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The field emission of In-doped SnO, wire array has been performed in parallel
plate diode configuration. A maximum current density of 60pAjem? is
drawn from the emitter at an applied field of 4 V/um. The nonlinearity in the
Fowler—Nordheim plot, characteristics of semiconductor emitter has been
observed and explained on the basis of electron emission from both the
conduction and the valence bands. The current stability recorded at a preset value
of 1A is observed to be good. The high emission current density, good current
stability and mechanically robust nature of the wires offer unprecedented
advantages as promising cold cathodes for many potential applications based
on field emission.
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1. Introduction

Various nanostructure materials such as nanotubes, nanowires, nanobelts and nanorods of
various materials such as CNTs [1], ZnO [2,3], SnO, [4], In,O5 [5], Si [6], SiC [7], Cu,S [8],
etc., exhibit excellent field emission properties due to the high aspect ratio. Tin oxide,
as n-type and wide band gap (£,=3.6¢V) [9] semiconductor nanostructure, has potential
for the applications in various field emission-based devices. It has been intensively
investigated due to its inherent properties and anticipated applications in many areas such
as chemical and gas sensors [10], solar cells, transistors, conducting electrodes and
optoelectronic devices [9,11]. One-dimensional tin oxide nanostructures, due to their
ability to introduce foreign atoms into the crystal lattice to specifically tailor the electrical
and optical properties, make them highly versatile [11]. To reduce their resistivity with
much higher carrier concentration and mobility, SnO, nanostructures are doped with
various metals and metal oxides [12,13]. Furthermore, the n-type doping is known to
enhance field emission by lifting the fermi level and lowering the work function. The
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indium-doped tin oxide (ITO), an important transparent metal-oxide semiconductor, with
the advantage of lower surface potential barrier than that of the metals, has been widely
investigated [14—18].

The field emitter arrays have an ability to pack a large number of identical emitters
into small areas and precision with which an individual emitter may be positioned. Since
the current generated from a single microtip is quite small, arrays are suitable for the
application in areas where very high current densities are required such as vacuum micro/
nanoelectronic devices, flat panel displays, large area electronics and cold cathode electron
sources. Here, we report on the synthesis of In-SnO, wires on Au-patterned silicon
substrates by thermal evaporation and its field electron emission properties.

2. Experimental technique

In order to obtain the position controlled and patterned growth of In-SnO, nanowires,
gold (Au) with a film of thickness ~10nm was deposited on the clean silicon (100)
substrates using vacuum deposition and patterned photolithographically into
micro-patterned square arrays, 400 x 400 um?, so as to grow indium-doped tin oxide
nanowires (In-SnQ»), on Au-patterned Si substrates. Thoroughly mixed In and SnO
powders in the weight ratio 0.8—1.2mg:50 mg were loaded in the alumina boat as a source
material. The In and SnO powder were 99.99% pure and were purchased from Sigma—
Aldrich (USA). The patterned Si substrates were placed in the alumina boat with the
patterned side upside down facing the source. The alumina boat was carefully positioned
at the centre of the horizontal tube furnace. Then, the furnace was rapidly heated to 950°C
at the rate of 3°C/min. The argon gas was continuously passed at a flow rate of 100 sccm.
The growth lasted for 3h in argon atmosphere. After cooling the furnace down to room
temperature without interrupting the Ar gas a flow, a whitish—grey reaction product
containing nanowires was found to grow on the Au-patterned side of the Si substrate.
The crystal structure of the as-deposited nanowires on Si substrate was characterised
by X-ray Diffraction (XRD) spectrometer (Model-D8 Advance, Bruker AXS). The surface
morphology of the as-synthesised product was examined by scanning electron microscopy
(SEM) (Model-JEOL, JSM-6360). The chemical composition of the as-deposited In-SnO,
wire product on silicon substrate was analysed by energy dispersive X-ray analysis
(EDAX) attached to SEM. In order to investigate the field emission properties of the
as-synthesised In-SnO, nanowires, the silicon substrate with the as-deposited In-SnO,
nanowires was stuck to the stainless steel stub attached to the linear motion drive with
vacuum compatible silver paste which served as the emitter cathode. The tin oxide-coated
conducting glass, deposited with fluorescent powder, served as an anode screen. The
emitter cathode was mounted in parallel and in front of the anode screen, facing the
phosphor-coated side, at a distance of 1 mm. The emission sites could be seen directly on
the screen. This parallel plate diode assembly comprising emitter cathode and anode screen
was mounted on an all metal ultra high vacuum (UHYV) system for evacuation. The UHV
system comprises a turbomolecular pump, a sputter ion pump and a titanium sublimation
pump with a liquid nitrogen trap. After baking the system for 10h at 250°C, a pressure
better than 1 x 10~ mbar was routinely achieved in the system and maintained by the
sputter ion pump. The field emission current-voltage measurements were carried out
in parallel plate diode configuration at various values of cathode—anode separation.
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The current—voltage (I-V') and current—time (/—¢) stability measurements were carried
at this base pressure using Spellman high voltage power supply and a Keithley 485
picoammeter. Special care has been taken to avoid current leakage. The field emission
experiments were repeated at least on three different specimens synthesised under identical
experimental conditions to check the reproducibility of the results.

