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The W50,4 nanowires are metallic oxides with specific resistivity of 27 uQdcm and diameters bellow 100 nm. The
field emission characteristics of the films composed of these nanowires have been investigated. The emitting cur-
rent densities up to 6.4 mA/cm? have been obtained at very low electric field of about 3 V/um. The samples were
allowed to emit for more than 100 h without showing significant decays of the emitting current and without sub-

stantial current oscillations. These characteristics make these nanowires very promising for the realization of
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large area field emitting cathodes.
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1. Introduction: the manuscript

Field emission cathodes can be used in different applications such
as field emission display, portable x-ray generators, microwave
sources and amplifiers [1-4]. Many field emission studies have been
performed on nanostructures, such as carbon nanotubes, metallic or
semiconductive nanowires [5-7]. In particular carbon nanotubes
(CNTs), have been extensively studied in the last twenty years for
their excellent field emission properties due to their very high aspect
ratio, the low-voltage emission, the robustness [8-9]. In the last decade
some investigations have been performed on tungsten oxide nanowires
including WO,, W03, W1g049 as a possible alternative to CNTs field
emitters [10-12]. In particular W,3049 exhibits good field-emission
characteristics. Field emission measurements on a single Ws014 nano-
wire have been performed demonstrating that these nanowires have
all the properties required from a good field emitter [13]. In this work
we performed a complete study about the field emission characteristics
of W5014 nanowires film in order to verify the possibility of use them in
areal device with large emitting area. The main parameter to define the
quality of field emitters is the field enhancement factor. In order to ex-
trapolate this value from the [—V characteristics it is necessary to
know the work function of the emitters [14]. The work function of the
W;50,4 nanowires has been then measured by Kelvin microscopy in
non contact atomic force microscopy (UHV-AFM Omicron). Long stabil-
ity measurements of over 100 h have been done to demonstrate the ro-
bustness of such nanoemitters that is completely comparable with
carbon nanotubes.
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W;50,4 nanowires have been synthesized by iodine transport meth-
od [15] using nickel as a growth promoter and WO; as source of tung-
sten and oxygen. The starting material consisted of: 352.7 mg WOs3
powder (Sigma Aldrich, 99.99%), 37.5 mg nickel (mechanically cut
metal foil) and 567 mg iodine (1-3 mm beads, Sigma Aldrich, 99.7%)
was evacuated in quartz ampoule, sealed and put into two zone furnace.
The temperature was increased for 24 h from room temperature to the
working conditions. Material was transported from the hot zone
(860 °C) to the cold zone at (736 °C) of the furnace under 6.2 °C/cm tem-
perature gradient. Transport reaction run for 500 h and then cooled
down under 35°/h cooling rate. Transported material of deep blue
color consisted of long, rigid nanowires that tend to clump into bundles.
X-ray diffraction spectrum (Fig. 1) reveals a pure W5014 crystal
phase according to the tetragonal Ws014 crystals with lattice constants:
a=2.333 nmand ¢ = 0.3797 nm (JCPDS No. 41-0745). A relatively low
(001) peak in the spectrum, which is in bulk W4014 the most intensive,
is explained by the geometry where majority of the nanowires, which
are grown along [001] direction, lay flat on the plastelin used for the
sample fixing onto the XRD holder. A peak at 29.2° belongs to the
plastelin (labeled with *).

The SEM image of the W504 pressed film (Fig. 2a) shows that
majority of the nanowires are randomly oriented along the film sur-
face. Their density is relatively uniform at a large area. Length of the
nanowires exceeds several tens of um while their diameter is around
100 nm. The nanowires are very rigid and of homogeneous diameter
along their length. They agglomerate into rare, weakly bonded bun-
dles composing of a few nanowires. Scanning tunneling microscopy
(Fig. 2b) reveals surface corrugation with a few nm deep channels
along the nanowire. The work function (WF) of the nanowires has
been determined by Kelvin microscopy in non contact atomic force
microscopy operating in ultra high vacuum (UHV). This method is
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Fig. 1. X-ray diffraction pattern of the W5014 nanowires indexed in accordance with
JCPDS No. 41-0745.

