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1. Introduction

Transition metal oxides are fundamental to the development of many potential applications
in nanoelectronics, optoelectronics and sensor devices (Wang, 2003 and Simon et al., 2001).
Nanostructured metal oxides are widely investigated for scientific and technological
applications. For example, binary semiconducting oxides have distinctive properties as
transparent conducting oxide materials (Pan et al., 2001). Nanowires, which are stimulated
by carbon nanoubes, have attracted wide interest due to their potential for bringing basic
issues like dimensionality and transport phenomena in nanoscale dimensions. Among the
transition metal oxide nanowires, tungsten oxide nanorods/nanowires show good sensing
and field emission (FE) properties. FE from tungsten oxide nanowires shows good stability
and high emission current density due to large aspect ratio, low turn-on field and stability at
high pressures of 10¢-103 Torr (Kim et al., 2005 and Seelaboyina et al., 2006). Synthesis
methods for tungsten oxide nanowires include heating and oxidation of tungsten filaments
(Liu et al., 2005), foils or films in vacuum at temperatures above 1000°C (Liu et al, 2003 and
Cho et al., 2004). To the best of our knowledge, there are no studies atmospheric pressure FE
performances of tungsten oxide nanowires. Synthesis of uniform and crystalline W1gOs9
nanowires on tungsten thin films by thermal annealing in ethane and nitrogen will be
described in the first part of this chapter. Growth mechanism and atmospheric pressure FE
analysis of a diode device based on nanowires will be discussed. The oxides have mixed
cation valences and an adjustable oxygen deficiency which form the bases for tuning the
electrical, chemical, optical and magnetic properties.

In the second part of this chapter, application of tungsten oxide nanowires in a miniaturized
plasma device will be demonstrated. Miniaturized plasma sources have generated wide
interest, recently, due to a number of important applications, light sources and chemical
reactors (Becker et al., 2006). Performing an atmospheric pressure plasma process in a
microreactor leads to precise control of process parameters such as residence time and heat
transfer, and also extreme quenching conditions, enabling control over the reactants to
selectively produce desirable products (Nozaki et al., 2004). WigO4 nanowires gave
outstanding field emission characteristics with low threshold voltages due to local field
enhancement and high aspect ratio (Guillorn et al., 2001 and Zhou et al., 2005). Process of
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172 Nanowires

field emission and field ionization can supply free electrons and ions and it can contribute to
a pre-breakdown current during the initiation of streamer of discharge. It was shown
previously that multiplication of electrons in a series of impact ionizations can lower the
breakdown voltage in microplasma devices (Park & Eden, 2004). Eden et al. incorporated
multiwall carbon nanotubes (CNTs) into the cathode and it resulted in lowering the ignition
voltage and increasing the radiative efficiency. It was also reported that field emitted
electrons can vibrationally excite molecules near a surface and lower the activation energy
for dissociative adsorption (Tas, 1995). In order to test the contribution of FE from tungsten
oxide nanowires during atmospheric pressure microplasma production, WigO4s9 nanowires
on a silicon chip electrode placed in a glass microreactor channel will be described. The
characteristics of dielectric barrier discharge with W13O49 nanowires will be reported and
compared with plane-to-plane electrodes without nanostructures.

2. Synthesis of tungsten oxide nanowires

Tungsten oxide nanowires were grown in a quartz reactor with a glass plate to support n-
type Si (100) (1- 10 Ohm cm) samples, on which a 300 nm thick tungsten film was deposited
by DC plasma sputtering from a 99.999 % pure tungsten target. The temperature was
monitored with a single thermocouple positioned just above the samples. Gases were mixed
at atmospheric pressure, flushed through the tube furnace, collected and analyzed with an
online gas chromatography. The whole chemical vapour deposition (CVD) apparatus is
shown in Fig. 1.

(@) (b) ©) (d)
Fig. 1. CVD setup for tungsten oxide growth apparatus with (a) the sample holder with two

samples, (b) gas chromatography, (c) the tube furnace and (d) the gas supply with flow
controllers and mixing board.

