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ARTICLE INFO ABSTRACT

Single crystalline tungsten oxides in a form of Ws0;4 and W;g049 nanowires were synthesized by iodine
transport method. The morphology, work functions and field emission properties of these nanowires were in-
vestigated. Work functions of the W50, 4 (4.20-4.34 eV) and W;5049 (4.55-4.57 eV) nanowires (NWs) have been
measured by Kelvin probe force microscopy (KPFM) in ultra-high vacuum. Field emission (FE) measurements of
individual nanowires were performed in ultra-high vacuum at microscopic and macroscopic distances between
the emitter and electron collector. The obtained FE curves at microscopic distances were analyzed in the fra-
mework of the Fowler—-Nordheim (F-N) theory. Field enhancement factors of Ws0,4 at the emitter-collector
distance of 2, 4 and 5 um were calculated to be 110 + 10, 180 = 25 and 210 =+ 30, respectively, and 125 + 15
for W18049 at 2 um. At macroscopic distances, the F-N theory revealed unrealistic high field enhancement
factors: for W5014 at 1 mm it was 17,000 + 500, and for W;g0,0, the field enhancement factors were 5050 + 30
and 6450 = 30 at 600 um and 800 um emitter-collector distance, respectively. Therefore, more realistic model
was discussed. The lower work function and typically smaller diameter of the W50, 4 nanowires in comparison
with the W;3049 wires, range the Ws0,4 nanowires to the promising sources of electrons in field emission
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devices.

1. Introduction

Metal oxides are the key components for the development of many
advanced functional materials and smart devices. Among them are
tungsten oxides, which belong to a family of transition metal oxides,
and have various applications in photocatalysis [1], electrochemistry
[2], energy conversion [2], gas sensors [3], and as recently found also
in phototherapy [4]. Besides stoichiometric WO3, which exists at dif-
ferent temperatures in several structures, such as monoclinic, triclinic,
tetragonal, orthorhombic, cubic and hexagonal [5], oxygen reduced
WOs3,, phases are also known, where tungsten oxidation state for some
atoms changes from W®* to W°*. Among these phases, W1504o is the
most reduced stable phase. Less reduced WsO14 crystals in needle like
shape were reported as a homogeneous phase using iron in 1978 [6]
and nickel in 2007 [7] as growth promoters. Oxygen vacancies in these
sub-stoichiometric WO3_, phases create donor states and strongly im-
prove the electrical conductivity. Besides, these defects preferentially
accumulate at the formed crystallographic shear planes. Here they
change corner-shared octahedra WOg of stoichiometric WO; to edge-
shared or face-shared WOg octahedra and bonds are formed between
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W ™5 ions in edge sharing pairs [8]. In contrary with the stoichiometric
WO3; semiconductor with a band gap in the range of 2.5-3.2 eV [9] and
electrical conductance from 10 to 10* Qcm [10,11], the reduced WsO;4
phase growing as nanowires, revealed metallic conductivity with an
electrical resistance of 25 pQcm [7]. For comparison, electrical re-
sistance of the most reduced W;g049 wires is 2750 uQcm [12], i.e. more
than two orders of magnitude larger with respect to WsO14.

Over the last few years, field emission (FE) studies have been per-
formed with different phases of WO3_,, mainly focused on W1g049 NWs
[13,14] arrays, where FE properties with a low threshold field of
4.37 V/um for an FE current density of 10 mA/cm? were measured, as
well as a high time stability of FE current [14]. FE studies performed
with thermally evaporated W;3049 NWs depended on temperature and
anomalous changes in emission current were found in temperature
range 300K-723K [13]. Decreasing of FE currents under the same
applied electrical field with decreasing the temperature from RT to
143 K, was explained with the phonon-assisted tunnelling of electrons
from defect states to the conduction band [15]. In a case of W50,4 NWs,
in-situ FE measurement was performed using FE-TEM holder, where a
current as high as 35pA was extracted from a single NW in parallel
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orientation to the electric field of 160 V/um [16]. The second experi-
ment was performed on a film composed of W50;4 NWs that were or-
iented perpendicular to the electric field. The emitting current densities
up to 6.4 mA/cm? have been obtained at a very low electric field of
about 3V/um. The NWs were emitting for 100 h, with the emitting
current stabilizing after 40 h at 2.4 pA [17].

