ranging from 1
to 10 V every second up to 3000 V with a Keithley 6517A source
meter. Increasing the voltage in this manner allows the sample to
outgas properly. FE data are recorded at each voltage by a computer
running LabVIEW. Bonding of the cold rolled 3DG sheets to the
substrate was achieved with a conductive silver paint.

The conditioning of each cathode consists of ramping the
applied voltage up to a certain voltage Vmax and back down, gradu-
ally increasing Vmax with each sweep until reaching the desired
maximum voltage. During this process, the cathode may exhibit
sporadic FE characteristics, with periods of low and high current
and abrupt transitions between them. Additionally, the cathode
may display loop-type characteristics resembling hysteresis between
the upward and downward sweeps. Once the conditioning reaches
the desired voltage, the voltage is swept repeatedly until the
cathode exhibits consistent FE behavior, usually requiring only two
or three sweeps. The FE data reported hereafter are those observed
during the final third of the up and down sweeps.

In Sec. IV, it is shown that for sufficient large values of the
applied bias, the FE characteristics of the various cold-rolled 3DG
cathodes are well fitted by a mathematical expression recently pro-
posed by Abbot–Henderson–Forbes–Popov (referred hereafter as
the AHFP equation),49

Im ¼ CVκ
mexp(�B=Vm), (1)

where Im is the FE current, Vm is the bias applied between the
cathode and anode, and B and C are fitting parameters. The fitting
of the forward bias current data was done using a MATLAB sub-
routine to perform a combination of global searching and least
squares fitting of the log of the emission current vs applied bias.50

A recent analytical model of electrostatic FE tunneling from
the edge and surface of two-dimensional materials leads to a uni-
versal scaling between the tunneling current density and electric
field near the barrier characterized by a line with a negative slope
in the generalized MG plot of ln (J=Vκ) � 1=V . Ang et al.,51

showed that κ ¼ 3=2 and κ ¼ 1 for FE from the edge and surface
of 2D materials, respectively. These theoretical results are used
hereafter to analyze the FE data for several cold-rolled 3DG
cathodes.

IV. RESULTS

The FE characteristics of the various cold-rolled 3DG cold
cathodes were recorded by sweeping the anode voltage from 0 V to
a maximum voltage Vmax on the anode followed by a reverse sweep
from Vmax down to 0 V. Unless otherwise stated, there was no
dwell time period at which the maximum voltage was held constant
between the forward and reverse sweeps. The up and down sweeps
were recorded by a change in the voltage in steps of 10 V every
second. To condition the cathode, the maximum voltage on the
anode was gradually increased and, for a given maximum voltage,
several up- and down-sweeps were recorded. The FE data shown
hereafter are the data obtained after no substantial change was seen
between the successive up- and down-sweeps.

Figure 4 shows the FE characteristics of a cold-rolled 3DG
sheet placed horizontally on top of a copper plate attached to the

FIG. 2. SEM images of: (a) pristine 3DG surface, (b) cold-rolled 3DG surface,
(c) cross section of cold-rolled 3DG with a thickness of 15.2 μm cut by FIB per-
pendicular to the rolling direction.42,44
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cathode chuck, as shown in Fig. 3(a). The cold-rolled 3DG cathode
was held in place using a plastic holder with four screws to ensure
firm contact of the graphene sheet to the bottom copper plate to
which it is glued using a silver conductive paint. The opening in
the plastic holder is about 1 cm2 which is large enough to control
the placement of the 5 mm diameter anode on top of the cathode.
The top and bottom frames in Fig. 4 shown a linear and MG plots
of the FE data, respectively. In the MG plot, since the FE current is
in a direction perpendicular to the plane of the graphene sheet, a
value of κ ¼ 1 was used in Eq. (1) to fit the FE data.51 The straight
line in the MG plot shows the fit to the FE data for large values of
the applied bias. A maximum FE current of 70μA at 2800 V was
observed for a distance of 0.5 mm between the plane of the cathode
and the anode. Since the anode has a 5 mm diameter, this corre-
sponds to a maximum macroscopic emission current density of
0.4 mA/cm2, which is of the same order of magnitude as the
maximum current density in the direction perpendicular to other
graphene sheet emitters.25 The near linear behavior of the FE data
at high applied voltage in the MG plot is evidence of the successful
demonstration of FE mode of operation of this cold-rolled 3DG
horizontal cathode.

