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Abstract

Vacuum tube arrays with a sub-micrometer dimension were fabricated by using anodic aluminum oxide (AAO)
nano-templates. Ni nanowires deposited electrochemically inside the pores of the AAO nano-templates were used as
the field emitters. The pores were sealed by means of angled evaporation of titanium. The field emission measurement
was carried out in atmospheric environment outside of a vacuum chamber. The field emission characteristics show low
turn-on voltages of 11.0-14.0 V. This phenomenon is attributed to the fact that the distances between the tips of Ni
nanowires and the anodes are much smaller than those of conventional designs. Curvature in the Fowler—Nordheim
plots at low applied voltage region is due to the variation of the enhanced field at each nanowire tip by the distribution

in the length of Ni nanowires.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Vacuum devices based on field emission have
attracted considerable attention in recent years be-
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cause they have several advantages over solid-state
devices. They are robust at ambient temperature as
well as in radiation environments. They have no
power dissipation during electron transport be-
cause of the ballistic nature of transport in a vac-
uum [1]. Consequently, vacuum devices can
generate higher power at high frequencies. These
characteristics guarantee many applications,
including active elements for integrated-circuits,
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flat-panel displays, electron guns, and microwave
power tubes [2-4].

Most of the field-emission-based vacuum de-
vices are fabricated by the Spindt process. How-
ever, it requires sophisticated processing skills
and expensive equipment such as selective etching
and electron beam lithography. High voltage is re-
quired for the operation of these devices because
of the inter-electrode distance of several hundred
micrometers. In addition, the Spindt process is dif-
ficult to apply to a large area. To overcome these
difficulties, we have used anodic aluminum oxide
(AAO) technology, which is capable of controlling
the dimensions of the structure such as pore diam-
eter, pore length, and pore density with a few
nanometer resolution without using electron beam

lithography [5-7]. AAO technology can also be
easily applied to a large area [8].

In this study, we have fabricated field emitter
arrays (FEAs) with integrated anodes by using
AAO nano-template. Due to the integrated struc-
ture, these vacuum tubes can be operated as
stand-alone devices, outside of a vacuum chamber.
This work is the basis to devise a novel fabrication
process for triode vacuum tube arrays with sub-
micrometer dimensions.

2. Experimental

First, a cleaned and electropolished aluminum
sheet of high purity (99.999%) was anodized in
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Fig. 1. Fabrication process of integrated diode: (a) AAO template fabrication, (b) electrodeposition of Ni nanowires, (c¢) angled
evaporation of Ti to seal the structure, (d) schematic of a field emission measurement setup.
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an oxalic acid solution. After chemically etching
the anodized layer in a mixture of chromic acid
and phosphoric acid, the second anodization was
performed under the same conditions. Details of
the fabrication process have been reported else-
where [9]. Ni nanowires were electrodeposited in
the pores of the AAO nano-template. In order to
facilitate the growth of Ni nanowires, the voltage
was dropped stepwise from 40 to 13 Vin 1 V dec-
rements. Subsequent treatment with a phosphoric
acid solution widened the pores and thinned the
barrier layer simultaneously. Ni nanowires were
electrochemically deposited in the pores of the
AAO template. The electrodeposition was accom-
plished in an electrolyte consisting of NiSOy - 6-
H,O and H3;BO; by applying ac voltage. The
lengths of Ni nanowires were changed by varying
the electrodeposition time. The AAO template
containing nickel nanowires was sealed at a pres-
sure of about 107° torr, using angled evaporation
of titanium, which served as an anode of the vac-
uum tube array.

The morphology and structure of AAO tem-
plates and the Ni nanowire were observed by the
field emission scanning electron microscope (FE-
SEM, Hitachi S-4200) and the transmission electron
microscope (TEM, Jeol 1200 EX), respectively. To
investigate the chemical composition of the Ni
nanowires, energy dispersive X-ray spectrum
(EDS) was used. For TEM and EDS investigation,
the AAO film was immersed in a | M NaOH solu-
tion at 80 °C for 6 h. This solution was filtered by
using a polycarbonate membrane with a 100 nm
pore diameter and rinsed several times with deion-
ized water. The field emission current was measured
in atmospheric environment outside of a vacuum
chamber as shown in Fig. 1(d) with a diode-type
configuration 4155A analyzer (Hewlett—Packard,
4155 A). The remaining aluminum under the AAO
template acts as a cathode and the titanium layer
on top of the AAO template as an anode. Fig. 1 illus-
trates the fabrication process in this work.

