Nanoscale field emission structures for ultra-low voltage operation
at atmospheric pressure

A. A. G. Driskill-Smith,® D. G. Hasko, and H. Ahmed
Microelectronics Research Centre, Cavendish Laboratory, University of Cambridge,
Cambridge CB3 OHE, United Kingdom

(Received 20 August 1997; accepted for publication 23 Septembe) 1997

Novel field emission devices with electron path lengths an order of magnitude less than the elastic
mean free path of electrons in air have been fabricated and tested at atmospheric pressure. The
nanoscale-tip field emission system consisted of multiple emitter tips of radii about 1 nm within an
extractor aperture of diameter 50 nm. The extractor turn-on voltage was approximately 7.5 V;
field-emitted currents of up to 10 nA were collected at extractor voltages of less than 10 V.
Maximum current densities of over ¥0A m~2 have been observed, and the emission stability in air

at atmospheric pressure is better than 3%. 1897 American Institute of Physics.
[S0003-695(197)01047-4

Recent work on the miniaturization of microfabricated face coverage of the nanopillars when the etch was per-
field emission(FE) devices for vacuum microelectronics has formed over a large flat area of tungsten. The nanopillars that
concentrated on the reduction of the radius of the emitter tippegan to form under the smaller AuPd grains collapsed as
and the diameter of the extractor electrode aperture. Botthe grains were undercut because the RIE process was not
these factors are known to reduce the extractor voltages rentirely anisotropic. The nanopillars that formed under the
quired for field emission. larger AuPd grains withstood the etch and had tip radii of

Conventionally microfabricated FE devices, whetherabout 1 nm and pillar heights of up to 10 nm. For an etch
they consist of metal Spindt tipsr silicon tips>* operate in  time greater than 20 s, all AuPd grains were completely un-
high vacuum; for only at pressures below f0mbar is the dercut and all nanopillars were destroyed, while for an etch
damage from ion bombardment to the emitter surface suffitime less than 10 s, the surface coverage of nanopillars was
ciently low. To relax this requirement and enable a FE deso high that, on subsequent application of an electric field to
vice to operate successfully at atmospheric pressure, tWihe surface, the field enhancement at the nanopillar tips was
conditions must be satisfied: the dimensions of the devicénsufficient to draw a field-emitted current. We assume that
must be much less than the elastic mean free path of elegnis was due to the shielding effect of nearby nanopillars.
trons in air(about 200 nm at low electron energiésand the The FE device fabrication process sequence is illustrated
operating voltage must be less than the first ionization poterin Fig. 1. Initially the cathode metaltungsten, dielectric
tial of molecules present in ail2.7 and 15.6 eV for nitrogen (silicon dioxidg, and extractor metaltungsten layers were
and water, respectively In this letter, we describe the fab- rf sputtered onto a semiconductor substrate, and a 50-nm-
rication and operating characteristics of a nanoscale FE defiam extractor electrode aperture was defined by high-
vice in which the electron path length is an order of magni-resolution electron beam lithography. To form the nanopil-
tude less than the elastic mean free path of an electron in aifars, AuPd grains were deposited on the cathode metal inside
The device structure, consisting of multiple emitter tips ofthe hole and subjected to a 15 s {06, RIE process. Al-
radii about 1 nm within an extractor electrode aperture ofthough over 100 grains were deposited in each 50-nm-diam
diameter 50 nm, is sufficiently compact to yield both andevice hole, there were only about 10—20 possible emission
ultra-low turn-on voltage of about 7.5 V and operation atsjtes in each device. Most nanopillars collapsed during the
atmospheric pressure. etch process and only those that survived and were located

To form nanopillars with tip radii of about 1 nm we near the center of the hole, where the etch rate was fastest,
employed a granular metal mask. AuPd was deposited on gaq sufficient aspect ratio to be useful emitters.
tungsten metal substrate to a nominal thickness of 1 nm by |y our FE device structure the applied extractor voltage
an ionized-beam deposition methbiThis resulted in the \yas limited by the breakdown voltage of the 30-nm-thick rf-
nucleation of small AuPd grains of diameter 26.5nm on  gpyttered SiQused as the dielectric. This was 15 V in the
the substrate. The AuPd grains acted as a self-aligned ma@ése of a continuous film of 30-nm-thick SiCFig. 2, curve
for an anisotropic reactive ion etdRIE) process in which p) For 30-nm-thick SiQ after fabrication of a FE device
nanopillars whose tip radii were defined by the AuPd grainygle, put without nanopillars present within the hole, the
size were formed. The conditions for the RIE process werepraakdown voltage was typically reduced by 1 V. This was
40 sccm Chrand 4 sccm @gas mixture; 20 mTorr chamber fond both when no AuPd had been deposited within the
pressure; 200 W rf power. An etch time of 15 s, correspondpgle and when AuPd had been deposited but had not been
ing to an etch depth of 10 nm in tungsten, was found t0ghjected to a RIE procesfig. 2, curve G. The leakage
produce an appropriate combination of aspect ratio and SUgsrrent in the case of the FE device arose from surface con-
duction along the inside of the hole, but remained less than 2
dElectronic mail: aagd100@cus.cam.ac.uk nA up to an applied voltage of over 13 V. In the case of a
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FIG. 3. Fowler—Nordheim plot for the device of Fig. 2, curve A. The three
distinct ranges of data correspond to the first three peaks of Fig. 2, curve A.

through the dielectric and along the inside of the device hole.
Very similar results were obtained when the FE devices were
tested in ultrahigh vacuum at pressures below®bar.

