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Field emission from narrow bands above the Fermi level of nanometer-scale objects
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Field emission from localized narrow bands above the Fermi level (Er) are obtained in two
nanometer-scale systems: gold nanoclusters deposited on W support tips and nanotips that are W nano-
scale protrusions formed on W support tips. The shift of localized bands was used as a probe of the tun-
neling process. The emission above E is explained by considering the role of the tail of the Fermi func-
tion in supplying electrons to these localized levels. Conservation of energy is consistent with this pro-
cess. The emission of hot electrons opens the possibility of local cooling of nanostructures.

In the classic picture of the field-electron emission
from metal emitters, the electrons tunnel from the Fermi
sea through the surface barrier and into the vacuum upon
application of a sufficiently large electric field. Field-
emission electron spectroscopy''? (FEES) has been recent-
ly used to measure the electrons emitted from
nanometer-size gold clusters deposited from a cluster
beam on W field emitter tips® and from nanotips that
consisted of nanoscale W pyramidal protrusions ending
in one atom, formed under the action of temperature and
field, on the W emitter.*> These studies showed similar
total-energy distributions"? (TED’s) that were strikingly
different from those of macroscopic metal emitters. In
both cases, the TED’s consisted solely of strong multiple
peaks that are generally spread over a range of several
electron volts below the Fermi level (E) and that shifted
linearly with applied electric field. In several cases, local-
ized bands considerably above E were observed. This is
particularly interesting because it should lead to
enhanced cooling of the nanostructures during field emis-
sion by the Nottingham effect,® converse to the significant
heating of nanotips that has been found in the presence of
emission from bands below Ef.’

The peaks in the TED’s point to the existence of local-
ized states that are present in the clusters and the tip pro-
trusion apexes due to the atomic size and dimensionality
of the emitting systems. The general behavior found ex-
perimentally is that the peaks become more pronounced
and sharper as the cluster size is reduced®® or the pro-
trusion height is increased,!® a trend indicating that band
formation is driven by the reduced coordination inherent
in nanoscale objects. The linear shifting with electric
field has been interpreted as due to field penetration into
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the nanometer scale objects.>> Because of the field shift-
ing, the position of the bands relative to Er can be con-
trolled by the applied voltage and they can thus be used
as a probe for studying the electronic structure of the sys-
tem and the related tunneling behavior. In this paper, we
show how this technique can be used to obtain, in a con-
trolled way, emission from localized levels well above Er
of the support tip. We analyze this phenomenon in terms
of the partial filling of the bands by the tail of the Fermi
sea, which acts as a supply function for the localized lev-
els. In this case, energy conservation is obeyed.

The clusters and nanoprotrusions were produced and
studied in separate, ultrahigh vacuum systems. The
FEES measurements were made with hemispherical elec-
tron energy analyzers through a probe hole. The size of
the Au clusters could be controlled by the known proper-
ties of the cluster beams. The height of the W nanopro-
trusions were varied by controlling the temperature and
field during their formation. As reported earlier, separat-
ed peaks that shifted linearly to lower (higher) energy
with increasing (decreasing) electric field were observed
in the TED’s immediately after deposition of the clusters®
or formation of high protrusions.” The linear shifting
was used to displace the bands in order to study the
behavior of the bands during the crossing of Er. The
bands could be typically shifted by ~0.5 eV for the
ranges of applied voltages in these experiments which
often allowed the complete scanning of a peak across Eg
in a controlled way. It was found that in the case of
nanotips, the existence of a sharp band within 0.3 eV of
E was facilitated by the presence of adsorption at the W
protrusion and this was used to study the emission above
E. Fuller descriptions of the experimental details have
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FIG. 1. FEES spectra for two different applied fields for
emission from a 2-nm gold cluster deposited on a W field
emitter. The higher-energy peak, marked by the arrows, is
above Ef of the bulk support tip.

been given elsewhere.>~>

Two TED’s from a 2-nm gold cluster deposited on a W
field emitter tip taken for different applied voltages are
shown in Fig. 1. The TED’s consist of two separated
peaks which shift to lower energy with increasing applied
field. Most important for this article is that the higher-
energy peak is significantly above E; (0.2-0.4 eV). The
intensity of the higher-energy peak increases relative to
the lower-energy peak with increasing voltage. At the
higher voltage a large fraction of the total emission is
above Ep. The peaks are characteristically asymmetric
with a sharp edge on the high-energy sides.

To analyze the phenomenon in-depth, nanotips were
used in order to vary the spectra in a systematic way by
controlling the height of the protrusion and the nature of
the emitting atoms. Experiments with two types of nano-
tips are presented: (1) a high protrusion with the pres-
ence of adsorbed atoms which then gave multiple sharp
peaks in the TED’s, in particular, near E; (2) a low,
clean protrusion which gave a broad single-peak TED;
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and (3) a high protrusion which had a narrow single-peak
TED.

TED’s from a high nanotip with adsorption are shown
in Fig. 2. The highest energy peak of the TED’s crosses
E [ without change in shape or width as the applied volt-
age is varied. In this case, the width of the peak is quite
small and the high-energy edge is particularly sharp (70
meV between 90-10 % intensity levels). As a counter ex-
ample, in Fig. 3(a) we show a series of TED’s when a rela-
tively small protrusion was formed on the tip. The re-
sulting spectra consisted of a single broad peak. At the
highest voltages, the peak is shifted away from Ep and
has a roughly Gaussian shape with FWHM ~0.4 eV.
As the applied voltage is reduced, the peak shifts to Ep
where the form of the peak changes shape, narrows and
can be said to be cut by the much sharper Fermi edge.

