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A simple, macroscale field-emission triode was assembled using a single 3.8 mm diameter Ar+-ion
irradiated reticulated vitreous carbon �RVC� cathode. The irradiation process results in random
carbon nanostructures on the surface of the RVC, providing effective, low-field emission sites. The
use of RVC results in a self-ballasting cathode. The grid electrode further increases local field
enhancement on the cathode surface, increasing the extracted current over what is produced in diode
mode. The anode electric field required to produce 0.1 �A /cm2 was measured to decrease from 0.9
to 0.65 V /�m with 300 V applied to the grid electrode. With 2.1 V /�m, and 300 V applied to the
grid, the limits of our power supply were reached, and a current density of 16.0 mA /cm2 and a
current of 1.82 mA from a single cathode were measured. Semiconductorlike emission properties,
showing three regions of operation, were observed. In region III the cathode emits from a large
number of sites, producing a total beam that is readily focused to a small spot size with ordinary
electron optics. This low-cost, robust configuration, machined without microfabrication processes or
lithography, makes very-high total current in single field-emission triodes possible. © 2010

American Vacuum Society. �DOI: 10.1116/1.3305455�
I. INTRODUCTION

A high-brightness, high-current field-emission source is
potentially beneficial in rf amplifiers, lighting, and other ap-
plications, including x-ray lamps for phase-contrast imaging
�the target application of this research�, which need to be a
point x-ray source with high flux.1 X-ray tubes using thermi-
onic cathodes are able to achieve high current densities
��0.5 A /cm2� �Ref. 2� and high flux; however, the space-
charge-limited flow and corresponding lower brightness, as
well as the greater energy spread of electrons coming from
this type of source, limit the final spot size on the target to a
value larger than is useful for phase-contrast imaging. Field
emission electron sources, with their high brightness and
smaller energy spread, have been somewhat limited by the
lower total current. A high current �such as �5 mA� field-
emission electron source would be desirable for x-ray phase
contrast imaging. Recent improvements in materials and fab-
rication processes have shown promise for high-current
field-emission cathodes. Among the most promising materi-
als is carbon,3–5 often showing high geometric field enhance-
ment factor, low extraction fields, along with reasonable re-
sistivity. The objective in this work is to give proof of
concept of a macroscopic, low-cost, high-current field-
emission electron source, which can be used in the stated
applications. This source can be combined with electron op-
tics and acceleration to give greater beam energy and poten-
tially very small beam spot size.
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II. BACKGROUND

Previous work using reticulated vitreous carbon �RVC� as
a field emission material, combined with Ar+-ion
irradiation,6–8 has suggested this is a useful cathode material
in a simple, large-area triode. RVC is an open-pore carbon
foam, made from pyrolized fumed phenolic, resulting in a
network of interconnected pores with small struts between
each pore. RVC is robust and inexpensive to manufacture.
When RVC is irradiated with Ar+-ion flood bombardment, a
self-assembly process produces carbon nanowires, nano-
tubes, and random amorphous and fullerene structures on the
surface of the RVC.7 This collection of carbon structures,
such as seen in Fig. 1, creates effective, low-field emission
sites. Typical nanowires extend far beyond the surface of the
RVC and have a diameter of �50 nm.

III. EXPERIMENT

The cathode, made from 100 pores/in. RVC, was shaped
using hand tools, resulting in a 3.8 mm diameter cylinder.
The cylinder was made 5 mm long to allow the RVC to
self-ballast the cathode. The surface of the cathode was
rounded to approximately hemispherical to suppress extrac-
tion from the edges of the cathode. The cathode was then
cleaned, and subsequently irradiated in a commercial ion-
beam etching tool. An ion acceleration voltage of 1200 V,
with a beam current of 200 mA, was used for 30 min at
2.4�10−4 Torr, after a base pressure of �3�10−6 Torr was
maintained. The long carbon nanostructures seen in Fig. 1
are produced by a self-assembly process during this
irradiation.8 A triode-configuration assembly, seen in Fig. 2,
was machined using stainless steel electrodes. Insulating

standoffs were attached using commercial vacuum-safe ep-
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oxy. The grid electrode was 1 mm in diameter larger than the
cathode, having a 20° bevel and a sharp inner edge. The RVC
cathode was attached to the stainless steel back plate using
silver paste two-part epoxy. A stainless steel, mirror-polished
anode was used for electrical characterization, whereas a
phosphor-coated indium tin oxide anode was used for beam
imaging. All experimental tests were conducted in a
stainless-steel vacuum chamber equipped with a turbopump
at pressures of �5�10−7 Torr. Electrostatic simulations
�using ANSOFT MAXWELL� examined the field modifications
caused by a voltages applied to the anode and grid elec-
trodes.

FIG. 1. Transmission electron micrograph of carbon nanostructures grown
on RVC using the Ar+-ion bombardment process.

FIG. 2. �Color online� Triode design using the RVC cathode. Dimensions are

given in millimeters.
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Experiments were carried out by setting the grid electrode
to a fixed value and varying the anode voltage. The currents
flowing through the cathode and the grid, and the voltages on
the grid and anode were simultaneously measured and re-
corded using LABVIEW 7 software.

IV. RESULTS

Figure 3 shows the simulation observations. Isopotentials
in the left image, �a�, show zero volts applied to the grid
electrode, whereas on the right image, �b�, with 300 V ap-
plied, a notable shaping of the electric field results. In both
simulations the anode potential was held constant. The elec-
tric field is greatest in the area closest to the anode, as ex-
pected. In addition, however, the nonzero grid potential in-
creases the electric field in other areas of the cathode,
notably the areas further away from the anode, resulting in
greater overall emission from the shaped cathode, as desired.