In a typical growth procedure, samples were loaded at room temperature. Then the
temperature was increased with a ramp of 6°C/min. When the desired growth temperature
was reached, the carbon (gas) source was opened while the ouput gas composition was
monitored. No pre-treatment procedure was needed. When the hyrogen production was
detected in the chromatogram, it is evidence that hydrocarbon gas was dissociated on the
tungsten film. The sample was heated in N (80 sccm) and ethene was introduced in order to
start nanowire growth for 20 mins. After nanowire growth, ended by switching off the carbon
source, the temperature was ramped down with 10°C/min until the temperature was 400°C.
At this temperature, the heater was switched off resulting in passive cooling process.
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Chemical characterization of nanowires was carried out by using scanning electron
microscopy (SEM) (LEO 1550 FEG) and high resolution tranmission electron microscopy
(HRTEM) equipped with EDX analysis (Philips CM300ST-FEG microscope) and selected
area diffraction (SAD). X-ray Photoelectron spectroscopy (XPS) analysis was also carried out
in a PHI Quantera Scanning ESCA Microprobe system.

Atmospheric pressure FE measurements were performed in a microfabricated diode device
in a laminar air flow cabinet at room tempereture. n-type silicon substrates were oxidized to
form SiO; as dielectric spacer and the oxide was etched with HF solution isotropically to
create a rectangular window, with an area of 0.7 cm? which was defined by
photolithography. 2 um thermal oxide was grown at 1150 °C in a wet (H2O) ambient
oxidation process for 10 hours. The oxide thickness was verified by ellipsometry using two
wavelengths (632.8 and 1552 nm), and turned out to be around 1945 nm. When a large
voltage is applied at an electrode, a leakage current may flow between cathode and anode
through the oxide layer. In order to check the oxide quality, the leakage current was
measured using special test structures. W dots were sputtered on oxidized n** substrates (2
pum oxide) using a shadow mask and the back of wafer was sputter coated with 200 nm
platinium (Pt). Wafers were HF dipped (1%, 1 min) prior to the platinium deposition,
tungsten dots were deposited after platinium sputtering. These samples were not subjected
to high temperature processes. The leakage current was measured at one stop with the back
of the wafer as second electrode using an Agilent 4145 IV meter in combination with a
Microtech Cascade probe station. A typical result is shown in Fig. 2:

Leakage current through oxide
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Fig. 2. Leakage current through oxide (2 pm) for a typical tungsten spot (4 mm ).

This figure indicates that the gate leakage current is very low; in the range of pA/cm.

SiO; layer was etched with HF solution in order to form dielectric spacer between
nanowires and anode electrode in the diode device. After wet etching of SiO,, a tungsten
film was sputtered into the window. After nanowires growth on the cathode, the silicon
substrate with a 10 nm gold layer as extractor electrode was clamped to the cathode to
ensure a 2-pm electrode distance in a diode structure. Voltage current data were obtained
with a Keithley 237 source meter unit.
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Fig. 3. Cross section SEM image of tungsten oxide nanowires grown on tungsten thin films
exposed to 27 sccm of CoHy and 80 scem of N at 700°C at atmospheric pressure.

Fig. 3 shows a SEM image of tungsten oxide nanowires which were grown on tungsten thin
films exposed to 27 sccm of of CoHy and 80 sccm of N» at 700°C at atmospheric pressure.
Nanowires were grown uniformly with high yield on the tungsten thin film with diameters
and average length in the range of 15 - 20 nm and 50 - 250 nm, respectively.

To further illuminate the microstructure of as-deposited films, nanowires were also grown
on both sides of freestanding tungsten thin films fabricated based on gated FE structure. Fig.
4 shows the etch profile of the silicon dioxide with freestanding tungsten thin film. In order
to create the device, three main steps in the process flow were developed. First step is the
photolithography, making a large array of holes of 2 pm in diameter with acceptable
uniformity requires a high level of control of the lithographic process. In the single mask
process one layer of photoresist was used as etch mask for both gate and oxide etch steps.
Final device is compatible with high temperature nanowire growth step and survive
thermal stress problems (e.g. adhesion, stability). For the substrate selection for nanowire
growth, silicon substrates were chosen. As the charge carriers in field emitters are electrons,
the doping of the silicon substrate is taken into consideration. Highly doped wafers were
selected as they minimize the substrate resistance. In p-type silicon the number of electrons
(minority charge carriers) is limited by thermal generation which might give rise to current
saturation at high fields during field emission. By choosing for a highly doped n-type
substrate, these effects are avoided. Therefore highly doped n-type wafers were selected as
substrates. These one side polished 100 mm silicon wafers have arsenic (As) doping, (100)-
orientation, a thickness of 525 + 25 um and a resistivity of 0.001-005 Qcm. Prior to
processing, wafers were cleaned in the standard cleaning. Before oxidation, wafers were
were dipped in 1 % HF to remove native oxide.