As seen in Fig. 4, there is a small loop-type behavior in the FE
data with the FE current being slightly larger in the up-sweep than
in the down-sweep. When operating the cathode at large applied
bias, some sparks were observed near the surface of the cathode
which could be attributed to partial destruction of some of the gra-
phene flakes at the top of the horizontal emitter, and may be due
to increased self-heating effects in some of the flakes. This would
indeed to a lesser number of flakes contributing to the FE current
on the down-sweep and the observed loop-type behavior in the FE
characteristics. Alternatively, it has been shown that some graphene
and other carbon cathodes have demonstrated self-assembly during
operation which rebuilds the cathode continuously. The loop-
behavior in the FE data could also be due to localized exfoliation of
carbon and contaminants during FE. This may cause ionization
and subsequently bombardment on the emission edge, restructur-
ing the surface with numerous graphene flakes, as was observed for
other types of cathodes.52–58 The investigation of the origin of the loop-behavior in the FE data will require a more thorough

investigation.
Figure 5 shows the FE data (both linear and MG plots) of a

square cold-rolled 3DG graphene sheet about 2 cm on a side
mounted vertically on the edge of a copper block attached to the
cathode. Figure 3(b) shows the anode about 0.5 mm above the top
of the edge of the 3DG sheet. In this case, a maximum of 0.14 mA
was recorded at a maximum voltage on the anode of 2500 V.
The MG plot is linear for large values of the applied bias which is
evidence of successful FE from the edge of the 3DG graphene
sheet. Since the FE is measured from the edge of the graphene
sheet, a value of κ ¼ 3=2 was used on the MG plot of the FE data.
In Fig. 5(b), the straight line is a fit to the FE data for large values
of the applied bias using Eq. (1). As in the case of the horizontal
3DG cathode, the FE data in the forward sweep are larger than for
the reverse sweep, which may be attributed to the partial destruc-
tion of graphene flakes due to self-heating effects or restructuring
of some of the graphene flakes near the tip of the cathode. A more
thorough analysis would require taking SEM pictures of the tip of
the cathode before and after collecting the FE data.

FIG. 3. Optical images of cold-rolled 3D graphene sheets mounted (a) horizon-
tally on top of a copper cathode and (b) vertically on the side of a copper block.

FIG. 4. (a) FE characteristics from a cold-rolled 3DG graphene sheet mounted
horizontally on a copper cathode. The inset shows the cold-rolled 3DG graphene
sheet with an area of 1 cm2. The separation between the top of the cold-rolled
3DG sheet and the anode was set to 500 μm; (b) MG plot of the FE data. The
straight line is a fit to the up-sweep FE data for large values of the applied bias.
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In order to increase the overall current, one could use an array
of vertical cold-rolled 3DG sheets. Since the anode is only 5 mm in
diameter, a new vertical cathode was formed by rolling a
cold-rolled 3DG sheet into a spiral using the following procedure.

A 1 cm wide and 15 cm long 3DG sheet was first soaked into
ethanol, as shown in the left frame of Fig. 6(a). After picking up
one edge of the graphene sheet with tweezers, it was rolled around
a glass pipet about 1 mm in diameter acting as a support to form
the graphene cylinder [Fig. 6(b)]. After rotating the graphene sheet
six times around the glass pipet, the latter was extracted from the
center of the 3DG graphene cylinder which was then mounted ver-
tically on a copper block with a silver conductive paint and placed
in the FE DC chamber for testing.

Figure 7 shows a comparison of the up-sweep FE data (both
linear and MG plots) for the cold-rolled 3DG vertical emitter and
the cylindrical cathode shown in Fig. 6(c) which contains six turns
of the 3DG cold-rolled sheet. For both cathodes, the FE data were
recorded with a distance between the top of the cathode and the
anode set to 0.5 mm. In Fig. 7(b), the straight line is a fit to the FE
data of the spiral emitter using Eq. (1). As in the case of the single
sheet vertical emitter, a value of κ ¼ 3=2 was used in the MG plot
of the FE data for large values of the applied bias.

Over the anode bias range from 1000 to 2500 V, the FE
current of the cylindrical shape cathode shown in Fig. 7 is about a

FIG. 5. (a) FE data from the edge of a cold-rolled 3D graphene sheet mounted
vertically on the side of a copper block with a 500 μm gap between top of the
graphene sheet and the anode; (b) MG plot of the FE data. The straight line is
a fit to the up-sweep FE data for large values of the applied bias using Eq. (1).