In the present study, we report a comparative study of surface and
field emission properties of WsO14 and W;3049 NWs synthesized by a
modified method using WO3 and elemental tungsten as starting mate-
rials in the iodine transport reaction. Detailed structural and surface
properties were revealed using X-ray-diffraction (XRD), scanning tun-
nelling microscopy (STM) and scanning electron microscopy (SEM).
Work functions of single NWs were measured with Kelvin probe force
microscopy (KPFM). The FE properties of individual NWs were mea-
sured at multiple distances that are orders of magnitude apart (2-5 pm
and approx. 1 mm).

2. Materials and methods

The W5014 (O/W = 2.8) NWs were synthesized by iodine transport
method [7] using nickel as a growth promoter and WO;3 as a source of
tungsten and oxygen. The starting material consisted of 352.7 mg of
WO; powder (Sigma Aldrich, 99.99%), 37.5 mg nickel (metal foil) and
567 mg iodine (1-3 mm beads, Sigma Aldrich, 99.7%). Adding a small
quantity of tungsten powder (20mg), growth of the W;3049 (O/
W = 2.72) NWs was promoted. Evacuated (4 X 10~ ° mbar) and sealed
quartz ampoules were inserted into a two-zone furnace in such a way,
that the material was transported from 860 °C to 736 °C. Transport
reaction ran for 500 h and then the ampules were cooled with 70 °C/
hour cooling rate. The transported materials of light (Ws014) and deep
blue (W;5049) colour were obtained. Both W50, 4 and W;g049 consist of
long, rigid NWs which tend to clump into bundles.

The crystalline structure of the NWs was examined by XRD at room
temperature with D4 Endeavor diffractometer (Bruker AXS) using a
quartz monochromatic Cu Kal radiation source (A = 0.1541 nm) and a
Sol-X dispersive detector. Morphology, surface structure and work
functions of Ws014 and W;3049 NWs were measured by scanning
electron microscope (SEM) Supra 36 V P, Carl Zeiss, scanning tunneling
microscope (STM), atomic force microscope (AFM), and Kelvin probe
operating in ultra-high vacuum (Omicron VT-AFM).

The FE properties of individual W50;4 NWs or W;5049 wires and
NWs were measured in microscopic and macroscopic regimes. The NWs
were attached on tungsten electrochemically etched tips by using
OmniProbe Nano-manipulator in a Helios NanoLab 650 Focused Ion
Beam-scanning electron microscope (FIB). At microscopic distances, the
FE measurements were performed in ultra-high vacuum (Omicron VT-
AFM) using a diode configuration, with a negatively biased WO3 , wire
as an electron source (cathode) and a freshly cleaved HOPG as an
electron collector (anode). In the macroscopic regime, both nanowires
were tested in slightly different configuration, which should not affect
the results. While the FE testing of a W5014 NW was performed with
positively biased electron extractor [18], the W;g049 NW was tested
with negatively biased cathode and grounded anode [19].

3. Results
3.1. Morphology and crystal structure studies

Electron microscopy images (Fig. 1) of (a) Ws014 and (b) W;g049
wires show that the length of both types of NWs exceeds several ten pm.
The nanowires are very rigid and have a homogeneous diameter along
their length. The mean diameter of the WsO,4 NWs is in the range of
100-200 nm, while majority of the W;g049 wires are thicker (up to
3 um) with rare thinner ones.

The XRD spectra (Fig. 2) of (a) W5014 and (b) W1g049 match the
tetragonal Ws014 structure (JCPDS 71-0292) with lattice parameter:
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a=23.33Aandc =378 A, and monoclinic W;gO49 phase with lattice
parameters: a = 18.32A, b =3.784, ¢ = 14.03A and B = 115.20°
(JCPDS 036-0101) [20], respectively. Since the NWs have preferential
orientation parallel with the substrate, the relative intensities differ
from the ones in the database. In particular, the (001) peak of W5014
and the (010) peak of W;5049 which have the maximum intensity in the
database, are relatively weak, while those attributed to the (hkO) in-
terlayer distances are intensified. There are no indications of any other
WOs3_, phase in the samples. The sharps peaks in the XRD pattern are
clear evidence of high crystallinity of the materials.