Thermal oxidation resulted in a 2 pm high quality oxide as shown in Fig. 4 and cross section
SEM image of tungsten oxide nanowires growth on both sides of freestanding thin films.
Thin films have parallel ridges, which is a characteristic feature of sputtered tungsten films
(Gosnet et al., 1989), covered with a dense nodular nanostructure at the tungsten/nanowire
interface.
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Fig. 4. Cross section SEM image of tungsten oxide nanowires grown on tungsten thin films
exposed to 27 sccm of CoHy and 80 sccm of N at 700°C at atmospheric pressure.
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Fig. 5. Cross section SEM image of tungsten oxide nanowires grown on tungsten thin films
exposed to 27 sccm of CoHy and 80 sccm of N at 700°C at atmospheric pressure nanowire
growth on both sides of freestanding thin films.

Fig. 6 shows the samples before and after nanowires growth. Sample was covered with
black substance which was formed during ethylene dissociation into carbon and flow
pattern of the gases can be seen around the sample during the growth. Nanowires can be
seen grown on the gate electrode.

X-ray diffraction analysis on the bulk sample indicated characteristic peaks for WOs., a-
WoC, B-W, a-W and Si. WOz and WigOs9 show similar peaks which are difficult to
distinguish in diffractogram, therefore SAD and HRTEM analyses were used to determine
chemical structure and composition. From the HRTEM images in Fig. 7, it is derived that the
d-spacing along the long side of the nanowire is 3.78 A, which is in agreement with the SAD
analysis and corresponds to the (010) plane of monoclinic W1sO4 (JCPDS no. 36-0101).
(Agiral & Gardeniers, 2008). EDX analysis was performed on the central part of the area of
nanowires which confirmed that oxygen is in the order of 2.73 times the amount of tungsten,
supporting the evidences found in HRTEM and SAD measurements. Interfacial phase
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Fig. 6. Samples before (left) and after (right) the nanowires growth process. (b, c) SEM
images of growth experiments on gated field emitters.

Fig. 7. HRTEM image of W1sO49 nanowires [Agiral].

between nanowires and tungsten thin film was analyzed by SAD and it was found out that
interfacial phase has d-spacings 2.36 A and 1.36 A corresponds to the phases a-W»>C(002)
and a-W>C(103), respectively (Wang et al., 2004).

Chemical bonding states on the surface of the tungsten thin film and the nanowires were
investigated by XPS (not shown). W 4f spectra were deconvoluted into Lorentzian-Gaussian
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peaks which were assigned to ~31.4 (W 4f7,> of W) (Mueller & Shih, 1988), ~33.5 (W 4f5,> of
W) (Rogers et al., 1982), ~33.2 (W 4f7/2 of W4 WO,) (Salvati et al., 1981), ~35.3 (W 4fs,, of
Wi, WO,), ~34.5 (W 4f7/, of W5+, WO,) (Jeon & Yong, 2007), ~36.6 (W 4f5/> of W5+, WO,),
~35.7 (W 4f7/2 of Wé+, WOs3) (Fleisch & Mains, 1982), ~37.8 (W 4f5,, of We*, WO3). It was
observed that after nanowire growth, the intensity ratio of binding states of oxidized
tungsten to metallic tungsten increased, which is consistent with W1gO49 formation. A low
intense peak at about 31.7 eV was assigned to tungsten carbide W 4f7,> which is possibly
bound in the nanowires/film interface (Katrib et al., 1994).