based on a measurement of the electrostatic forces between the AFM
tip and a nanowire under applied frequency modulation [16]. Due to
electrostatic forces the first resonant frequency of the cantilever is
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lowered when tip approaches sample. This frequency shift is linearly
dependent on tip-sample distance; therefore it can be used as its
control. The experiments were performed at — 40 Hz. At a certain
frequency shift, an alternative (a.c.) voltage, Ua.c. = 0.7 V; © =
2 kHz in our case, was applied to the AFM tip causing oscillation of
the electrostatic forces. A lock-in amplifier was tuned to the frequen-
cy (o). A superimposed d.c. voltage (Uq ) on the AFM tip was adjust-
ed so that the response on the lock-in amplifier at the frequency ®
became zero. Under this condition Ugq .. is equal to the contact poten-
tial difference (CPD) between AFM tip and the sample. The CPD re-
veals difference in their work functions. Because unknown work
function of AFM tip, the W5014 nanowire were put on HOPG crystal
and the contact potential difference was measured simultaneously
on the W5014 nanowires and on HOPG. Knowing work function of
HOPG this method enables to calculate work function of measured
W5014 nanowires. Several measurements have been performed on
different nanowires. The WF values of nanowires were different
from a nanowire to nanowire, but always lower than the WF
measured on graphite (4.6 eV). The values from 4.23 to 4.36 eV
were obtained on single Ws04 nanowires put on HOPG (Fig. 2c, d).
These values are lower than work function of carbon nanotubes
(4,95-5,05 eV) [17] or (4.7-4,9 eV) [18]. They are comparable to
pure tungsten crystals, where work function strongly depends on a
particular emission plane and ranges from 5.25 eV (110 plane) to
4,47 eV (111 plane) [19], but which increases by trace oxygen to
4,9 eV [20]. Work function of WO5 is 4.8 eV [21]. Low work function
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Fig. 2. The W50,4 nanowires: a) SEM topography with in-plane random oriented nanowires; b) Scanning tunneling microscopy (STM) image revealing surface corrugation on a single
nanowire; c) Non-contact AFM image of a single 35 nm thick W50,4 nanowire with a line profile (inset); d) The corresponding Kelvin image (U, = 0.7 V; ® = 2 kHz) with the

contact potential difference profile (inset).
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is advantage in the field emission phenomena since it helps in ex-
traction of electrons from the emitters.

The field emission measurements were performed in a vacuum
chamber at a vacuum level of 107 mbar. The W50;4 nanowires
were pressed together to form a stiff, self-standing film for the field
emission testing. The W50,4 films glued on metallic substrates with
conductive silver paste, have represented cathodes in the diode con-
figuration of the measurements. The W5014 cathodes were mounted
on a sample holder that can be moved in the x-y plane trough two
stepper motors. The anode was a metallic round tip that has a diam-
eter of 1 mm; it can be moved with a stepper motor along the z axis
with minimum steps of 50 nm. During measurements, the anode-
cathode distance was maintained fixed at 500 um. A programmable
voltage source (Keithley 248) was used for applying voltage onto
the anode in a range up to 5 kV. The emitted current was measured
with a picoammeter (Keithley 6485) that has a range from 2 nA to
20 mA. A protection circuit was electrically connected between the
cathode and the picoammeter to avoid electrical discharge that
could damage the instrument. For the calculation of the current den-
sity, we considered the anode surface as an area of a circle with 1 mm
diameter, i.e. 7.85 - 1073 cm?, this value is not exactly the same of
the emitting area but it can be used as first approximation to have
the order of magnitude of the emitted current density.

Before the characterization, a conditioning process of the nano-
wires has been performed to remove adsorbates [22]. A possible pro-
cedure that can facilitate the desorption of impurities involves the
application of appropriate voltages for specific time intervals. The
sample was then measured continuously for 5 h at an anode voltage
of 1600 V (Fig. 3a). At the beginning of the process, the emitting cur-
rent has increased significantly up to a stable value of about 45 pA
with low current oscillations after approximately 100 min of the
emission. The average current was 44 pA with a standard deviation
of just 2 pA. The current-voltage (I—V) measurements have been
then performed with anode voltage sweep.

The emitted current showed very good stability and reproduc-
ibility. The two curves in Fig. 3b have been measured at different
time and sweeping the anode voltage up (black line) and down
(red line). The [—V measurements were performed for several
hours and the maximum current varied no more than 4-2 pA around
48 pA.