High-resolution TEM images shown in the Fig. 3 reveal that both
types of wires are single crystalline. While the Ws0;4 NW (Fig. 3a)
grows along [001], the W;g049 wire (Fig. 3b) grows along [010] di-
rection [7,21]. Longitudinal axes of the growth are presented by ar-
rows. A periodicity of 11.7 A perpendicularly to the W50;4 NW axis
corresponds to the (200) planes, while periodicity along the axis reveals
(001) planes. In the W;5049 wires, the spacing between the (2103) planes
parallel with the longitudinal axis is 3.9 = 0.1 A and between the (010)
planes is 3.9 = 0.1 A. Layers, where 3-layers blocks are shifted for a half
of unit cell along [010] in the monoclinic W;5049 wires, is marked with
horizontal black lines.

3.2. Scanning tunnelling microscopy

Scanning tunneling microscopy (STM) was used to study the surface
corrugation of the NWs, and structure of their longitudinal ends
(Fig. 4). Surface corrugations on a Ws0;4 NW are typically several nm
deep and have a periodicity of 20-30 nm (Fig. 4a). Compared to W50 4,
the corrugations in W;gO49 wires are shallower with a typical peri-
odicity of around 10 nm (Fig. 4b). The longitudinal terminations of the
wires consequently differ. While the Ws0,4 NWs terminate with dome-
shaped rods with a typical diameter of 20nm and curvature radius
below 10nm (Fig. 4c), the ends of the W;g049 wires terminate more
abruptly revealing a porous structure without protuberances (Fig. 4d).

3.3. Kelvin probe force microscopy (KPFM)

Kelvin probe force microscopy was used to measure the work
functions of the wires at the nanoscale. The contact potential difference
(CPD) measured between the AFM tip and the sample is defined as Vcpp
= (Prip - Dsample)/€ [22], where drip and dsampre denote work functions
(WF) of the tip and the sample, respectively. The topography and the
Kelvin image based on CPD were obtained simultaneously. We used the
frequency modulated KPFM where the frequency variation Af, is ap-
proximately proportional to the force gradient, which can be written as
Afo = -fo (0F/02) / 2k [23], where f, is the first resonance frequency of
the cantilever (240 kHz) with an amplitude of approximately 10 nm, k
is the cantilever spring constant (11.5N/m) and F is the force acting on
the cantilever. To measure the CPD separately from the topography, an
alternating voltage V = Vpc + Vac sin(wt) was applied between the tip
and the sample with an amplitude Vac = 0.7V, and frequency
® = 2kHz. The topography is proportional to the part of the electro-
static force which is independent of @, while the CPD is proportional to
the frequency dependent electrostatic force F,, « (Vpc — Vcpp) sin(wt)
which is detected by a lock-in amplifier. By tuning the Vpc in a way that
F,, is nullified, the value of the Vcpp, is revealed. The WF of a tip strongly
depends on the local tip conditions. By measuring Vcpp using the same
AFM tip on the sample and on HOPG with a known WF value,
4.6 = 0.05eV [24], the influences of the tip WF variations were mini-
mized.

Several measurements have been performed on different W04 and
W;15049 wires. The WF values obtained on W50, 4 single NW (Fig. 5a, b)
were from 4.20 to 4.34 eV, i.e. for 260-400 meV lower than on HOPG.
WF values from W;g049 wires were from 4.55 meV to 4.57 meV, only
slightly lower (30-50 meV) than HOPG (Fig. 5c, d).

Work function was measured also as a function of surface
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Fig. 1. SEM images of a) W5014 and b) W1g049 NWs.
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Fig. 2. The XRD spectra of a) Ws0;4 nanowires; b) W;g049 wires.

corrugations. In the case of Ws0,4 NWs with deep corrugations, the WF
was found lower at bottom of the corrugation. In Fig. 6a, Kelvin image
of a longitudinal termination of a W5s0;4 NW is shown with two line
profiles: A - perpendicular to the NW axis, and B - along the nanowire
length. The minimum of the CPD in the profile A was found inside
surface channels. It was 50 mV lower than on the peaks between them.
At the very end of the NW, the CPD was 150 mV lower than inside the
surface channels, and 400 mV lower than on HOPG (4.6 + 0.05eV
[24]). The WF of the very end of the NW was only 4.2 eV. The reference
CPD value for HOPG was taken at the ends of line profile A, where
HOPG was free of any visible deformations like steps, cracks or folded
layers of graphite.

