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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 1011 A m22 have been observed, and the emission stability in air
at atmospheric pressure is better than 3%. ©1997 American Institute of Physics.
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Recent work on the miniaturization of microfabricate
field emission~FE! devices for vacuum microelectronics h
concentrated on the reduction of the radius of the emitter
and the diameter of the extractor electrode aperture. B
these factors are known to reduce the extractor voltages
quired for field emission.1

Conventionally microfabricated FE devices, wheth
they consist of metal Spindt tips2 or silicon tips,3,4 operate in
high vacuum; for only at pressures below 1026 mbar is the
damage from ion bombardment to the emitter surface su
ciently low. To relax this requirement and enable a FE
vice to operate successfully at atmospheric pressure,
conditions must be satisfied: the dimensions of the dev
must be much less than the elastic mean free path of e
trons in air~about 200 nm at low electron energies!,5 and the
operating voltage must be less than the first ionization po
tial of molecules present in air~12.7 and 15.6 eV for nitrogen
and water, respectively!.6 In this letter, we describe the fab
rication and operating characteristics of a nanoscale FE
vice in which the electron path length is an order of mag
tude less than the elastic mean free path of an electron in
The device structure, consisting of multiple emitter tips
radii about 1 nm within an extractor electrode aperture
diameter 50 nm, is sufficiently compact to yield both
ultra-low turn-on voltage of about 7.5 V and operation
atmospheric pressure.

To form nanopillars with tip radii of about 1 nm w
employed a granular metal mask. AuPd was deposited o
tungsten metal substrate to a nominal thickness of 1 nm
an ionized-beam deposition method.7,8 This resulted in the
nucleation of small AuPd grains of diameter 2.560.5 nm on
the substrate. The AuPd grains acted as a self-aligned m
for an anisotropic reactive ion etch~RIE! process in which
nanopillars whose tip radii were defined by the AuPd gr
size were formed. The conditions for the RIE process we
40 sccm CF4 and 4 sccm O2 gas mixture; 20 mTorr chambe
pressure; 200 W rf power. An etch time of 15 s, correspo
ing to an etch depth of 10 nm in tungsten, was found
produce an appropriate combination of aspect ratio and

a!Electronic mail: aagd100@cus.cam.ac.uk
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face coverage of the nanopillars when the etch was p
formed over a large flat area of tungsten. The nanopillars
began to form under the smaller AuPd grains collapsed
the grains were undercut because the RIE process was
entirely anisotropic. The nanopillars that formed under
larger AuPd grains withstood the etch and had tip radii
about 1 nm and pillar heights of up to 10 nm. For an e
time greater than 20 s, all AuPd grains were completely
dercut and all nanopillars were destroyed, while for an e
time less than 10 s, the surface coverage of nanopillars
so high that, on subsequent application of an electric field
the surface, the field enhancement at the nanopillar tips
insufficient to draw a field-emitted current. We assume t
this was due to the shielding effect of nearby nanopillars

The FE device fabrication process sequence is illustra
in Fig. 1. Initially the cathode metal~tungsten!, dielectric
~silicon dioxide!, and extractor metal~tungsten! layers were
rf sputtered onto a semiconductor substrate, and a 50-
diam extractor electrode aperture was defined by hi
resolution electron beam lithography. To form the nanop
lars, AuPd grains were deposited on the cathode metal in
the hole and subjected to a 15 s CF4/O2 RIE process. Al-
though over 100 grains were deposited in each 50-nm-d
device hole, there were only about 10–20 possible emiss
sites in each device. Most nanopillars collapsed during
etch process and only those that survived and were loc
near the center of the hole, where the etch rate was fas
had sufficient aspect ratio to be useful emitters.

In our FE device structure the applied extractor volta
was limited by the breakdown voltage of the 30-nm-thick
sputtered SiO2 used as the dielectric. This was 15 V in th
case of a continuous film of 30-nm-thick SiO2 ~Fig. 2, curve
D!. For 30-nm-thick SiO2 after fabrication of a FE device
hole, but without nanopillars present within the hole, t
breakdown voltage was typically reduced by 1 V. This w
found both when no AuPd had been deposited within
hole and when AuPd had been deposited but had not b
subjected to a RIE process~Fig. 2, curve C!. The leakage
current in the case of the FE device arose from surface c
duction along the inside of the hole, but remained less tha
nA up to an applied voltage of over 13 V. In the case o
3159)/3159/3/$10.00 © 1997 American Institute of Physics
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp



an

e
el
lar
m
ct
.
.5
9
or
A

ka

le.
ere

pil-
no
was
ub-
ese

nd
is-
ld
the

t on
ac-
ld
tip
tio
e

the
m

ec-
of
ted
cur-
of

ch
ad

ted
n
ich

ach
rose
the
on-
n

0

e

ea
d

f
-

ee
e A.
continuous film of SiO2 the leakage current was less th
200 pA up to an applied voltage of 15 V.