3. Results and discussion

Fig. 2 shows the progressive change of the sur-
face morphology of a sample. The virgin specimen

Fig. 2. Change in the surface morphology of a sample
throughout the fabrication process. (a) aluminum surface
before electropolishing, (b) aluminum surface after electropol-
ishing, (c¢) AAO template with ordered pore structure obtained
after 2-step anodization.

exhibits surface roughness in um scale before elec-
tropolishing (Fig. 2(a)), but these large surface
irregularities are completely removed after electro-
polishing (Fig. 2(b)). Fig. 2(c) shows the AAO
template after 2-step anodization. Pores of an
identical dimension are hexagonally closed-packed
after the 2-step anodization. The average inter-
pore distance is 110 nm, and the average pore
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diameter is 70 nm after the pore-widening treat-
ment for 50 min without any change in the surface
density of the pores.

Fig. 3 shows the SEM images of the fabricated
vacuum tube arrays. The experimental conditions
for the preparation of these samples are summa-
rized in Table 1. As shown in Fig. 3, there is a dis-
tribution in the lengths of nanowires. This is due to
the difference in the thickness of the barrier layer at
each pore and due also to the hydrogen evolution
caused by water splitting reaction [10]. Ni*™" ions
are reduced during the electrodeposition by the
electrons tunneled through the barrier layer. How-
ever, the barrier layer at each pore could be
branched differently during the barrier layer thin-
ning process, resulting in different energy barriers
for tunneling because of different barrier layer
thickness [11]. The number of tunneled electrons
through an insulating layer decreases exponentially
with the thickness of the insulating layer according
to Bethe’s equation [12]. Consequently, the rate of
deposition becomes different at each pore.

Titanium layers were used to seal the pores of
the AAO templates. Titanium layers also act as

the anodes for vacuum tube arrays. It should be
noted that titanium is frequently used as a getter
material to maintain the vacuum level in a vacuum
device. Infiltration of titanium into the pores must
be avoided to prevent short circuits. To achieve
this goal, angled evaporation with 20° was per-
formed. It is well known that angled evaporation
can prevent the penetration of evaporated metal
inside pores [13]. The vacuum degree inside the
vacuum device is equal to that of chamber during
evaporation.

Fig. 4(a) represents the TEM image of the Ni
nanowire fabricated in a pore of an AAO tem-
plate, and the inset is its electron diffraction pat-
tern. The diameter of the Ni nanowire is about
40 nm. This figure reveals that the diameter of
the Ni nanowire is approximately the same as that
of the pores in the AAO template. The diffraction
pattern is a characteristic one of the well-crystal-
lized metal and is indexed as [1 1 1] reflections with
face centered cubic structure (fcc). The chemical,
composition of Ni nanowires was investigated by
using the EDS. The EDS spectrum of Ni nano-
wires in Fig. 4(b) shows the peaks of Ni(La),

(c) Nw\‘\\\‘ 1.0 pm

Fig. 3. SEM images of integrated diode structure. Ni nanowires were electrochemically deposited in the pores of the AAO template for

(a) 60 s, (b) 150 s, and (c) 270 s.

Table 1
Experimental conditions for three different VTA samples

Sample Anodizing Pore widening Nickel electrodeposition conditions Anode material
conditions conditions

A 5 wt% NiSOy - 6H,O + 2 wt% H3;BOs;, Titanium

o . 30 °C 18 Vims, 170 Hz 60 s

2-st dizat 0.1 M phosph rms>

B S b anotizanon s 5 wt% NiSO, - 6H,0 + 2 wt% H3BOs, Titanium
0.3 M oxalic acid 40 acid 30 °C 20 min o
V, 15 °C Ist step 12 30 °C 18 Vs, 170 Hz 150 s

C ’ - 5 wt% NiSOy - 6H,O + 2 wt% H3;BO;, Titanium
h 2nd step 30 min

30 °C 18 Vs, 170 HZ 270 s
D No deposition Titanium




6
(a)
(b)
Ni (Ka)

.“é
S
g
3
=
7]
c
&
£

Ni (Lor)

Ni (Kp)
o
Al

0 1 2 3 4 5 6 7 8 9
Energy (KeV).