Inhomogeneous electron density structure of a single W04 NW
was observed also through current enhancement in the contact-AFM
current measurement (Fig. 7). Surface channels and end of the side
strand (Fig. 7a) have a higher conductance than the rest of the NW
(Fig. 7b). Knowing that oxygen vacancies improve electric conductivity
of WO3_, materials, one can conclude that they also lower the work
function in the minima of the corrugations.
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3.4. Field emission testing in microscopic regime

FE measurements with both kinds of wires were carried out in the
STM chamber at the same distance (2 * 0.2 um) between a wire’s apex
and HOPG, which was used as an electron collector. The threshold
voltages (onset voltages) for FE were determined from the minima of
the corresponding Fowler-Nordheim (F-N) plots. After comparative
testing, FE from a Ws014 NW was studied also at a distance of 4 and
Spum.

3.4.1. Comparative field emission studies of Ws014 and W1g04o wires
The comparative FE studies were performed on two wires with very
different diameters in the same FE configuration. A WsO;4 NW, 14 ym
long and 109 nm in diameter, was attached on a tungsten wire using FIB
(Fig. 8a). The NW terminated in a rectangular shape (Fig. 8b). Platinum
contacts were deposited providing both a sufficient mechanical stability
and electric conductance. The W;5049 wire, 247 um in length and 4 ym
in diameter, was attached on a Pt/Ir wire with silver epoxy paste
(Fig. 8c). Then both tips were transferred into the UHV-STM chamber
(7 x 107 '° mbar) and tested without any cleaning or annealing. A
programmable voltage source (Keithley 2450) was used for applying a
negative voltage onto the cathode (NW) in the range from 0 to 200V
through the field emission adapter of the Omicron STM system.
Firstly, the so-called activation process was studied, in which the FE
tips were cleaned of adsorbents and/or impurities. Fig. 9 shows current-
voltage (I-V) characteristics of the first (A) and the second (B) con-
secutive test and their corresponding F-N plots: a-b: Ws0,4 NW, c-d:
W;1g049 wire. The measurements were performed at 2 pm. Significant
changes have been noticed in the onset voltages in two consecutive FE
measurements, which dropped for both wires in the second test. The
onset voltage decreased from 63V to 56V for Ws0;4 NW, and from
99V to 74V for W15049 wire. A possible reason is the removal of ad-
sorbates from the top end of the wires. Also the knees in the F-N plots of
the first tests (Fig. 9a, b-A) can be explained with desorption of ad-
sorbates under high electric fields [25]. Larger decrease of onset voltage
in the case of W13049 wire and very “noisy” FN plot for the first (A)
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Fig. 3. High-resolution TEM: a) WsO;4 nanowires grown along [001] direction; b) W;g049 wires grown along [010] direction.
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Fig. 4. STM microscopy (I = 0.3nA; U = 0.5V): a) single Ws0;4 NW, 70 nm in diameter; b) a single W;g049 wire, 630 nm in diameter; c) termination of a WsO14
NW, 145 nm in diameter and dome shaped protuberances; d) porous structure of a W13049 wire.

experiment is explained with simultaneous cleaning/degradation pro-
cess.

3.4.2. Field emission from the Ws014 nanowire as a function of distance
and time

In comparison to the W1gO49 wire, the Ws0;4 NW was found to be a
more efficient field emitter because of its lower work function and
lower onset voltage. Therefore, further FE tests were performed only on
the W50,4 NW and were carried out at three distances from HOPG:
2 um, 4 pm and 5 pm. At each position, FE experiments were performed
three times in order to confirm repeatability. No significant differences
were detected when the voltage was ramped up or down. The FE cur-
rent was limited to 160 nA with the aim to prevent damage of the na-
nowire. The onset voltages were 57V, 67 V and 76 V at 2 pm, 4 pm and
5 pm, respectively. Fig. 10 shows the FE I-V characteristics (a) and their
corresponding F-N plots (b).

In the F-N plot, a linear behaviour indicates the standard barrier-
tunnelling mechanism of the field electron emission. The waviness of
the F-N curves corresponding to the B (4 um) and C (5 um) positions
cannot be explained by desorption of adsorbates, because the same FE
emitter was used at all three positions and the plot A (the first test in
this series) is practically linear. A possible reason for the deviation from
the linearity is the electrical force which strengthens the emitter from a
slightly curved shape (Fig. 8a). This effect might also be the origin of
current instabilities observed during measurements of FE current over
time (Fig. 11). Current over time was measured at 5um separation
under 80V and 85V applied voltage in several sequences. The sample
rate for the measurement illustrated in Fig. 11 was set to 10,000

