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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 structur¢ DOI: 10.1063/1.1419038

Field emission(FE) of electrons from nanostructured produce a well-focused electron beam as required in appli-
graphitic carbon-based materials including sifigleand  cations such as electron microscopy or electron-beam lithog-
multiwalled*® carbon nanotubes(CNT) and carbon raphy(EBL).
nanofiber’ (CNF) has been an area of intense investigation ~ Recently, we reported a technique for fabricating gated
in recent years. This body of research indicates that theseathode structures that uses a singlsitu grown vertically
materials have several advantages over other candidate maligned CNF(VACNF) as a FE elemerit This technique
terials for FE applications, namely very low threshold volt- offers a way to produce gated cathode structures that take
agesVy,, for the initiation of electron emission and extraor- full advantage of the FE properties inherent to nanostruc-
dinary environmental stabilityMost of the work in this field  tured graphitic carbon materials, while providing a determin-
has focused on measurements of the FE properties of thegstic way to control the point of emission. In this letter, we
materials deposited or grown onto a variety of flat substratepresent the operation of a gated cathode structure fabricated
using a vast array of different deposition and measuremenising a variation of the previously reported procEss.
techniques. However, very little work has been presented on A diagram of the fabrication process is shown in Fig. 1.
integrated gated cathode structures using these materials @e details of this process are discussed in another
FE elements. Xu and Brandesresented an operating CNT- publication’® Briefly, EBL was used to define catalyst sites
based gated cathode device in 1998 employing disorderefdr deterministic growth of VACNFs and alignment marks
mats of multiwalled CNTYMWNT) grown within electro-  for subsequent lithography steps on low resistivitiype Si
static gating structures by thermal chemical vapor depositiosubstrate$Fig. 1(a)]. Individual VACNFs were grown using
(CVD). Wanget al° reported the operation of a similar de- dc plasma enhanced CVPECVD) as we have described in
vice fabricated by a technique using a paste of CNT materiagarlier work* [Fig. 1(b)]. The VACNFs produced for this
and conductive epoxy deposited into microfabricated wellwork were conical in shape possessing a base diameter of
structures. Leeet al!! also have recently reported on the ~200 nm, a height of-1 um, and a tip radius of curvature
operation of gated cathode structures similar to those denof ~15 nm. A 2.5um thick conformal layer of Si@Qwas
onstrated by Xu and Brandewith minor improvements in then deposited onto the substrates using a silane-based rf
the structure fabrication process and increased control of theECVD proces$Fig. 1(c)].
in situ MWNT growth step.

The CNT material in the aforementioned gated cathode
structures is likely to contain numerous FE sites; there are fa) catalyst @ ®
multiple CNT tips in each cathode and there is evidence that * # L
FE can occur from sites located along the willsvhile all :
of these devices possess operating characteristics desirable in
any FE device(i.e., low Vy, and high FE currenjsthese (b) & (® E (h) !
fabrication processes offer no way to precisely control the S1O res1st
location or density of the emission sites within the device.

These factors complicate the construction of FE devices that i ! ® ! ) !

dAuthor to whom all correspondence should be addressed; electronic maiFIG. 1. Process flow for the fabrication of the VACNF-based gated cathode
guillornma@ornl.gov structures.
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In order to perform further processing on these sub- I
strates, chemical mechanical polishing was used to planarize (0.0 [ommmmmmmmm————————————— N ...
the structuresgFig. ]J(d)]._The .S.iq layer was polished unFiI 02l . . . . .
all gross surface nonuniformities were removed, producing a 0 -20 40 -60 -80 -100

final oxide thickness of approximately 1/&m. A 50 nm
thick layer of Mo was then deposited onto the substrates Cathode Voltage (V)

using electron gun physical vapor depositidfig. 1 (e)]. FIG. 3. Initial FE |-V curves for a 2um aperture structure showing the
Photoresist was applied to the substrates and the gate eleteasured anode and gate current.

trode pattern was expos¢Big. 1(f)]. This pattern consisted

of macroscopic bonding pads connected toAfd square tinuously for 10 min each. In both of these tests, the average
electrodes with 2um diameter apertures aligned to the gate current remained below 3 nA, while the anode current
VACNF buried beneath the Sydayer. Using the resist as an averaged above 400 nA with the ballast resistor and 700 nA
etch mask, the substrates were subjected to d@Feac-  without it. This shows that less than 1% of the emitted cur-
tive ion etch to pattern the Mo gate layer followed by arent was collected by the gate during device operation. This
CHF;/0, SiO, etch[Fig. 1(g)] to release the buried VACNF. result is in stark contrast to the device presented by Wang
We have found that this process inflicts minimal structuralwhere more than 30% of the total anode current is seen at the
damage on the buried VACNF structures while improvinggaté® and indicates that the emitted current from the VACNF
their FE propertie$:!® The structures were dipped into a di- cathode is coming from a well-focused point source, presum-
lute HF solution(10:1, ammonium fluoride:HFor 1 minto  ably the fiber tip. A final FEI-V curve with the ballast
create undercut in the well sidewall proffleig. 1(h)] to help  resistor in place is shown in Fig. 5. This data was taken after
prevent charging of the well sidewalls during device operathe 20 min of constant bias testing and indicates a reduction
tion. Finally, the photoresist was removed in acetpRig.  in Vy, to approximately 65 V; this may be attributed to emit-
1(i)], completing the structure. A micrograph of a finishedter conditioning during FE operation. The FEV data fit
device taken at a 35° angle from normal incidence is shown

in Fig. 2(a) 1800
FE measurements were carried out in a chamber evacu- & 1400
ated to a pressure of 16 Torr producing a test environment 51400
similar to potential, less than ideal, operating environments. 2 1200 F
A flat Cu anode was placed 7Q0m directly above the Si 1000 |-

substrate containing the VACNF-based FE device. A Hewlett
Packard 4156A Precision Semiconductor Parameter Analyzer
containing four dc source measure uni{&vU) was con-
nected to the structure and anode as shown in Fig).2All B
of the data presented in this work was obtained with the gate 0
at ground potential, and a 100 V positive bias on the anode.
Anode and gate currents were measured as the cathode po-
tential was varied between ground and.00 V.

An initial FE current—voltage I(~V) curve is show in
Fig. 3, displaying &/, 80 V.*° The apparent lack of a mono-
tonic increase in the anode current with an increasing gate—
cathode bias after FE has been initiated can possibly be at-
tributed to the initial condition of the tip. The structure was
not cleaned in any way prior to operation, ensuring the pres-
ence of an adsorbate layer on the VACNF. Constant bias
measurements of the emission current were then conducted 20 30 40 50 60
using a cathode bias 6f90 V. The device was operated with Time (seconds)
and without a ballast resistance of 2ZMn series with the FIG. 4. Constant bias time plots of FE current from @t aperture well

cathode and SMU 360 s time intervals are shown in Figs. structure with a cathode bias ef90 V (a) without a ballast resistor arth)

4(b) and 4a) respectively. These tests were conducted con-with a 22 MQ ballast resistor in series between the cathode and SMU 3.
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1000 ,, at the gate electrode indicates that the emitted electron beam
2.5 L -~ is highly collimated. These promising results show that
800 | 26 F Ew L 'f"" VACNF-based FE devices are ideal for cold cathode FE ap-
r\g‘ 2.7 L 1_. . . I plications that require well-focused electron emission from a
;g - L:_,ng ne] {' | .'l,":. microscale structure.
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