3. Results and discussion

Figure 1 shows the XRD pattern of the as-synthesised In-SnO, wires on Au-patterned
silicon substrate. All the diffraction peaks are indexed to the tetragonal rutile structure
of SnO,, which agree well with the reported values (a=4.7381& and ¢=3.187 A) from
JCPDS card (21-1250). In-doped SnO, nanowires show some strain in the system which is
manifested in distortion and minimal shift in XRD peak positions when compared to the
pure tin oxide. Moreover, slight distortions to the parent tetragonal rutile structure have
been reported in the literature for higher doping percentages of indium. Figure 2 shows
EDAX spectrum of the as-deposited In-SnO, wires. The EDAX analysis indicates that the
elemental composition of indium in the In-SnO, nanowire is 4-5 at. wt% of In in SnO,
molecular weight. The evaporation temperature of indium is approximately 600°C and the
same for tin oxide is quite high. Now the presence of one component in the evaporation boat
can influence the evaporation temperature of another. For example, the presence of indium
here can cause slight reduction in evaporation temperature. Moreover, if the maximum
temperature used in the experiment (950°C) is larger than the evaporation temperature of
both the components, then the rate of evaporation of the component having lower
evaporation temperature will be higher due to the latent heat required for the phase
transformation. Therefore, the final composition of the nanowire material (here In-doped
tin oxide) will be different as compared to that of the precursor material components.
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Figure 1. XRD pattern of the as-synthesised patterned arrays of In-SnO, on Si substrates.
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Figure 2. EDAX spectrum of the synthesised patterned arrays of In-SnO,.

Therefore, less atomic weight percentage of indium was taken in our experiment.
Considering the larger rate of deposition of indium, several wt% of indium were tried
with 50 mg of tin oxide and it was found that 0.8—1.2 mg of In into 50 mg of tin oxide results
in 4-5at.% of In into the tin oxide system.

Figure 3(a) depicts the SEM image of the photolithograpically patterned arrays of
In—SnO, and Figure 3(b)-(d) shows a high magnification SEM images of In—-SnO,
nanowire arrays. The high areal density wires were easily grown on Au electrodes
deposited on silicon substrates, leaving the bare silicon surface with little wires. The wires
were randomly grown on Au electrodes patterned on silicon substrates.

Figure 4 shows the field emission /-} curves at various values of cathode—anode
separation. The turn on field, defined as the field required at a current density of 1 pA/cm?,
was 1.28 V/um at d=2mm. From the I~} measurements, the Fowler—Nordheim (F-N)
[19,20] plots were drawn. Figure 5 shows the corresponding F-N plots of the In-SnO, wire
arrays at various values of cathode—anode distance ‘d’. The nature of F-N plots indicates
that the electron emission process from In-SnO, wires is a quantum mechanical barrier
tunnelling phenomenon. An interesting nonlinear behaviour of the F-N plot is observed,
which could be clearly understood for two ranges of the applied field, low and high.
Such a nonlinear behaviour of the F-N plot, typical for a semiconductor emitter, has
been observed previously for semiconductor emitter [21-25], which has been attributed to
the origin of field-emitted electrons. In the low-field region, the emission current is due to
the conduction band electrons, whereas in the high-field region, electrons from both
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Figure 3. SEM images of the (a) as-synthesised photolithographic pattern, (b) In-SnO, nanowires
deposited on Si photolithographic pattern substrates and (c and d) high magnification SEM images
of In-SnO, nanowires.
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Figure 4. Field emission current—voltages (/-}") characteristics at various cathode—anode separation
distances.