readings/sec at 5% digits and sent directly to the computer. In order to
suppress the noise at the line frequency (50 Hz for most European
countries), the NPLC (Number of Power Line Cycles) function was
employed and set > 1, usually to 100 to achieve precise measurement
accuracy. Typically, the current was stable for a certain period, then it
suddenly jumped to a certain higher or lower value, which were not
arbitrary. In Fig. 11a, a time stability test is shown. Four main values of
the current over time are observed: 45nA, 40nA, 70 nA, 90 nA, and
then again 40nA, all with a standard deviation of 1nA. Several FE
current time stability measurements were recorded and fluctuations
among similar values were found. A comparison of the I-V character-
istics measured before and after ten current stability tests in total
duration of 2.5 h (Fig. 11b), reveals a decrease of onset voltage after the
stability test, from 75V to 67 V. Deviations of the FE I-V curves from a
typical exponential shape were observed only after time stability tests
(Fig. 11b, curve 2). This effect indicates a structural or/and shape
change of the NW. It is likely that high current densities, which for a
short periods reached values up to 23 A/mm? (total cross section area of
the NW was considered as the emission area), caused a local tempera-
ture increase, which affect the stoichiometry and accelerated the dif-
fusion processes under the strong electric field. If comparing our results
(Fig. 11a) to the previously published results illustrated by the Fig. 2 in
[16], the waveform of the measured total emission current evince far
stable behavior. The stability improvement is caused mainly by the
decreased number of residual particles present in the ultra-high vacuum
chamber comparing to the high vacuum (P = 10~° Pa) used in [16].
Based on equation of state, there are approx. 10? particles / cm® less in
the ultra-high vacuum chamber comparing to the high vacuum



M. Sagqib, et al.

Z Range: 85.56 nm

©
“
-
1
£
=
©
=
- ©
i R
D v
m ]
=
©
14
>
0
0 200 400 600
(\Il Distance [nm]
1.77 2.36 2.95
X Range: 1.18 um
Z Range: 78.19 nm
o
& _ 60
o £ 40
< 20
@
=
500 1000 1500
£ Distance [nm]
-
©
Q2w
T ©
RE
o<
=
©
14
>

-0.933 0.00851

X Range: 1.88 uym

-1.87

Y Range: 1.18 ym

Y Range: 1.88 pm

Journal of Electron Spectroscopy and Related Phenomena 241 (2020) 146837

Kelvin Range: 445.8 mV

-1.36

=

- C
28
-
!

600

5

z 500

Qo 400

S
o |C 300
0 0 200 400 600
N

Distance [nm
2.36

X Range: 1.18 um

2.95

77

Kelvin Range: 196.4 mV

500 1000 1500
Distance [nm]

-0.562

=

0.00851

-0.93
X Range: 1.88 pm

187

Fig. 5. AFM non contact images (df = 20 Hz) with corresponding Kelvin images: a-b: WsO14; c-d: W;g040. Line profiles marked with blue lines are shown in the

insets.

Kelvin Range: 458.1 mV

Y Range: 807 nm
-1126

-1529

4711
X Range: 807 nm

-2114

(b) 700-

CPD [mV]

A)
600

500
B
400+

300+

200

200 300 400 500 600

Distance [nm]

0 100

Fig. 6. Kelvin image of W5s0,4 NW with two line profiles; b) CPD curves along A and B lines.

chamber, which reduces effects of the ions impinging on the cathode
surface and hence causing ion bombardment [16]. These ions are at-
tracted towards the cathode where they significantly influencing the
thickness of the surface barrier and increasing the 1/f and generation-
recombination (g-r) noise component [18]. The effects of the ion
bombardment were described by Sergeev in [32] where authors proved
the relation between the ion bombardment of residual gas particles and
decrease of the current noise density of the total emission current.
The local electric field at the emission point (apex) of the NWs could
be much higher than the average applied field across the electrodes. As

the first approximation, the field enhancement factor (8) of the local
field at the apex of the NW tip was calculated using the F-N equation
mimicking a parallel plate configuration and homogeneous electric
field between the flat end of the nanoemitter and electron collector.