Oxygen on the tungsten thin film originally comes from the native oxide layer that was
formed when the sample exposed to the atmosphere. It was reported that molecular oxygen
in the air can dissociatively chemisorb with oxygen atoms at triply-coordinated sites (Feydt
et al., 1999). In order to determine the effect of chemisorbed oxygen present on the tungsten
surface, thin film was reduced by introducing hydrogen at 700 °C for 20 min before
nanowire growth. After ethene exposure, a dramatic decrease in the number of nanowires
was observed. These results show the fact that tungsten oxide nanowire growth was caused
by the oxygen bound on the surface. Carbon deposition rate, ethene dissociation and
hydrogen evolution during nanowire growth were followed by online gas chromatography.
It was found out that (Agiral & Gardeniers, 2008) dissociation of ethane into carbon and
hydrogen took place according to the reaction:

CoHyg) > 2C(5) + 2Ha(g) (1)

A solid-state reaction took place between tungsten and deposited carbon in order to form a
tungsten carbide phase during nanowire growth:

2Wi) + Cp) 0 WaCy) (2)

Examination of the role of tungsten carbide phase for nanowire formation in the presence of
only pure nitrogen indicated the fact that without ethene gas the nanowires could only grow
with very low yield. Since tungsten carbide was not incorporated in the nanowires, it is
assumed that it promoted nucleation and the growth. Vapor-solid and Vapor-Liquid-Solid
growth models could not be explanations since the nanowires were formed with most of the
oxygen on the tungsten surface and there were no nanoparticles at the end of the nanowires
(Wang et al., 2005 & Wagner & Ellis, 1964). Here, tungsten carbide formation at the W/ WO
interface enhances the strain which drives whisker formation for nanowire growth. In -situ
hydrogen formation during ethene dissociation can contribute to enhance oxygen diffusion
especially through the grain boundaries. W1gO49 nanowires can grow on dislocation sources
which originate from the defects along the grain boundaries. Nanowires growth is enhanced
by the interfacial strain created by tungsten carbide formation (Agiral & Gardeniers, 2008).

3. Atmospheric pressure field emission properties of W,30,49 nanowires

Atmospheric pressure field emission measurements of tungsten oxide nanowires were done
in air for a contact gap close to 2 pm. The mean free path of an electron in air is close to 2 um
(Hopwood & Iza, 2004) and probability of ionization from collisions of gas particles with FE
electrons is very limited in this diode type device. However, only few collisions which

develop positive ions in front of nanowires can even increase the current density (Schwirzke
etal., 1993).
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Fig. 8 illustrates the field emission measurements. The macroscopic current density Ju
(mA/cm?) was calculated to be the emission current (I) divided by the surface area of the
diode window (Am = macroscopic film area) on the cathode (0.7 cm?). The macroscopic
electric field Fy (V/pm) was defined as the applied voltage divided by the electrode gap (~2
pm) between the cathode and the gold coated anode. The FE turn-on field is ca. 3.3 V/pum
and defined as the electric field required to extract a current density of 10 pA/cm?2. The Ju-
Fum plotted in Fig. 8 shows the FE diode characteristics for 3 consecutive sweeps (plots a-b-c)
of negative cathode voltage. The exponential dependence of current density on electric field
suggests a FE process taking place. A similar experiment performed using a parallel plate
diode structure (tungsten surface as cathode) without nanowires did not show rectification
behavior (plot d).

304 -10.5- a-b-c
11.0-
25 :
— 115
N 9 4
% 0 - c“%12.0-.
£ 125
’g 15 -130- N,
] " s
3 135-
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Fig. 8. Atmospheric pressure FE properties of tungsten oxide nanowires measured in air for
a contact gap ~ 2pm. The macroscopic current density vs. macroscopic electric field (Jy-Fum)
plots a-b-c correspond to 3 consecutive sweeps of negative cathode voltage with nanowires,
while plot d shows the results of a parallel-plate diode without nanowires (insets are the
corresponding Fowler Nordheim plots) (Agiral and Gardeniers, 2008).

The emission characteristics were analyzed by standard Fowler-Nordheim (FN) tunneling
theory using the current-density equation (Forbes et al., 2007):

] = [tr2a@-1F2]exp[-vrbg¥%/F] 3)
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where the ‘“first Fowler-Nordheim constant’ a = e3/87h, = 1.541434 x 10¢ AeVV-2, ‘second
Fowler-Nordheim constant’ b = (87/3)(2m,)"%/eh, = 6.830890 x 109 eV-3/2Vm-l, e is the
elementary positive charge, 1. is the electron mass, I, is Planck’s constant, | is local current
density, F is local field, ¢ is local work function of emitting surface, rrand or are the values
of 7 (decay rate correction factor) and v (tunneling exponent correction factor) which apply
to a barrier of unreduced height I equal to the local work function ¢. For the elementary
triangular barrier, the correction factors v and t are set equal to unity. Assuming that the
local work function is uniform, the emission current I can be written as [ = AyJ, where Ay is
notional emission area. This gives:

I = ANJ = Antr2a@1F2exp[-0rbp3/2/F] 4)

Geometric field enhancement may lead to the local field F to be greater than Fy; by a factor
(y) which is called the field enhancement factor:

y = E/Fum )

In the literature, FN plots from tungsten oxide nanowires are analyzed using FN theory for
metals (Huang et al., 2007). If the macroscopic electric field Fy is used as FN variable in Eq.
(4) to replace F, the formula can be written as:

In[l/Ex?] = In[Antr2a@p™ y?] - [orbp¥2/ y1/Fm (6)

The theoretical model for a FN plot is the tangent to Eq. (6), taken at Fymi of macroscopic field
(Forbes, 2001):

In[l/F\p2] = In[Anria@! y2] - [s1b@¥2/ y1/Fum (7)

where r; and s; are the generalized intercept correction factor and the generalized slope
correction factor, respectively, taken at field Fumi (Forbes, 1999). s; is approximately 1 and
therefore omitted in the interpretation of the slope of the FN plot. Assuming that the
emission current comes mainly from one band, and ¢ is 5.7 eV, similar to WO3, the field
enhancement factor found from the FN plot is 7228.

Estimation of the apex field-enhancement factor y of a protrusion on a flat planar surface has
been described with “hemisphere on a post” and “hemi-ellipsoid on a plane” models (Forbes
et al., 2003). Both these geometrical models can be applied to tungsten oxide nanowires,
considering their geometry. The “hemisphere on a post’ model gives the simple formula:

y = 0.7(L/p) (8)

where L and p are protrusion length and base radius, respectively. In the ‘hemi-ellipsoid on
a plane’ model y can be written as:

y=&/l(vln(o+9) - g ©)

where L is the semi-major axis length, p is the semi-minor axis length, v (=L/p) is the ratio of
L to p and ¢ equals (v2-1)¥2. If the formula of the ‘hemisphere on a post” model for a
nanowire of 15 nm diameter and 250 nm length is used, y is calculated to be around 23
which is far below the experimental field enhancement factor. However, SEM and HRTEM
analysis revealed that there are few nanowires on the sample with length and diameter of ~1
pm and ~12 nm, respectively. Applying the ‘hemi-ellipsoid on a plane’ formula, y can be
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calculated to be 5776, which is of the order of the experimental value. A small part of the
sample surface may have protruding nanowires with longer length and smaller diameter
than the average dimensions.

At high electric fields (> 13 V/pm), Ju diverged from the Fowler-Nordheim equation where
saturation affects were observed and eventually breakdown occurred around 15.2 V/pm.
Emission stability of nanowires was also measured at 13.6 V/pm, however no significant
degradation in emission current was observed over 1 hour of testing period. Current
fluctuations can be attributed to surface chemical interactions with adsorbents which can
affect the tunneling state of nanowires or residual ions impacting on the surface. In order to
demonstrate the viability of tungsten oxide nanowires as a pulsed electron source, a 100 Hz
square wave voltage was applied to the cathode and pulsed electron emission with good
repetition rate was observed.

As the Fyreached the value of 15.2 V/pm, breakdown occurred. SEM analysis (not shown)
on the surface is suggestive of an explosive FE process due to the presence of craters on the
cathode surface and melted film traces on the anode surface. Possible mechanisms for
explosion of emitter can be high density FE currents, resistive heating and the Nottingham
mechanism. Nottingham effect can arise when temperature inside the emitters increases
faster than that of the surface, due to the energy difference between emitted electrons and
their replacement in the lattice through the electrical circuit. Under these conditions,
temperature can rise to a critical level and a phase transition of the field emitters into a
dense plasma and loss of cathode material is observed.

4. Incorporation of nanostructures into microplasma reactor

As an application example, tungsten oxide nanowires were incorporated in a glass
microchannel to generate barrier discharge between the nanowires and a copper foil
electrode protected by a glass dielectric layer. 250 nm titanium-tungsten alloy and 50 nm
tungsten metal layers were deposited on silicon chips by plasma sputtering. Silicon chips
with W layers were placed in the CVD setup to grow nanowires as mentioned in the
previous sections. Silicon chips with nanowires were placed in glass microreactors with
rectangular cross section of 50 mm in length and 20 mm in width. To finish the fabrication of
whole device, microchannels, inlet and outlet holes for gas flow were created by powder
blasting and the glass layers were thermally bonded to seal the microchannel hermetically.
Fig. 9a and 9b show the final devices. Fig. 9c shows the general diagram of device and
operating plasma device is shown in Fig. 9d.