Two different samples prepared in the same way as described
above have been measured. A maximum current density of 6.4 mA/
cm? at 3.2 V/um electric field has been obtained for the first sample
and 0.5 mA/cm? at 2 V/um for the second one. In order to calculate
the field enhancement factor the [—V curve can be described in the
Fowler-Nordheim plot where In(I/V?) is plotted as function of 1/V
(see Fig. 4). Analyzing this plot the field enhancement factor can be

50.0u4

40.0p-

30.0p4

20.0u4

Current (A)

10.0p4

Anode voltage = 1600 V|

0.04

T T T T
100 150 200 250

Time (min)

T
50

od

300

a)

Current (A) @ 500 pm

G. Ulisse et al. / Microelectronic Engineering 170 (2017) 44-48

24

-254

-26

27 -

-28 <

-29 4

In(I/V?)

0,0006 0,0007 0,0008 0,0009 0,0010 0,0011
N

Fig. 4. Fowler Nordheim plot.

calculated with the following formula.
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where ‘d’ the anode cathode distance, ‘R’ is the field enhancement
factor and ‘@’ is the emitters work function and ‘m’ is the slope of
the Fowler-Nordheim plot.

Considering an average work function of 4.3 eV obtained from
the Kelvin measurements, the field enhancement factor of about
3910 + 65 and 4200 4+ 176 were calculated, respectively. These
values are much higher than the typical values obtained with carbon
nanotubes (1000 —2000) [23]. There could be several factors that
can justify this high enhancement factor. The field enhancement fac-
tor can depend from several parameters such as shape, geometrical
dimensions, distribution and cathode anode distance. Typically
CNTs have a eight of 1-2 um and radius than can be from 1 to 2 nm
up to few tenths of nm. In our case the length of the nanowires is
in the order of some tenths of um and this could be a factor that
cause the high enhancement factor. The field enhancement factor
can also slightly increase with the increase of the anode-cathode
distance [25,26]. In the measurements a quite big anode-cathode
distance of 0.5 mm was used and this can produce a further increase,
even if small, of the enhancement factor.

A long time stability measurement has been then performed to
verify the durability of such cathode: the field emission was
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Fig. 3. a) Time evolution of the activation process of the emission performed at 1600 V; b) Current-voltage characteristics under voltage ramp up to 1600 V and the corresponding current

density as a function of electric field.
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Fig. 5. a) Time evolution of the emitted current from W50,4 nanowires during long time stability test, b) -V characteristics after the long time stability test

measured for 100 h at the anode voltage of 850 V (Fig. 5a). The cur-
rent was decreasing in the first 40 h, but then it became stable at an
average value of 2.4 pA, with a standard deviation of 300 nA, for the
remaining 60 h. A starting emitting current density of 1 mA/cm? was
considered for the stability measurements since it is usually consid-
ered for some application like field emission display or X-ray gener-
ators. The current decreased up to about 0.3 mA/cm? and remained
stable at that value that can be still very interesting for the applica-
tion mentioned above. The red curve represents the average current
calculated each 5 min. The [—V measurement performed after the
long time stability test (Fig. 5b) evidenced that the sample had still
emitted after 100 h of continuous operation.

The field emission characteristics of randomly oriented Ws0;4 nano-
wires are reported. Work function of single W5014 nanowires was deter-
mined by Kelvin microscopy in UHV and ranges from 4.23 to 4.36 eV.
Due to relatively low electric resistance and specific surface structure
[15], these single crystal nanowires enabled a good current density up
to 6.4 mA/cm? at very low electric field of about 3 V/um. The low turn
on electric field can be justify from a combined effect of the high
enhancement factor and the nanowires work function that is lower
than the typical values of CNTs. The long term stability test showed
that the nanowires can continuously emit electrons for more than
100 h showing characteristics comparable with carbon nanotubes [24].
The values of the emitted current density are quite higher respect to
other tungsten oxide nanoemitters and are fully comparable with the
Wig049.

All the measurements reported above were taken placing the anode
in the central position of the nanowires film in order to avoid possible
unwanted effects from the sides of the emitters film. Some measure-
ments on different position of the samples were also taken moving
the sample in a range of 4 1.5 mm respect to the central position. The
maximum emitting current measeured in the different points has a dif-
ference of 43 pA respect to the current measured in the central posi-
tion. Only in two points the maximum current decreased of 6 pA,
respect to the 50 pA achieved in the central position. All these results
can increase the attention to further investigate these emitter for the re-
alization of uniform large area cathodes. The electrical characteristics of
these nanowires are very promising for the realization of long life field
emitting cathodes.
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