1= (A“BZVZ/ d2q>)

where I is the emission current, A 1.56 x 107% A V2 eV and
B = 6.83 x 10°eV*2 (Vm™) are F-N constants, a is the field emission
area, [ is the field enhancement factor, @ is the WF, d is the distance

_B¢3/2d
exp BV ,

(€8]
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Fig. 7. Contact AFM observations of Ws0,4 NW: a) topography image; b) current image.

between the anode and the apex of the NW and V is the applied voltage.
The geometrical parameters mainly influencing the field enhancement
factor are the ratio between the diameter and the length of the NW, the
diameter of the nanowire, shape of the NW termination, the emitter-
collector distance [26-28], etc.. Using Eq. 1, the field enhancement
factor can be calculated from linear slope (k) of the F-N plot (log 1/V?)
vs. 1/V) [28]:

—Bd<D3/2
b=— @

Considering an average work function of 4.3 eV for Ws014 obtained
from KPFM measurements, the apparent field enhancement factor for
Ws50;4 NW was 110 = 10, 180 = 25 and 210 + 30 at 2, 4 and 5um,
respectively. In comparison, the calculated field enhancement factor for
Wig049 was 125 + 15 at 2um, considering that the average WF is
4.56 eV. Larger field enhancement factor for W;g049 could be explained
by protrusions (Fig. 8b-insert) or splinters (Fig. 4d) frequently observed
at the ends of these NWs.

3.5. Field emission testing in macroscopic regime

The FE experiments at macroscopic distances (= 1 mm) were per-
formed in two configurations: the W;g049 NW in a negatively biased
cathode and grounded anode configuration [19], and W50;4 NW in a
positively biased electron extractor configuration [18].

3.5.1. Field emission from W;g0 49 wire

A W;8049 NW, 10 pm long and 180 nm in diameter, was attached on
a tungsten electrochemically etched tip using FIB, as shown in the
Fig. 12a. The I-V characteristics were measured with custom-made
UHV system using a nanowire as an electron source and a Si wafer as an
electron collector. The working pressure in the main chamber was
3.5 x 107 '° mbar.

Prior to field emission experiment, in-situ cleaning was performed
by placing the tip in front of the first loop of a hot filament ("1 500 C),
which emitted electrons towards the positively biased tip (1 kV) shown
in the Fig. 12b. The tip was annealed by the electron bombardment
procedure for 15-20 min and flashed for 20s. Typically, the annealing
was performed at an emission current of 3-5mA and flashing at a
current of 20-30 mA.

After annealing, FE measurements of the W;3049 NW were carried
out at two distances: 600 um and 800 pm from the Si wafer. Fig. 13
shows the FE I-V characteristics for both distances and their corre-
sponding F-N plots. At each position, FE experiments were performed
three times in order to confirm repeatability. The FE currents were
limited to 45 nA with the aim to prevent damage of the nanowire. The
onset voltage of FE was 322 = 1V at 600 um and 354 + 1V at 800 pm.
The limit current was reached at 433V and at 463V, respectively
(Fig. 13a). No significant differences were detected when the voltage
was ramped up or down. In the F-N plots (Fig. 13b), the straight lines
indicate the standard barrier-tunneling mechanism of the field electron
emission. No degradation was observed.

The field enhancement factors were calculated according to the
Fowler-Nordheim formalism for comparison with the relevant litera-
ture data. An average work function of W;g0O,9 obtained from the KPFM
measurements, i.e. 4.56 eV was considered. The field enhancement
factors were 5050 + 30 and 6450 = 30 for 600 and 800 um, respec-
tively. These values were calculated using two parallel plates approx-
imation, which is highly unrealistic for a nanowire emitter and flat
electron collector at distances which, for several orders of magnitude,
exceed the length of the nanowire. Therefore, a model developed for
nanoemitters with an aspect ratio 1-500 and anode to cathode se-
paration greater than three times the height of the emitter was used
[29]:

Fig. 8. SEM and optical images: a) WsO;4 nanowire on the W wire; b) rectangular termination of the Ws0;4 NW; ¢) W;5049 wire on the Pt/Ir wire.
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[n )"
= (i)

where h is length of the NW, r its radius, m = 1 and a = 2.

The field enhancement factor according to this model, which is in-
dependent on the anode location and is determined solely with length
and diameter of an emitter, was 8 = 0.5. Using this field enhancement
factor, the onset fields for emission were 4.3 = 0.3V/um and
3,5 = 0.3 V/um for 600 and 800 um, respectively.

3)

3.5.2. Field emission from W50;4 nanowire

The Ws074 NW used in the macroscopic FE regime measurement
was 5um long, 148nm in diameter (Fig. 14a) and mounted on an
electrochemically etched tungsten wire by FIB. The experiment took
place in an UHV chamber at 2 x 10~° mbar with a separation of
1060 um between the NW apex and the extractor plate.