FIG. 6. (a) Preparation of cylindrical graphene emitter: soaking the 3DG sheet
into ethanol; (b) picking one edge of the graphene sheet and rolling it around
with tweezers; (c) picture of the cylindrical graphene emitter formed with six
turns of the 3DG sheet and mounted on a copper block with a silver conductive
paint.

FIG. 7. Comparison of the FE data from the cold-rolled 3DG vertical emitters
shown in Figs. 5 and 6 for a distance between the top of both cathodes and the
anode set to 500 μm. The (a) top and (b) bottom frames are a linear and MG
plot of the up-sweep FE data, respectively.
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factor 13 larger than for the edge emitter shown in Fig. 5. It is
because different turns in the cylindrical cathode contribute to FE.

Table I lists the values of the fitting parameters in Eq. (1) for
the various cold-rolled 3DG emitters described in this section. In
all cases, the values of the parameter κ were held constant and the
minimum distance between the cathode and the anode was set to
500 μm. Table I also lists the maximum current observed for each
of the cold-rolled 3DG emitters.

V. DISCUSSION

A maximum current of the order of 4.5 mA was measured for
the cylindrical emitter when there was no dwell time after the
applied bias reached a maximum of 2400 V for a separation of
0.5 mm between the tip of the cylinder and the anode. Since the
spiral emitter has 6 turns and a radius of 1.5 mm, the effective
length of the spiral is about 6πr ¼ 2:83 cm. This corresponds to a
maximum macroscopic linear FE current density of 1.6 mA/cm
which is similar to the values reported for other graphene field
edge emitters.22 It is important to note that the FE from our
cold-rolled 3D graphene samples is likely not uniform across the
entire surface. The measurements presented here represent the
macroscopic current density, which averages the emission current
over the sample area. To study the non-uniformity of FE in future
graphene samples, a phosphorescent screen could be employed.
This technique would allow for direct visualization of emission hot
spots and provide valuable insights into the spatial distribution of
electron emission across the sample surface.

During the FE measurements on the cylindrical graphene
cathode, some flashes were also observed from the top of the sheet
forming the cathode for values of the applied bias above 2000 V.
This led to morphological changes at the edges of the graphene
sheet facing the anode. An optical micrograph from the top of
the cylindrical graphene cathode obtained after FE is shown in
Fig. 9(b). When testing the cylindrical graphene cold cathode, it
was observed that it could emit a current of 5 mA which was the
preset value of the compliance current in the experiments. It is
therefore anticipated that cylindrical cathodes with more turns and
designed with geometrical optimizations (e.g., 3DG spikes) could
emit current of several tens of mA in the DC mode of operation.

To illustrate the onset of self-heating in the cylindrical
cathode, Fig. 8 shows the time evolution of the FE current when
raising the voltage on the anode to a maximum value over a period
of 100 s, then holding the maximum voltage for a dwell time of
600 s, before lowering back to voltage on the anode down to zero
over a period of 100 s. From bottom to top, The three curves in

Fig. 8 correspond to the cases where the maximum voltage on the
anode is equal to 1600, 1700, and 1800 V. Figure 8 indicates that
there is a monotonic increase of the FE current during the dwell
time. The FE current increases by 0.06, 0.13, and 0.56 mA during
the dwell time when the maximum voltage on the anode is set to
1600, 1700, and 1800 V, respectively. We attribute this increase to
self-heating effects in the cathode which become more important
as the maximum voltage on the anode increases. An alternative
explanation for this behavior could be the adsorption of water or
other species present in the vacuum chamber onto the surface of
the 3DG emitter. This process could lower the work function,
resulting in a gradual increase in current over time. To determine
the exact cause of this phenomenon, further investigation is
needed. Employing an infrared camera or thermocouple could help
detect any self-heating effects, while a residual gas analyzer could
identify the presence and nature of any adsorbed species. These
tools would allow for a more comprehensive understanding of the
underlying mechanisms driving the observed current increase.

Figure 9 shows optical images of the tip of the cylindrical
cathode before and after FE measurements, clearly showing some
damage near the top edge of the cathode. As mentioned above, this
may be caused by self-assembly linked to localized exfoliation of
carbon and contaminants during FE. This leads to ionization and
subsequently bombardment of the emission edge, restructuring the
surface with numerous flakes, as was observed by others groups for
different types of graphene and carbon cathodes. SEM scans before
and after would be giving more info about the destruction/restruc-
turing of the graphene flakes near the tip of the cathode. This will
be done in a later study.

