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This letter considers field emission from self-assembled silicon nanostructure arrays fabricated on n-
and p-type silicon (100) substrates using electron beam rapid thermal annealing. Arrays of
nanostructures with an average height of 8 nm were formed by substrate annealing at 1100 °C for
15 s. Following conditioning, the Si nanostructure field emission characteristics become stable and
reproducible with Fowler—-Nordheim tunneling occurring for fields as low as 2 V um™!. At higher
fields, current saturation effects are observed for both n-type and p-type samples. These studies
suggest that the mechanism influencing current saturation at high fields acts independently of
substrate conduction type. © 2004 American Institute of Physics. [DOI: 10.1063/1.1804604]

In a previous study we demonstrated the growth of sili-
con nanowhiskers on untreated Si(100) using electron beam
rapid thermal annealing (EB-RTA).I’2 Nanowhisker growth is
initiated by decomposition of the native oxide layer which is
well known to undergo thermal decomposition in environ-
ments of low oxygen partial pressure.3’4 Decomposition oc-
curs through the formation of voids in the oxide film which
enlarge laterally across the surface, coalesce, and finally ex-
tend over the entire substrate leaving the surface oxide free.
Void growth occurs via the interfacial reaction Si+SiO,
—28Si0T7, where the silicon species are provided by mobile
silicon monomers which diffuse to the void perimeter in or-
der to react with the oxide layer. This mechanism results in
consumption of silicon from the void regions and results in
atomic scale surface disorder.

As annealing continues, diffusive Si species generated
both thermally and by electron stimulated desorption
processess, migrate across the oxide free surface in response
to the strained potential-energy surface resulting from the
surface disorder. Oshiyama6 showed an increase in energy
for adatom diffusion at the upper edge of a step. This poten-
tial barrier tends to promote bunching of steps once the flow
of the step is pinned at a given site. A pit in a step terrace, as
created in the disordered silicon surface following oxide de-
composition, acts as such a pinning site resulting in the
growth of islands around the pinning site. The size and num-
ber (surface density) of islands evolve as further adatoms are
incorporated into the islands supplied either from the adatom
sea between islands or from smaller islands which act as feed
stock for the larger islands.” The small apex radius of the
resulting nanowhiskers and the ease of fabrication make
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these ideal structures for the study of field emission phenom-
ena from nano-scale cathodes.

The field emission characteristics of nanowhiskers
formed on n-type (Sb-doped, 0.07-0.09 ) cm) and p-type
[B-doped, 1-10 Q cm] silicon (100) substrates was per-
formed in a parallel plate diode configuration. Electrical iso-
lation and cathode—anode separation was achieved using a
100-um-thick PTFE film, and measurements were performed
under vacuum of 1X 107® mbar. Samples were prepared by
EB-RTA at 1100 °C for 15 s and with electron beam energy
of 20 keV. The resulting nanowhiskers exhibit an average
height of 8 nm and a surface density of 11 um™2, indepen-
dent of conductivity type. Typical AFM images of the n- and
p-type surface are shown in Figs. 1(a) and 1(b), respectively.
It was found necessary to run several emission cycles in
order for the /- E characteristics to become stable and repro-

FIG. 1. 8 um X8 um AFM surface plots for nanowhiskers formed on (a)
n-type silicon (100) and (b) p-type silicon (100) substrates, respectively. In
both cases the nanowhiskers were formed following electron beam rapid
thermal annealing of the untreated substrate at 1100 °C (temperature gradi-
ents £5 °C/s) for 15 s.

© 2004 American Institute of Physics
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FIG. 2. Semi-logarithmic plot of /-E field emission characteristics for
nanowhiskers formed on p-type substrate. The four curves correspond to
successive anode voltage cycles, where cycle 1 corresponds to the first emis-
sion experiment and cycle 4 the final.

ducible. The /-E characteristics plotted in Fig. 2 show the
change in emission current for four successive electron emis-
sion cycles for nanowhiskers formed on p-type Si substrates.
The electric field is the average, macroscopic value calcu-
lated from the ratio of the applied voltage to cathode—anode
separation and thus does not include local field enhancement
due to surface geometry. The emitter array was maintained
under vacuum between successive cycles. The total emission
current for a given applied field increases significantly be-
tween the first and second cycles, with the increase in current
becoming smaller with successive cycles. Further, the thresh-
old field, which we define as the macroscopic field required
to detect a current of 1 nA, was found to reduce from 4 to
2 V um™' between the first and final cycle, respectively.
These values are considerably lower than that observed for
conventional microfabricated Si cathodes,® which typically
exhibit a threshold field value around 20 V ,um‘l, and is be-
lieved to be a result of significant localized field enhance-
ment at the apex of the nanowhiskers. The two curves de-
scribing the third and fourth cycles are approximately
identical indicating a steady state. Improvements of emission
characteristics over time are common for field emission phe-
nomena from silicon cathodes.’