Three relatively rough FE tests were performed. Voltage was
manually increased step by step in 5min intervals for the current to
stabilize. In the first experiment, the voltage was increased to 990 V and
the corresponding FE current reached 183 nA. The I-V curve (Fig. 14b)
is exponential and relatively smooth. The second test revealed the
maximum FE current of 1.2 yA at 890V, while at higher voltages the
current started to decrease. The FE current (990 nA) at 990 V was more
than 5 times larger (Fig. 14c) than in the first test. In the third test, the
maximum current of 1.063 pA was obtained at a higher voltage as in the
second test, i.e. at 1063 V, while at 990 V the current was 1008 nA, i.e.

again larger than in both previous tests (Fig. 14d). The explanation of
the increase of FE current could be connected with the absence of
cleaning of the emitters before FE testing. The subsequent tests gra-
dually removed adsorbates from the NW, and the FE current conse-
quently increased. Relatively high currents, which could cause diffusion
of tungsten atoms and structural changes of the nanowire, could be the
origin of degradation of the FE tip. While in the first test the maximum
current was not reached, it decreased from the second to the third test
for 12%. The onset voltages also increased gradually in subsequent
tests, from 510V, 535V, to 551V, respectively. Field enhancement
factor from the F-N plot corresponding to the first test (Fig. 14e) was =
17.000, while using the Eq. 3, it is 7 = 0.5. The onset fields for three
subsequent tests were 3.3 + 0.3V/um, 3,4 = 0.3V/y, and 3.5 + 0.3V/
um. The values match very well the onset field for emission from Ws014
film [17].

4. Discussion

Two WOs_, phases were studied, both in the shape of wires with a
high aspect ratio. They differ in size, morphology, work function and
field emission properties. In contrast with semiconducting WO3; with a
band gap in the range of 2.5-3.2eV [9], the W;g049 and W50;4 NWs
are metallic with electrical resistance of 2750 pQcm [12] and 25 pQcm
[71, respectively. The reason for improved electric conductance in these
sub-stoichiometric WO3, phases are oxygen vacancies, which form

1604
(a) : s 4 (b)
H s | 244
120 H ; i
T IA ;B [C C\B A
S ‘.: ‘} o 26
t 804 $ a &
g F i E
5 s c
o ] -
40 -284
LY
F [ 3 L
by . -y
0+
T T T T -30 T T T )
50 60 70 80 20 0,010 0,012 0,014 0,016 0,018
Voltage [V] NV V1]

Fig. 10. I-V characteristics of a WsO,4 NW and the corresponding F-N plots. Distances between the NW tip and the electron collector: A - 2 um; B - 4 um; C - 5 um.
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donor states. Besides, these vacancies accumulate at the crystal-
lographic shear planes, where they change the coordination number of
tungsten ions from W+ to W5 [8] and cause structural changes like
hexagonal or pentagonal tunnels in the structure oriented along the axis
of the NWs [30]. Surface morphology of the NWs revealed by AFM and
STM is not smooth, but wrinkled with undulations perpendicular to the
NWs axis. These undulations can be understood as surface relaxation of
the shear planes, which at the surface form undulated structure. The
bottom parts of these undulations have the largest density of the oxygen
vacancies, which is in accordance with the findings that they show the
largest electric conductance in the current AFM image (Fig. 7) and the
lowest work function (Figs. 5, 6). The same enhancement of electric
conductance and decrease of work function was observed at long-
itudinal terminations of the NWs (Fig. 7), where the tunnels in the
structure are exposed. Due to more than two orders of magnitude larger
electric resistance of W1g049 NWs with respect to the Ws014 NWs, and
because of the diameter of W50, is typically much smaller, the last
ones were selected for detailed FE studies, and the former ones for
comparison. While in-situ FE studies performed inside TEM from a
single Ws0,4 NW was reported with 35 pA extracted current [16], there
is no report of FE studies on a single W;3049 NW, according to our
knowledge. Our FE experiments were performed in ultra-high vacuum
conditions at microscopic (2, 4, 5um) and macroscopic (600, 800,
1060 um) distances between the tip of WO3_, wires and the electron
collectors. It was found, that at microscopic distances the field en-
hancement factors and onset voltages for FE increase with the distance,
and two parallel plates model described by FN equation can be used. At
2 um distance, there is no substantial difference in field enhancement
factors between both types of the wires, i.e. 110 (W5014) and 125
(W;8040), which could be explained with small splinters on otherwise
wider W;g049 wires [30]. At the macroscopic distances, the FN equa-
tion revealed higher apparent field enhancement factors at the ends of
Ws014 NWs (17.000 at 1060 um) than W;g049 NWs (5050 at 600 um,