Figure 10 shows the time evolution of the FE current of the
spiral emitter for a separation of 0.5 mm between the tip of the
emitter and the anode as the voltage on the anode was raised from

TABLE I. Extracted FE fitting parameters in Eq. (1) for the various orientations of
the cold-rolled 3DG. The value of κ is set to be constant. The miminum distance
between the cathode and anode gap was set to be 500 μm.

Orientation ln(C) B κ Max Current

Horizontal −6.34 −32 460 1 0.07 mA @ 2800 V
Vertical −13.15 −19 350 1.5 0.35 mA @ 2500 V
Spiral −11.94 −12 640 1.5 4.5 mA @ 2400 V

FIG. 8. Time dependence of the FE current for the cylindrical cathode for dis-
tance between tip of the cathode and anode of 500 μm. From bottom to top, the
maximum anode voltage was held at 1600, 1700, and 1800 V for a period of
600,s.
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0 V to a maximum of 1600 V in 120 s, then kept constant at
1600 V for 3 h, before being lowered from 1600 V down to 0 V in
120 s. Figure 10 shows the importance of self-heating effects in the
spiral emitter as the FE current rises from 80 μA once the
maximum anode voltage is reached to the fairly constant value of
400 μA during the 3 hour period when the voltage on the anode is
held constant.

As shown in Fig. 10, when the applied bias of the anode is
held at 1600 V, the time evolution of the FE current of the spiral
emitter is well fitted by the following equation:

I(t) ¼ I0 þ ΔI 1� exp
�t
τ

� �� �
, (2)

for the following values of the fitting parameters: I0 ¼ 172:4 μA,
ΔI ¼ 246:1 μA, and τ ¼ 1464 s. For this value of the anode bias, it
takes about 5τ ¼ 7320 s for the FE current to reach a steady state
value.

VI. SUMMARY AND CONCLUSIONS

We have successfully fabricated new cold cathodes based on
cold-rolled 3DG sheets which were obtained by a scalable CVD
synthesis of three-dimensional graphene from a cast catalyst fol-
lowed by cold rolling. The latter leads to an increase in the
mechanical strength and electrical conductivity of the cold-rolled
3DG material. The FE data of all cold-rolled 3DG-based cathodes
are well fitted by the expression proposed by Abbot, Henderson,
Forbes, and Popov,49 Im ¼ CVκ

mexp(�B=Vm), where Im is the FE
current, Vm is the bias applied between the cathode and anode, and
B and C are fitting parameters. It is found that κ ¼ 1 and 3=2 for
FE from the surface and edge of the cold-rolled based cathodes,
respectively.51

For a given distance between the tip of the cathode and the
anode and a given applied bias, it is found that the FE current from
the edge of a single sheet of cold-rolled 3DG cathodes can be
increased by one order of magnitude when rolling the 3DG sheet
in the shape of a cylinder with several turns. A FE current of
4.5 mA was measured from a 3 mm diameter and 1 cm tall 3DG
cylinder with six turns at a bias of 2400 V and a separation of
0.5 mm between the tip of the cylindrical 3DG cathode and the
anode.

The cylindrical cold-rolled 3DG cathode was built by rolling a
long graphene sheet into a spiral with consecutive turns in close
proximity. A recent numerical study of electrostatic shielding has
been carried out by Yang et al.24 which showed that a maximum
emission efficient for an array of graphene sheets is achieved when
the separation of the adjacent graphene sheets is four times the
height of the individual sheets. Therefore, future studies of
cold-rolled 3DG field emitters should include a flexible spacer
between each turn of the spiral to minimize the effects of electro-
static shield between adjacent turns. This could be achieved by
forming a spiral emitter starting with a bilayer of cold-rolled and
thicker pristine graphene sheets. The cold-rolled sheet should be
made higher than the pristine one so the field emission would
mostly occur from the edge of the cold-rolled 3DG sheet.

Immediate applications of the proposed cold-rolled 3DG cath-
odes include FE sources in portable high-power microwave devices
used in detection of chemical and biological agents in real-time,
medical diagnostic imaging and long-distance communications for
radar and electronic warfare for military and space operations.
Other applications may include cathodes in flat-panel displays,
electron-beam lithography, free-electron lasers, x-ray generation,
electron microscopy, and ion-propulsion systems. Furthermore,
3DG sheet-based cold cathodes may replace the thermal electron
emission cathodes used as electron sources for conduction-cooled
superconducting accelerators.
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