Fig. 4. (a) TEM image of the Ni nanowire. The diameter of Ni
nanowire is about 40 nm, the same as that of AAO template.
The inset is the electron diffraction pattern for Ni nanowire.
Main sharp spots are indexed as [111] reflections with face
centered cubic structure (fcc), (b) Energy dispersive X-ray
spectrum of Ni nanowires.

Ni(Ka), and Ni(K ), respectively. This reveals that
Ni nanowires are made of pure nickel. The small
quantity of oxygen and aluminum comes from
the residual aluminum oxide not removed com-
pletely in sample preparations.

The emission characteristics of the vacuum tube
arrays (VTAs) were measured outside of a vacuum
chamber. It is possible to measure field emission in
an atmospheric condition because of the inte-
grated structure which keeps the vacuum state in-
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side the diode structure. Three different VT As were
fabricated for the field emission measurements.
Fig. 5 presents the typical current-voltage rela-
tionship of these vacuum tube arrays. A useful
parameter for the comparison of the field emission
performances of three different samples is the turn-
on voltage, Vi,. The V,, values of three samples
are found to be 14.0, 12.0, and 11.0 V, respectively.
These values are much lower than those values
previously reported [14,15]. The distances between
the nanowires and the anode (inter-electrode dis-
tance) of our samples are less than 3 pm, while
those of previous investigators were about several
hundred micrometers. Therefore, in our structure,
the electric field sufficient for field emission can be
supplied to the tips at a low operating voltage. The
current-voltage relationship shown in Fig. 5 con-
firms that the emission current density changes
with the inter-electrode distance. As the electro-
deposition time increases, the inter-electrode dis-
tance decreases. Therefore, specimen C has a
larger emission current density than those of other
specimens at the same operating voltage. Specimen
D is the vacuum tube array without Ni nanowires
to measure the magnitude of leakage current. The
leakage current between the AAO template cath-
ode and the titanium anode was about 1072 pA/
cm? at 27 V. As the emission current of the speci-
men A is 20 pA/cm? at the same voltage, the mag-
nitude of leakage current is much smaller than that
of the emission current, and might be negligible.
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Fig. 5. FE current density vs. applied voltage for integrated
diode structure (inset plot) Fowler—Nordheim plots.
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Therefore, the currents in Fig. 5 can be considered
as the field emission ones.

The inset in Fig. 5 shows the Fowler—Nord-
heim (FN) plots in our specimens.The emission
data of specimen A generally agree with the lin-
ear characteristic of the FN relationship corre-
sponding to classical electron tunneling
mechanism of field emission, while specimens B
and C have substantial curvature at low voltage
region in the FN plots. Curvature is expected
in the FN plot at very low current and voltage
because of the variation in emitter site properties
[16]. Levine [17] reported that the substantial cur-
vature in FN plot could be predicted by the sta-
tistical distribution of electron emitting sites such
as geometrical, structural and electronic charac-
teristics. As shown in Fig. 3(b) and (c), the
lengths of Ni emitters in specimens B and C
are relatively more distributed than that of spec-
imen A. This means that the enhanced field at
each nanowire tip can be distributed due to the
variation of distance between each nanowire
and anode. Therefore, FN plots of specimens B
and C have substantial curvature at low applied
voltage and low current region. We estimated
the field enhancement factor, B from the slope
of the F-N plot. The slope of the F-N plot is
equal to Bep*?d/p, where the constant
B=687x10° VeV ¥ m™!. ¢ is the work func-
tion of the Ni nanowire, and d is the distance be-
tween the Ni nanowire and the integrated anode
[18]. The work function of the Ni nanowire is as-
sumed to be the same as the bulk nickel having
[111] plane (=5.35 eV). Field enhancement fac-
tors for A, B, and C were calculated using the
above equation, and were in the range of 560-
2790. Because FN plots have different slopes at
low voltage and high voltage regions in speci-
mens B and C, f values are expressed by range.
These low f values may result from the field
screening effect by the high nanowire density of
about 10'° tips/em? [19].

4. Conclusion

We have fabricated vacuum tube arrays with a
sub-micrometer dimension by using AAO nano-

templates. Current-voltage characteristics show
low turn-on voltages of 11.0-14.0 V. This phenom-
enon is attributed to the fact that the distances be-
tween the tips of Ni nanowires and the anodes are
much smaller than those of conventional designs.
Curvature in the FN plots at low applied voltage
region is due to the variation of enhanced field at
each nanowire tip by the distribution in the length
of Ni nanowires.
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