The FE devices with nanopillars present within the d
vice hole were tested in air at atmospheric pressure. Fi
emitted electrons travelled ballistically from the nanopil
tips to the extractor electrode and were registered at at
spheric pressure as an extractor current. A typical extra
current–voltage (I –V) device characteristic is shown in Fig
2, curve A. At forward bias, the FE turn-on voltage was 7
V. Several peaks were observed in the characteristic, at
10.7, 11.8, and 12.3 V, before the current increased inex
bly towards device breakdown between 13 and 14 V.
reverse bias the current registered was due solely to lea

FIG. 1. Fabrication process sequence:~a! exposure and development of 5
nm disk in PMMA resist, and anisotropic RIE;~b! isotropic BHF etch;~c!
deposition of AuPd grains;~d! RIE to form nanopillars, and resist strip. Th
AuPd grains and nanopillars are not to scale.

FIG. 2. I –V characteristics for: A—a typical FE device with dielectric ar
40mm2 and nanopillars present; B—a subsequent test of the same FE
vice; C—an equivalent device but without nanopillars; D—breakdown o
continuous film of 30-nm-thick SiO2 of equivalent area. Inset: curve A ex
panded in the range 8–13 V.
3160 Appl. Phys. Lett., Vol. 71, No. 21, 24 November 1997
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through the dielectric and along the inside of the device ho
Very similar results were obtained when the FE devices w
tested in ultrahigh vacuum at pressures below 1028 mbar.

No field-emitted electrons were detected when nano
lars were not present within the device hole, i.e., when
AuPd had been deposited and the cathode metal surface
flat, or when AuPd had been deposited but not been s
jected to a RIE process. The device characteristic in th
cases was identical to that of Fig. 2, curve C.

The current that was detected above 7.5 V when a
only when nanopillars were present was due mainly to em
sion from the nanopillar tips, where the geometrical fie
enhancement caused the local electric field to exceed
critical value of 109 V m21 required for field emission. Ow-
ing to the exponential dependence of field-emitted curren
extractor voltage it is probable that, at any particular extr
tor voltage, the one tip with the greatest local electric fie
was the dominant source of field-emitted electrons. This
is likely to have been the one with the largest aspect ra
and the least shielding from surrounding nanopillars. W
therefore believe that the sudden fall in current at each of
peaks in the characteristic of Fig. 2, curve A, resulted fro
the destruction of the dominant nanopillar source of el
trons at that particular voltage, followed by the activation
the next most prominent nanopillar. This view was suppor
by a subsequent test of the same device. The extractor
rent remained less than 2.5 nA up to an extractor voltage
11 V, implying that the more prominent emission sites whi
had turned on below this voltage in the previous test h
indeed been destroyed~Fig. 2, curve B!.

Figure 3 shows the Fowler–Nordheim plot associa
with the I –V characteristic of Fig. 2, curve A, in the regio
7.5–11.8 V. There are three distinct ranges of data, wh
correspond to the data near the first three peaks of theI –V
characteristic. A separate straight line may be fitted to e
of the data ranges, confirming that each of the peaks a
from a FE process. From the gradient and intercept of
straight line corresponding to the first peak, a voltage c
version factorb of 2.23108 m21 and an apparent emissio
areaa of (0.19 nm)2 can be calculated,5 where E5bV, I
5aJ, E is the electric field at the emitter tip,V is the ex-
tractor voltage,I is the emission current, andJ is the emis-

e-
a

FIG. 3. Fowler–Nordheim plot for the device of Fig. 2, curve A. The thr
distinct ranges of data correspond to the first three peaks of Fig. 2, curv
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sion current density. We also assume a work function at
emitter tip of 4.5 eV. The calculated voltage conversion f
tor b is equivalent to a geometrical field enhancement fac9

g of approximately 6.6. From the value of the FE current
the peak and the calculated apparent emission areaa, a
maximum FE current densityJ of 331011 A m22 prior to
breakdown of the first nanopillar source is calculated. T
compares with the current density in FE systems of ab
1012 A m22 at which thermal destruction of the cathode
known to occur.1,10,11The straight line corresponding to th
second peak yieldsb51.93108 m21, a5(0.27 nm)2, g
55.6, J5231011 A m22. These results indicate that th
emission area in both cases was of atomic size and tha
second nanopillar source had both a larger emission area
a smaller aspect ratio than the first. In addition, the ma
mum current density immediately before destruction of
second nanopillar was virtually equal to that of the fir
which suggests that there was a limiting emission curr
density common to all nanopillars at which they were d
stroyed.

FIG. 4. Emission stability of a typical FE device.
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We also measured the stability of the FE system in ai
atmospheric pressure~Fig. 4!. The emission current, while
stable to within 3% for periods of tens of seconds, ma
occasional discrete jumps to other values. Such an eff
which has been observed in other FE systems, is believe
be due either to an atom being adsorbed or desorbed from
emitter tip, or to a ‘‘flip-flop’’ pseudoperiodic motion of an
atom on the tip between two or more metasta
positions.12,13

In conclusion, we developed and tested a nanoscale
field emission system with an electron path length much l
than the electron mean free path in air, consisting of multi
field emission tips of radii about 1 nm within an extract
electrode of diameter 50 nm. The turn-on voltage was 7.5
and the system operated stably in air at atmospheric pres
The I –V characteristic of any particular FE device was bo
repeatable and reproducible, provided the applied extra
voltage did not exceed about 10 V. We believe therefore t
these devices may be useful in the future, although they
need to be characterized more fully to confirm this.
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