Figure 4 shows the current density versus electric field for
various grid voltages. It is clear that increasing the grid volt-
age not only increases current density, but it also decreases
the field needed to initiate emission. Grid current was mea-
sured and, at operational current densities, it was �1% of the
total current flowing through the cathode. During the mea-
surements, hysteresis was observed. Upon initially increas-
ing the anode voltage, the extracted current would reach a
given value but would decrease after a few seconds of set-
tling. The opposite effect is observed when the anode voltage
is decreased. The cause of this hysteresis is currently being
studied. However, to stabilize the data for this investigation,
a 6 second settling period was always used.

The beam pattern was examined using the phosphor
screen, as shown by example in Fig. 5. It is clear that only
parts of the surface were emitting due to the large RVC pore
size used �as large as 0.3 mm in diameter�. Judging from the
observed beam pattern, and taking into account blooming in
the phosphor screen, approximately 30% of the surface was
emitting.

The cathode exhibits emissive properties characteristic of

(a) (b)

(a) Grid Voltage = 0V (b) Grid Voltage = 300V

FIG. 3. �Color online� Electrostatic simulations showing anode voltage set to
5 kV and cathode grounded. �a� Grid voltage set to 0. �b� Grid voltage set to
300 V.
carrier-limited materials, such as p-type or intrinsic semicon-
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ductors, those typically used in field-emission photocath-
odes. The characteristic region I �field limited�, region II
�supply limited�, and region III �impact ionization�9 are
clearly seen in Figs. 6 and 7, when a bias necessary for
higher currents is applied. Because Ar+-ion irradiated RVC
has been demonstrated to have a random combination of
single-wall, and multiwall carbon nanotubes, as well as to-
tally amorphous carbon whiskers,7,8 it is demonstrated here
that simultaneous emission proceeds from a combination of
metal, semimetal, and semiconducting nanostructures that
have been formed on the treated RVC surface. In these mea-
surements, with an applied grid voltage of 300 V, a peak
current of 1.8 mA was obtained, corresponding to a current
density of 16.0 mA /cm2 �total cathode area and not emis-
sion area� with an applied field of 2.1 V /�m. This value
was limited by the power supply used, and not the cathode.
Because a relatively small portion of the cathode is emitting
electrons, this current can �using electron optics� be focused
to a much smaller ultimate beam spot size.

J vs. E for Various Grid Voltages
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FIG. 4. �Color online� Field emission current density vs electric-field plot
from the RVC triode with grid voltage varied from 0 to 300 V in 50 V
increments. The area used to evaluate field is the total cathode area rather
than the actual emission area.

FIG. 5. �Color online� Image of the current on a phosphor screen, showing
the RVC triode beam pattern, demonstrating that not all areas of the cathode

are emitting in this measurement.
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V. CONCLUSION

A simple, macroscopic field-emission triode was built us-
ing Ar+-ion irradiated RVC as a cathode material. This de-
vice performed as simulated, and demonstrated higher maxi-
mum current than might be extracted from comparably sized
Si or metal microtip technologies. The device required no
microfabrication or lithography. The beam pattern showed
that the cathode was only partly emitting; the peak-current
measurements were limited by the power supply used. Fur-
ther refinements of the shape of the cathode’s surface, using
finer porosity RVC, along with using a high-power supply
and beam optics, are being investigated in order to optimize
the current output, as well as to discover the cathode’s emis-
sion and spot-size limits. The measurements presented here
suggest that given such enhancements, it is likely that total

J vs. E High Current
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FIG. 6. �Color online� Field emission current density vs electric field plot
from the RVC triode at higher current densities, with grid voltage varied
from 0 to 300 V. Regions I, II, and III of operation are clearly seen.
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FIG. 7. �Color online� Fowler–Nordheim plot with grid voltage varied from

0 to 300 V showing regions I, II, and III of operation.
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current values appropriate for phase-contrast x-ray sources,
and other applications requiring high brightness and high
total current, can be obtained.

1R. A. Lewis, Phys. Med. Biol. 49, 3573 �2004�.
2I. Brodie and P. R. Schwoebel, Proc. IEEE 82, 1006 �1994�.
3Chung-Wei Cheng, Chun-Ming Chen, and Yung-Chun Lee, Appl. Surf.
Sci. 255, 5770 �2009�.

4Y. Saito and S. Uemura, Carbon 38, 169 �2000�.
J. Vac. Sci. Technol. B, Vol. 28, No. 2, Mar/Apr 2010
5C. E. Hunt and Y. Wang, Appl. Surf. Sci. 251, 159 �2005�.
6C. E. Hunt, A. G. Chakhovskoi, and Y. Wang, J. Vac. Sci. Technol. B 23,
731 �2005�.

7C. E. Hunt, O. J. Glembocki, Y. Wang, and S. M. Prokes, Appl. Phys.
Lett. 86, 163112 �2005�.

8R. J. Chacon and C. E. Hunt, Proceedings of the 21st International
Vacuum Nanoelectronics Conference �IVNC 08�, 2008 �unpublished�,
pp.168–169.

9D. Schroder, R. Thomas, J. Vine, and H. Nathanson, IEEE Trans. Electron
Devices 21, 785 �1974�.


