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We report on the fabrication and operation of integrated gated field emission devices using single
vertically aligned carbon nanofibé/ACNF) cathodes where the gate aperture has been formed
using a self-aligned technique based on chemical mechanical polishing. We find that this method for
producing gated cathode devices easily achieves structures with gate apertures on the guaer of 2
that show good concentric alignment to the VACNF emitter. The operation of these devices was
explored and field emission characteristics that fit well to the Fowler—Nordheim model of emission
was demonstrated. @002 American Institute of Physic§DOI: 10.1063/1.151771]8

The integration of nanostructured carbon based materialduce the VACNF-based FE devices depended upon litho-
into microfabricated field emissiofi-E) device structures is graphic alignment of the gate electrode aperture to the
currently being investigated by a number of grotipsin  VACNF emitter®®® While the level of misalignment be-
particular, the use of carbon nanotubésand nanofibefs®  tween the two can be negligible, this requirement necessi-
as FE cathodes in integrated devices of various designs héstes the use of lithography equipment with sophisticated
received attention from a number of researches in the pasignment capabilitie}® A method for producing device
four years. These materials offer great promise in numeroustructures where the gate aperture and a single VACNF emit-
applications of microfabricated FE devices because they poser are aligned as a consequence of nonlithographic process-
sess a number of properties that may lead to significant adng (i.e., self-aligned would increase the range of applica-
vances in FE device performance. These properties includgons for VACNF-based FE devices and significantly lower
low threshold field for the initiation of electron emissith, the cost of production.
the ability to operate for extended periods of time in moder-  Pirio et al.” demonstrated a process described as being
ate vacuunt*?and high emission current denstfyamong  self-aligned for producing integrated gated cathode struc-
others. Vertically aligned carbon nanofibéMACNF) offer  tures using randomly distributed arrays of VACNFs for the
some advantages over other materials in this class as thaimission cathode. While this work represents a simple way
synthesis is completely deterministic*and they can be in- to fabricate VACNF-based gated cathode structures, this
tegrated into standard device fabrication processes that arethod lacks control over the location or density of the
scalable to wafer-level productidi:'® Previous work by emission sites, and is therefore unsuitable for applications
this group has shown that individual VACNFs can be incor-with more stringent requirements on the placement of the
porated into operational integrated gated cathode struétiresyACNF inside the device structure as described earlier.
and used as a cold cathode. The presence of a deterministi- For over a decade it has been known that chemical me-
cally placed single VACNF within the device offers an un- chanical polishing(CMP) can be used to produce self-
precedented amount of control over the location of the emisaligned gated cathode structures using oxide-sharpened Si
sion site from a nanostructured graphitic carbon cathodejps as cathode¥° This process exploits the mound
This feature is critical for electron sources suitable for elecformed by the deposition of conformal passivating layers
tron beam lithography or electron microscopy, for whichonto high aspect ratio Si features. Typically, a dielectric layer
generation of a highly collimated emitted beam is essentialgf SiO, is deposited using some form of chemical vapor
The presence of numerous emission sites or a single sitgeposition followed by a conductive layer that is impervious
poorly aligned to the electrode apertures of the device Sigtg wet chemical etchants for SjQusuallyn-type polycrys-
nificantly complicates or even precludes the production of gajline Si. By planarizing these layers, the mound is removed
highly focused beam from a microfabricated structure.  forming a circular ring in the conductive layer that is auto-

In our previous work the fabrication process used to proyatically concentrically aligned to the apex of the emitter
tip. This layer is then used as a mask for the removal of the
Aauthor to whom correspondence should be addressed; electronic maifsiO, dielectric layer.
b)g\lliillom_mfi@oml-gov _ _ o . In earlier work by this group, it was shown that the CMP

Iso with: the Departmen_t of Materials Science and Engineering, Umver-process is compatible with substrates containing VACNF
sity of Tennessee, Knoxville, Tennessee 37996. . 189 .
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nessee, Knoxville, Tennessee 37996. produce operational integrated gated FE devices using single
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FIG. 1. Summary of the VACNF-based self-aligned gated cathode fabrica-

tion process.
(c)

VACNF cathodes with self-aligned gate electrode apertures.
This work demonstrates that the VACNF can be used as a
replacement for single Si field emitter tips in similar CMP-
based self-aligned fabrication processes. %