No field-emitted electrons were detected when nanopil-
FIG. 1. Fabrication process sequen@@:exposure and development of 50 lars were not present within the device hole, i.e., when no
nm disk in PMMA resist, and anisotropic RIE) isotropic BHF etch{c)  AuPd had been deposited and the cathode metal surface was
f\ii?g'%?nf :n“dpgagr:ggi‘ﬁ;r)sﬂfetg(:f{;ns”gl'gp”'ars' and resist strip. The flat, or when AuPd had been deposited but not been sub-

jected to a RIE process. The device characteristic in these
cases was identical to that of Fig. 2, curve C.
continuous film of SiQ the leakage current was less than The current that was detected above 7.5 V when and
200 pA up to an applied voltage of 15 V. only when nanopillars were present was due mainly to emis-

The FE devices with nanopillars present within the de-sion from the nanopillar tips, where the geometrical field
vice hole were tested in air at atmospheric pressure. Fieldenhancement caused the local electric field to exceed the
emitted electrons travelled ballistically from the nanopillar critical value of 18 V m~? required for field emission. Ow-
tips to the extractor electrode and were registered at atmadng to the exponential dependence of field-emitted current on
spheric pressure as an extractor current. A typical extractagxtractor voltage it is probable that, at any particular extrac-
current—voltagel(—V) device characteristic is shown in Fig. tor voltage, the one tip with the greatest local electric field
2, curve A. At forward bias, the FE turn-on voltage was 7.5was the dominant source of field-emitted electrons. This tip
V. Several peaks were observed in the characteristic, at 9.8 likely to have been the one with the largest aspect ratio
10.7, 11.8, and 12.3 V, before the current increased inexoraand the least shielding from surrounding nanopillars. We
bly towards device breakdown between 13 and 14 V. Attherefore believe that the sudden fall in current at each of the
reverse bias the current registered was due solely to leakageaks in the characteristic of Fig. 2, curve A, resulted from
the destruction of the dominant nanopillar source of elec-
trons at that particular voltage, followed by the activation of

(d)

with the | -V characteristic of Fig. 2, curve A, in the region
7.5-11.8 V. There are three distinct ranges of data, which
correspond to the data near the first three peaks of thé
obt b characteristic. A separate straight line may be fitted to each
-5 -10 -5 0 5 10 15 20 of the data ranges, confirming that each of the peaks arose
Extractor Voltage (V) from a FE process. From the gradient and intercept of the
straight line corresponding to the first peak, a voltage con-
FIG. 2. 1-V characteristics for: A—a typical FE device with dielectric area yarsjon factorg of 2.2x 18 m ! and an apparent emission

40 um? and nanopillars present; B—a subsequent test of the same FE de; _
vice; C—an equivalent device but without nanopillars; D—breakdown of a%reaa of (0.19 nm)2 can be CaICUIatea’Where E=pBV, |

continuous film of 30-nm-thick SiQof equivalent area. Inset: curve A ex- — al, Eis the e_lectric ﬁel_d fat the emitter tiN is the e_X'
panded in the range 8—13 V. tractor voltage] is the emission current, antlis the emis-

30 P T T T T T the next most prominent nanopillar. This view was supported
2sE E by a subsequent test of the same device. The extractor cur-
rent remained less than 2.5 nA up to an extractor voltage of
20p E 11 V, implying that the more prominent emission sites which
< sk = had turned on below this voltage in the previous test had
g indeed been destroydéig. 2, curve B.
5 1o 3 Figure 3 shows the Fowler—Nordheim plot associated
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We also measured the stability of the FE system in air at
atmospheric pressur@ig. 4). The emission current, while
stable to within 3% for periods of tens of seconds, made
occasional discrete jumps to other values. Such an effect,
which has been observed in other FE systems, is believed to
be due either to an atom being adsorbed or desorbed from the
emitter tip, or to a “flip-flop” pseudoperiodic motion of an
atom on the tip between two or more metastable
positionst?13

In conclusion, we developed and tested a nanoscale-tip
field emission system with an electron path length much less
o b than the electron mean free path in air, consisting of multiple

10 20 30 40 50 60 : - .
Time (5 field emission tips of radii about 1 nm within an extractor
electrode of diameter 50 nm. The turn-on voltage was 7.5 V
FIG. 4. Emission stability of a typical FE device. and the system operated stably in air at atmospheric pressure.
Thel -V characteristic of any particular FE device was both
) ) , repeatable and reproducible, provided the applied extractor
sion current density. We also assume a work function at thgiage did not exceed about 10 V. We believe therefore that
emitter tip of 4.5 eV. The calculated voltage conversion fachese devices may be useful in the future, although they still
tor B is equivalent to a geometrical field enhancement fﬁctorneed to be characterized more fully to confirm this.
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