and 6450 at 800 um). This is explained with smaller diameter, deeper
surface undulation, and the lower work function of W50;4 NWs. The
term “apparent” is used because the use of the FN equation in far field
geometry is questionable and there is still an undergoing discussion,
regarding the proper FE model in the far field geometry, within the
scientific community. It represents an extreme ideal situation, which
cannot be justified for our FE experiments done at macroscopic dis-
tances. Therefore, the other model [29] was utilized, which represent
another extreme situation from the point that the field enhancement
factor depends only on geometry of the emitter, i.e. its length and
diameter. Using this model, the field enhancement factors are several
orders of magnitude smaller than those calculated from FN equation.
The values were: 8 = 0.5 for W;3049 NW and 7 * 0.5 for W50,4 NW.
This model predicts no dependency on cathode-anode distance, but our
results do show the dependence of onset voltage and corresponding
onset field on the distance between top of the emitter and electron
collector. The onset fields for field emission (3-4 V/um) match very
well with the onset field for emission from Ws0,4 film [17]. Never-
theless, it is worthy to note than neither of the above mentioned models
cannot perfectly describe the results. It is known from other works, that
the field enhancement factor increases by increasing the distance be-
tween the cathode and anode and by reducing the NW diameter
[27,30]. In addition, the accurate emission area is not known. Reducing
the diameter of the nanowires, the uncertainty of the emission area is
also decreased, but special porous structure of the WO, nanowires re-
presents an additional challenge to find out, which part of the cross-
section really emits. As it was shown in Fig. 6, the WF of the NW varies
at the edge which could lead to field emission only from the part with
the lowest WE. The apparent high field enhancement factors at mac-
roscopic distances could be understood in a similar way as giant field
enhancement up to 18 800 at carbon nanotubes grown on carbon cloth
and explained by the multistage effect [31]. While the magnitude
smaller nanotubes branching off the tips of bigger nanotubes were the

Heating filament

Fig. 12. a) SEM images showing the mounting of a single W;3049 NW; b) Optical image of the FE setup with the in-situ cleaning of the emitter by electron

bombardment from heating filament.
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origin of the field enhancement in carbon nanotubes case, the special
porous structure of W;g049 wires and in particular W50;4 NWs with
deeper surface undulations could be the origin of the high field en-
hancement factors. One could assume that the areas around structural
channels with concentrated oxygen vacancies and the bottom of the
surface undulations with 50 mV lower work function than the average,
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a) I-V characteristics; b) The corresponding F-N plots with linear fits.

represent the FE sites. Further research is needed to clarify this as-
sumption.

5. Conclusion

In conclusion, field emission properties of single crystalline tungsten
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oxides Ws014 and W;g049 wires were studied at microscopic and
macroscopic distances between the nanowires and electron collectors.
The work function of the NWs was determined by Kelvin probe force
microscopy in non-contact AFM in ultrahigh vacuum. The average work
function of W50,4 NWs (4.3 eV) was found lower than W,g049 wires
(4.56eV), and the lowest, i.e. 4.2eV inside surface corrugations of
Ws014, where also enlarged electron conductance was observed with
conductive AFM tip. The emitting characteristics of Ws0;4 NWs si-
tuated at microscopic distances from electron collector follow the
Fowler-Nordheim law with calculated field enhancement factors that
are similar to the ones obtained from W;g049 NWs. It was found, that
both the field enhancement factors and onset voltages increase with the
distance between emitter and electron collector. At macroscopic dis-
tances, the Fowler-Nordheim formalism was used only for comparison
with the literature data, while the results were explained with a model,
which considers only the geometry of the nanowire in the calculation of
the field enhancement factor. The onset fields were comparable for both
kinds of the NWs. The obtained results open several perspectives in
utilization of tungsten oxide nanowires as a source of low-energy
electrons in different devices. In particular, the WsO;4 NWs are pro-
mising with larger electric conductance and typically smaller diameter
than W;5049 NWs, as well as due to relatively high field enhancement
factors they can be activated at relatively low electric fields.
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