the conduction and the valence bands contribute to the observed field emission current.
From the slope of the F-N plot, using the formula for the field enhancement factor

(B) [19,20]

3/2
B=—68x 103 x L
m
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Figure 5. F-N plot corresponding to /- at various separation distances.

where m is the slope of F-N plot in low-field region and ¢ the work function of In-SnO,
wire (adopting ¢ =4.3 eV in this case [21]); 8 was estimated to be 29,229 cm ™" at =2 mm.
This high value of B indicates that the electron emission is from nanometric dimensions
of the emitters. Earlier such values of field enhancement factor were reported by Wan et al.
[26] and Zhao et al. [27] for arrays of SnO, wires.

It is well known that the densities of Sn and In are almost the same in contrast to
Fe and Ru. Moreover, the melting points of In and Sn are close (156.5 and 231°C,
respectively) while these values for Fe and Ru are very large (1535 and 2330°C,
respectively). Due to this compatibility of Sn and In, it is easy for In to be doped in
Sn matrix, while other metals Fe and Ru, will not have efficient doping into Sn matrix.
When In is doped into SnO» system it yields low threshold field emission and high emission
current density along with the good emission stability as a result of more nanometric
dimension of nanowires. These characteristics are not achieved for Fe and Ru doping
into SnO, system. The In-doped SnO, system shows enhanced field emission
characteristics due to the finer SnO, nanowire dimensions and hence a higher aspect
ratio. The field enhancement factor in the present case is higher as compared to the earlier
reported values for Fe-doped SnO, and Ru-doped SnO, systems due to the sharp features
of the nanowires [21-25].

The current density (J) defined as the ratio of the maximum current drawn to the area
covered by Au electrodes on the silicon substrates, calculated using J=1/4, comes out to
be 60pA/cm? where I is the emission current and A4 is the substrate dimension
(5 x 5mm?). A current density as high as 60 pA/cm? at a field of 4 V/um was drawn.
This value of current density is comparable to that of ZnO nanowire arrays [2] and carbon
nanotube arrays [16] and higher than that of patterned SnO, nanostructures [4]. The large
current density may be attributed to the high aspect ratio and improved electrical
conductivity of the In-SnO, wires.

The field emission current stability was recorded at the preset current value of 1 pA
over a 3h duration of measurement at d=2mm. We have carried out a current—time
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Figure 6. Current-time (/~¢) plot for patterned arrays of In-SnO, on Si substrates. The inset shows
the corresponding field emission image recorded at (a) 4kV and (b) 6kV.

measurement experiment at ~1 x 107 mbar vacuum, where H, and CO are mainly
present. The I~z curve is as shown in Figure 5, which depicts that the field emission current
from In—-SnO, wire arrays is stable over the period (3 h) of measurements. The fluctuations
in the field emission current were calculated by dividing the maximum fluctuation by
average current and are observed to be less than 5%. The high stability of the emission
current is due to the oxidation resistant behaviour of In-SnO, wires. The small
fluctuations in the emission current are due to the adsorption and desorption of residual
gas molecules at the emitter surfaces. The inset of Figure 6 shows the field emission images
recorded at two different voltages: (a) 4kV and (b) 8 kV. The images obtained are stable
and intense. The post-field emission SEM observation shows no significant change in the
emitter surface morphology of the In-SnO, wire arrays indicating the excellent mechanical
stability.

4. Conclusion

In conclusion, the high current density 60 pA/cm? at the applied electric field of 4 V/um has
been obtained from In-SnO, arrays. The high value field enhancement factor 29,229 cm ™'
indicated the electron emission from nanometric dimension of the emitters. The good
current stability indicated that the In-SnO, wire arrays were the potential candidate for
field emission-based new generation devices.
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