
APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 21 19 NOVEMBER 2001
Operation of a gated field emitter using an individual carbon
nanofiber cathode
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We report on the operation of an integrated gated cathode device using a single vertically aligned
carbon nanofiber as the field emission element. This device is capable of operation in a moderate
vacuum for extended periods of time without experiencing a degradation of performance. Less than
1% of the total emitted current is collected by the gate electrode, indicating that the emitted electron
beam is highly collimated. As a consequence, this device is ideal for applications that require
well-focused electron emission from a microscale structure.@DOI: 10.1063/1.1419038#
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Field emission~FE! of electrons from nanostructure
graphitic carbon-based materials including single1–3 and
multiwalled4,5 carbon nanotubes ~CNT! and carbon
nanofibers6,7 ~CNF! has been an area of intense investigat
in recent years. This body of research indicates that th
materials have several advantages over other candidate
terials for FE applications, namely very low threshold vo
ages,Vth , for the initiation of electron emission and extrao
dinary environmental stability.8 Most of the work in this field
has focused on measurements of the FE properties of t
materials deposited or grown onto a variety of flat substra
using a vast array of different deposition and measurem
techniques. However, very little work has been presented
integrated gated cathode structures using these materia
FE elements. Xu and Brandes9 presented an operating CNT
based gated cathode device in 1998 employing disord
mats of multiwalled CNTs~MWNT! grown within electro-
static gating structures by thermal chemical vapor deposi
~CVD!. Wanget al.10 reported the operation of a similar de
vice fabricated by a technique using a paste of CNT mate
and conductive epoxy deposited into microfabricated w
structures. Leeet al.11 also have recently reported on th
operation of gated cathode structures similar to those d
onstrated by Xu and Brandes9 with minor improvements in
the structure fabrication process and increased control of
in situ MWNT growth step.

The CNT material in the aforementioned gated catho
structures is likely to contain numerous FE sites; there
multiple CNT tips in each cathode and there is evidence
FE can occur from sites located along the walls.11 While all
of these devices possess operating characteristics desira
any FE device~i.e., low Vth and high FE currents! these
fabrication processes offer no way to precisely control
location or density of the emission sites within the devi
These factors complicate the construction of FE devices
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produce a well-focused electron beam as required in ap
cations such as electron microscopy or electron-beam lith
raphy ~EBL!.

Recently, we reported a technique for fabricating ga
cathode structures that uses a singlein situ grown vertically
aligned CNF~VACNF! as a FE element.12 This technique
offers a way to produce gated cathode structures that
full advantage of the FE properties inherent to nanostr
tured graphitic carbon materials, while providing a determ
istic way to control the point of emission. In this letter, w
present the operation of a gated cathode structure fabric
using a variation of the previously reported process.12

A diagram of the fabrication process is shown in Fig.
The details of this process are discussed in ano
publication.13 Briefly, EBL was used to define catalyst site
for deterministic growth of VACNFs and alignment mark
for subsequent lithography steps on low resistivityn-type Si
substrates@Fig. 1~a!#. Individual VACNFs were grown using
dc plasma enhanced CVD~PECVD! as we have described i
earlier work14 @Fig. 1~b!#. The VACNFs produced for this
work were conical in shape possessing a base diamete
;200 nm, a height of;1 mm, and a tip radius of curvature
of ;15 nm. A 2.5mm thick conformal layer of SiO2 was
then deposited onto the substrates using a silane-base
PECVD process@Fig. 1~c!#.

il:FIG. 1. Process flow for the fabrication of the VACNF-based gated cath
structures.
6
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In order to perform further processing on these s
strates, chemical mechanical polishing was used to plana
the structures@Fig. 1~d!#. The SiO2 layer was polished unti
all gross surface nonuniformities were removed, producin
final oxide thickness of approximately 1.5mm. A 50 nm
thick layer of Mo was then deposited onto the substra
using electron gun physical vapor deposition@Fig. 1 ~e!#.
Photoresist was applied to the substrates and the gate
trode pattern was exposed@Fig. 1~f!#. This pattern consisted
of macroscopic bonding pads connected to 10mm square
electrodes with 2mm diameter apertures aligned to th
VACNF buried beneath the SiO2 layer. Using the resist as a
etch mask, the substrates were subjected to a CF4/O2 reac-
tive ion etch to pattern the Mo gate layer followed by
CHF3/O2 SiO2 etch@Fig. 1~g!# to release the buried VACNF
We have found that this process inflicts minimal structu
damage on the buried VACNF structures while improvi
their FE properties.7,13 The structures were dipped into a d
lute HF solution~10:1, ammonium fluoride:HF! for 1 min to
create undercut in the well sidewall profile@Fig. 1~h!# to help
prevent charging of the well sidewalls during device ope
tion. Finally, the photoresist was removed in acetone@Fig.
1~i!#, completing the structure. A micrograph of a finish
device taken at a 35° angle from normal incidence is sho
in Fig. 2~a!