A combination of a high voltage amplifier (Trek 610E) and a function generator (Agilent
3322A) was used to generate a barrier discharge at 1 kHz in the microreactor. Voltage drop
across a resistor and a capacitor connected in series with the electrodes were used to
calculate the transferred current and charge, respectively. Light emission from the discharge
was collected by an optical fiber inserted into microchannel and optical fiber was connected
to an optical emission spectrometer (HR 4000, Ocean optics). Lissajous figures measured
with an oscilloscope were evaluated in order to calculate the absorbed power by discharge.
The amount of current that is transferred across the gap is also much higher in the case of
microreactor with nanowires electrode. The reduction of breakdown voltage and increase in
transferred current is suggesting electric field amplification and emission of electrons on the
nanowires surface. Electric field in the gas gap of microreactor (5 V/pm) is enough to
generate field emitted electrons before breakdown. Work functions of planar and tungsten
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oxide nanowires surfaces are similar since there is a native oxide layer a few nanometer
thickness on the tungsten film.

Comparison of power absorbed by the discharge as a function of measured voltage shows
that at the same measured voltage, a higher energy density microdischarge was generated
with the nanowires due to generation of higher number of streamers in the gas gap. Local
electric field enhancement on the surface helps to increase the number of streamers and
microplasma became more homogeneous.

Fig. 9. Microplasma reactors with integrated tungsten oxide nanowires electrode (a) and (b).
General diagram of microreactor (c) and the plasma device in operation (Agiral et al., 2008).
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Fig. 10. SEM images of planar tungsten thin film electrode (a) and electrode covered with
tungsten oxide nanowires (b).
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In order to analyze light emission from microplasma, an optical fiber coupled to the
emission spectrometer, inserted into microchannel. In case of nanowires, the intensity of the
emission lines is found to be much higher than planar electrodes. Jani et al. (Jani et al., 1999)
analyzed the variation of electron temperature by spectroscopic measurement using the
second positive system of N> (337.1 nm) and the first negative (FNS) of Ny* (391.4 nm). It
was shown that the ratio of the SPS to the FNS changes with electron temperature in the
discharge, and the intensity ratio of the lines increase with increasing average electron
energy. In our case, intensity ratio was calculated to be 0.061 and 0.058 for nanowires and
planar electrodes, respectively, which shows no remarkable difference although the

intensity of the emission lines is much higher for the spectrum for nanowire electrode at the
same applied voltage.

1.4 —a— Tungsten Oxide Nanowires
—e— Tungsten Film Electrode
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Fig. 11. Comparison of discharge current spikes measured with tungsten oxide nanowires
and with a planar tungsten film electrode for varying applied peak-to-peak voltage; f =1
kHz. Points show the current measured with oscilloscope at corresponding measured
voltage values. Breakdown voltage is defined as voltage level at which light emission was
detected by optical emission spectrometer (Agiral et al., 2008).

5. Conclusion

In summary, uniform and highly crystalline W1gO49 nanowires were successfully grown
with high yield on sputter deposited tungsten films by thermal annealing at 700°C in ethene
and nitrogen at atmospheric pressure. It has been shown that tungsten carbide (W2C)
formation at the surface of the tungsten film increased the nucleation and growth of
nanowires by generating dislocation sources and interfacial strain. Field emission
measurements at atmospheric pressure indicated that stable atmospheric pressure field
emission and pulsed field emission took place in air at a current density up to 28 mA /cm2.
The field emission current obeyed the Fowler-Nordheim equation.
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A microplasma reactor having tungsten oxide nanowires as electrodes were fabricated in a
barrier discharge configuration. Field enhancement at the apex of the tips of nanostructures
resulted in electron emission at atmospheric pressure in air. For nanowires, a decrease in
breakdown voltage during barrier discharge generation resulted in a higher number of
microdischarges and a higher power deposition at the same measured potential compared
to planar cathodes.
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