In the present work, whole, 3 in., low resistivity Si
n-type wafers were used as substrates. Electron beam litho§!G. 2. SEM micrographs of devices following the CMP and wet chemical
raphy and physical vapor depositigRPVD) were used to etching prg_ceszeia)—(c) r?blique anglekmicrographsI t_akgdn at 45° of the
realize the catalyst sites for VACNF growth and alignmentCorresloon Ing devices shown 9—(f) taken at normal incidence.
marks for subsequent lithographic patterithfFig. 1(a)].
DC plasma enhanced chemical vapor depositiREECVD) of ~ aperture is a function of the amount of Si@laced on the
VACNF material was performed at 700 °C as described iremitter and how conformal that material covers the VACNF.
previous work® [Fig. 1(b)]. This process produced VACNF In this work electrodes with diameters ranging from 2 to 2.4
that were 1um tall, on average, with tip diameters of less um were produced. This variation was attributed to the uni-
than 30 nm. A 1.2am-thick layer of SiQ was deposited formity of the SiG deposition process layer coupled with the
onto the substrates using a silane-based rf PECVD processirinsic variation of the VACNF emitter geometry.
and resulted in the formation of conformal mounds surround-  SiO, deposition processes can be designed to produce
ing the VACNF emittergFig. 1(c)]. The gate electrode was perfectly conformal films that have excellent uniformity
defined using photolithography, omitting any lithographicacross an entire substrate. Unfortunately, variations in the
definition of apertures aligned to the VACNF emitters. TheVACNF growth are not nearly as easy to control. This point
gate pattern was metallized with 2000 A of Mo deposited byis exemplified in Fig. &). The VACNF shown in this image
electron gun PVD. Before performing CMP, an additionalis slightly tilted, resulting in the formation of an aperture that
layer of SiQ was deposited onto the substrate to provideis greater than 100 nm misaligned with the emitter tip. Al-
better control over the CMP procefSig. 1(d)]. CMP was though this aperture is round with smooth edges, it is clear
then performed to remove the mounds created during th#hat the direction of the misalignment is a direct result of the
PECVD SiQ deposition, and resulted in the creation of self-geometry of the VACNHFrefer to Fig. 2f)]. Alignment of the
aligned gate electrode aperturfgsg. 1(e)]. A diluted solu- VACNF is understood to be a function of the interaction of
tion of hydrofluoric acid was used to release the buriedhe catalyst particle with the electric field present in the
VACNF emitters[Fig. 1(f)]. The structures were thoroughly plasma sheath during the growth proc&skslowever, unex-
rinsed in DI water and blown dry with N pected relatively small variations from the ideal model can

Scanning electron microscop@SEM) micrographs of clearly occur.
completed devices are shown in Fig. 2. The images on the FE measurements were conducted in a vacuum chamber
right side of the figure were taken at normal incidence to theoperated at a pressure of 70Torr. Data were collected by
substrate and show reasonably good concentric alignmepiacing a flat Cu anode roughly 1 mm away from the surface
between the gate aperture and the VACNF emitter. Correef the VACNF FE devices. Keithley Instruments model 2410
sponding oblique angle images are shown on the left side adc source-measure units were connected to the cathode, gate,
the figure taken at 45° from normal incidence. These imageand anode to provide simultaneous and independent control
show the quality of the VACNF in the well, demonstrating of the potentials at each node while recording the corre-
that the processing used to create these devices leaves thgonding currents. The data presented in this work were ob-
emitter free of gross macroscopic damage. tained with the gate at ground potential, and a 100 V positive

The position and shape of the gate electrode aperture dfias on the anode. Anode and gate currents were measured
each device was found to be slightly different due to theas the cathode potential was varied between ground and
variations in VACNF morphology including height, cone —100 V.
angle, and degree of orthogonality with respect to the sub- Devices were conditioned by sourcing 20 nA of current
strate. In Figs. @ and 2b), the VACNFs are relatively through the emitter for periods @ h continuously. FE cur-
straight and sharp, with small cone angles. As a result, theent versus voltagel £V) curves were taken following the
aperture formed in these devices is round, fairly smooth, andhitial conditioning period. An example curve is shown in
within 100 nm of concentric alignment with the VACNF Fig. 3 and displays a threshold voltage of 50 V, defined here

emitter [refer to Figs. 2d) and 2e)]. The diameter of the as the gate-to-cathod¥,., bias required to source 1 nA of
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[ M0 ters via a self-aligned process. While some misalignment is

2 - r present between the position of the VACNF and the center of
— S i the gate aperture, this figure is typically less than 100 nm;
< 20 _% ,!" the morphology of the VACNF and its geometric relation to
% 15 '_—°'“-° i ' the substrate play a large role in determining the severity of
= | K this misalignment. Refinement of the thin film deposition and
O oL "™ T e s _.-' CMP removal processes can be used to fabricate more com-
E | 1000/ J plex structures with smaller apertures, as demonstrated for
3 5| T | e ’;" Si-based device¥:'® Incorporation of the VACNF into tri-
% L T Igate i ode sources using these techniques is currently under inves-

ol tigation.
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In this letter we have shown that it is possible to producepefined as the percentage of the total emitted current collected by the
functional gated cathode devices using single VACNF emit- anode relative to the amount of current collected by the gate electrode.
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