Current—field (/-E) characteristics of the n- and p-type
nanostructured Si surfaces following an identical period of
conditioning are shown in Fig. 3. Three distinct regions can
be seen for both materials corresponding to the zero emis-
sion, field emission, and current saturation regions, respec-
tively. Plotting the I-E characteristics of region 2 on a
Fowler-Nordheim plot [In(I/E?) vs E'], as shown in the
inset of Fig. 3, gives a straight line for both n- and p-type
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FIG. 3. Logarithmic plot of /—E field emission characteristics measured in a
diode configuration for nanowhiskers formed on n- and p-type substrates.
The corresponding Fowler—Nordheim plots [In(I/E?) vs E~'] are shown in
the inset.
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emitters suggesting a Fowler—Nordheim tunneling process. A
difference in the threshold field for electron emission from
nanowhiskers formed on n- and p-type substrates was ob-
served, with emission from p-type Si substrates consistently
occurring at a lower macroscopic field. The substantial simi-
larities between the average aspect ratio and spatial arrange-
ment of nanowhiskers formed on n- and p-type substrates,
suggests that localized field enhancement due to geometric
differences cannot account for this observation. The differ-
ence in threshold field has been attributed to the formation of
a potential barrier in the n-type cathodes due to the existence
of negatively charged surface states.'’ Because of the large
effective surface area of the nanowhiskers we may expect a
high density of such surface states. Band-bending acts oppo-
sitely in p-type Si, and thus there exists no surface potential
barrier for electron transport to the emission site.

At high electric fields (region 3 of Fig. 3) electron emis-
sion from both substrates exhibit a saturation region in the
I-FE plot. Microfabricated p-type Si cathodes show current
saturation phenomena related to the limited supply of elec-
trons, the minority carriers, within the tip.” Supgly limited
emission is also observed for n-type cathodes,'” however,
due to the greater electron density in the conduction band,
the onset of current saturation typically occurs at larger emis-
sion currents than that observed for geometrically identical
p-type cathodes. This is inconsistent with the experimental
result presented here which indicates the onset of current
saturation occurs concurrently at an emission current, /.

Current saturation may also be related to the accumula-
tion of charge, either in the surface region and/or in the
vacuum region between cathode and anode.” Such space
charge limited conduction mechanisms are typically revealed
by a relationship of the form /=kE", where n>1, which
yields a straight line when the /—FE characteristics are plotted
on logarithmic axis.'* Both the n- and p-type substrates show
evidence of such a relationship, as shown in region 3 of Fig.
3. The lines shown in Fig. 3 were found to be the best fit of
the experimental data with correlation coefficients, R?*=0.99
for both cases. The relationships between I and E for the n-
and p-type nanowhisker diode operating in the saturation re-
gion were I E*3 and I« E*3, respectively. Models based on
other current conduction mechanisms, specifically Fowler—
Nordheim tunneling, Schottky emission, and Poole-Frenkel
conduction mechanisms were also assessed. Space charge
limited conduction was found to best describe conduction in
the saturation region. It should be noted that although the
current saturation mechanism is dominated by space charge
limited conduction, other secondary mechanisms may also
contribute to current saturation. The good agreement in the
values of the exponent, n, for the n- and p-type substrates
indicates that the space charge current limiting mechanism is
largely independent of the substrate conduction type, and is
likely related to commonalities in the nanowhisker structure
or the experimental geometry.

In conclusion, the possibility of using self-assembled
nanostructure arrays formed on n- and p-type silicon (100)
substrates as field emission cathodes has been demonstrated.
Following conditioning the field emission characteristics are
stable and reproducible with emission occurring at very low
threshold fields. At high fields the emission current deviates
from Fowler—Nordheim tunneling and becomes limited by
space charge, providing an intrinsic method for cathode pro-
tection.
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