FE measurements were carried out in a chamber ev
ated to a pressure of 1026 Torr producing a test environmen
similar to potential, less than ideal, operating environme
A flat Cu anode was placed 700mm directly above the S
substrate containing the VACNF-based FE device. A Hew
Packard 4156A Precision Semiconductor Parameter Anal
containing four dc source measure units~SMU! was con-
nected to the structure and anode as shown in Fig. 2~b!. All
of the data presented in this work was obtained with the g
at ground potential, and a 100 V positive bias on the ano
Anode and gate currents were measured as the cathod
tential was varied between ground and2100 V.

An initial FE current–voltage (I –V) curve is show in
Fig. 3, displaying aVth 80 V.15 The apparent lack of a mono
tonic increase in the anode current with an increasing ga
cathode bias after FE has been initiated can possibly be
tributed to the initial condition of the tip. The structure w
not cleaned in any way prior to operation, ensuring the pr
ence of an adsorbate layer on the VACNF. Constant b
measurements of the emission current were then condu
using a cathode bias of290 V. The device was operated wit
and without a ballast resistance of 22 MV in series with the
cathode and SMU 3~60 s time intervals are shown in Fig
4~b! and 4~a! respectively!. These tests were conducted co

FIG. 2. ~a! Scanning electron micrograph of a completed gated cath
structure taken at a 35° angle from normal incidence and~b! schematic of
the FE measurement setup.
Downloaded 15 Nov 2001 to 128.219.65.64. Redistribution subject to A
-
ze

a

s

ec-

l

-

n

u-

s.

tt
er

te
e.
po-

–
at-

s-
s
ed

-

tinuously for 10 min each. In both of these tests, the aver
gate current remained below 3 nA, while the anode curr
averaged above 400 nA with the ballast resistor and 700
without it. This shows that less than 1% of the emitted c
rent was collected by the gate during device operation. T
result is in stark contrast to the device presented by W
where more than 30% of the total anode current is seen a
gate10 and indicates that the emitted current from the VACN
cathode is coming from a well-focused point source, presu
ably the fiber tip. A final FEI –V curve with the ballast
resistor in place is shown in Fig. 5. This data was taken a
the 20 min of constant bias testing and indicates a reduc
in Vth to approximately 65 V; this may be attributed to em
ter conditioning during FE operation. The FEI –V data fit

e

FIG. 3. Initial FE I –V curves for a 2mm aperture structure showing th
measured anode and gate current.

FIG. 4. Constant bias time plots of FE current from a 2mm aperture well
structure with a cathode bias of290 V ~a! without a ballast resistor and~b!
with a 22 MV ballast resistor in series between the cathode and SMU
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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well to a Fowler–Nordheim plot and is shown inset in Fig.
Postemission characterization of the VACNF tip was co
ducted using scanning electron microscopy and revealed
significant morphological changes.

In this letter, we have demonstrated the operation o
gated field emitter using a single VACNF as the FE catho
This device displays operating characteristics inheren
other nanostructured graphitic carbon-based FE devices:
capable of operation in less than ideal environments and
achieve significant operating currents for extended period
time without causing degradation to the VACNF tip. A
though Vth may appear somewhat high for these devic
when compared to similar CNT-based devices, it is in r
sonable agreement with the values expected from
VACNF aspect ratio7,13 and the geometry of the well. By
decreasing the diameter of the gate aperture and increa
the aspect ratio of the VACNF, it should be possible to low
the operating voltage of these devices into a regime com
rable to the CNT-based devices that have been reported
viously. The low percentage of the emitted current measu

FIG. 5. FEI –V curve taken with a 22 MV ballast resistor in series betwee
the cathode and SMU 3 following 20 min of constant bias operation. In
Fowler–Nordheim plot of the FEI –V data.
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at the gate electrode indicates that the emitted electron b
is highly collimated. These promising results show th
VACNF-based FE devices are ideal for cold cathode FE
plications that require well-focused electron emission from
microscale structure.
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