We interpret the above behavior as a consequence of
the width of the band as it crosses Er. The band struc-
ture in the TED’s can be qualitatively understood within
the resonant tunneling model which was developed for
tunneling through localized levels of singly adsorbed
atoms.” This theory leads to a simple formula'! for the
emission current which is the product of the Young equa-
tion for tunneling current, j'(¢), from a free-electron gas
with an appropriate band function which describes the
density of states at the emission site. Though the peaks
generally have a distinct asymmetric shape with a
sharper high-energy side, for simplicity we have used a
Gaussian band in the following discussion. This question
could not be examined in the original tunneling experi-
ments on singly adsorbed atoms'’? because the observed
features were not strong enough above the direct tunnel-
ing current. The tunneling current is given by
2
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FIG. 2. The high-energy peak versus V,,,
of TED’s from a high nanometric protrusion
formed on a W field emitter with adsorption at
the protrusion apex. Inset: full spectra for one
fixed voltage. The high-energy peak passes
through E; upon variation of the applied field.
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We neglect the direct tunneling and interference terms in
agreement with experiment. J is the zero temperature
Fowler Nordheim current density expression, d is the
field/work function parameter given by
d(eV)=F(V/A)$(eV)!’?, and F is the applied field given
by F =PV ,,, with B being the geometrical factor. Ep de-
pends linearly on field® and can, therefore, be written as
Ep=Epy—7Vap, With ¥, the applied voltage, Ep, the
band position at zero field and y the field shift coefficient,
all of which are obtained from experiment. a defines the
Gaussian bandwidth.

The effect of the bandwidth on the evolution of a band
as it crosses Ep is shown in Fig. 4. Calculations were
made for a narrow [4(a)] and wide band [4(b)] with all
other parameters fixed except the bandwidth. The field-
dependent prefactor of the Young equation was divided
out. When the narrow band passes Ep it continues to
shift linearly, does not change in form or width but its in-
tensity drops rapidly. In contrast, for the wide band the
emission remains at Ep, the TED changes to an asym-
metric shape, its width narrows and its intensity drops
less quickly. The resulting TED appears to stick at Ep
because the Fermi-Dirac cutoff is so sharp, even if the
true band position is shifted above E.. Thus the emission
from a peak above Ej is possible if the peak or related
band is sharper than the Fermi edge itself. Its intensity
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FIG. 3. (a) FEES spectra as a function of applied field from a
relatively small nanometric protrusion formed on a W field
emitter. (b) Calculation of TED’s using equation in the text
and parameters determined from Fig. 3(a).
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drops rapidly as it is shifted across E since it is supplied
by the bulk Fermi sea but it can continue to emit above
the Fermi edge because of the high energy tail of the Fer-
mi function.

In Fig. 3(b) we show a calculation with the measured
values of the field shift and bandwidth of the data from
3(a). All the essential features of the experimental data
are reproduced including the band narrowing, change to
an asymmetric shape and the apparent band sticking at
Ep. In Fig. 5(a), we compare the position of the mea-
sured and calculated peak maxima for the data of Figs.
2(b) and 3 versus Ep. It is worthwhile to emphasize that
there is a difference between the band position Ep found
from the linear shift of the peaks when they are below
Ey, and the positions of the peak maxima which depend
also on how the band crosses Er. The agreement is quite
good for the wide band but a theoretical bandwidth of
only 70 meV is needed to get reasonable agreement with
the experimental shifts of the narrow peak. However, the
accuracy of the measurement for such a narrow peak is
limited by the resolution of the electron analyzer. The
point is that the narrow peak shifts right through the
Fermi edge without being noticeably deformed.

In Fig. 5(b) we show a semilog plot of the experimental
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FIG. 4. Simulation of the dependence of band TED’s on ap-
plied voltage for (a) a narrow and (b) a wide Gaussian band.
This demonstrates how narrow bands pass through E while for
a wide band, the emission remains near Ep. (Ez,=1.5 eV,
v =0.0025eV/V, T =300 K).
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FIG. 5. (a) Measured and calculated peak positions for the
data of Figs. 2 and 3. (b) Intensities of the peaks of Figs. 2 and 3
against their positions relative to Er. The normalization of the
intensities are discussed in the text (narrow band —Eg;=3.36
eV, y=0.0041 eV/V, T=300 K; wide band—Ez,=1.20 eV,
¥=0.00178 eV/V, T=300 K.)

and theoretical intensities of the peaks of the data for
Figs. 2 and 3 as a function Ez. One cannot directly com-
pare the peak intensity variations from the different
nanotips because this depends strongly on the details of
the tunneling barrier, particularly through the prefactor
of the Young equation. To compare the results from
different nanotips we have normalized by dividing the in-
tensities by an exponential that fits the variation of the in-
tensities with voltage when the peaks are shifted below
E. This is roughly equivalent to dividing by the prefac-
tor (Jy/d). The figure shows that there is a reasonable fit
to the experimental data. The important point is that the
intensity of the narrow peak falls much more rapidly
than the wide peak as the bands pass E, in agreement
with the calculation. The discrepancy may be reduced if
we allow for a higher temperature due to the emission in-
duced heating effects recently found for nanotips’ or mul-
tiparticle tunneling,? both of which would increase the
Fermi tail above E.

The peaks above E can provide significant cooling of
the tip due to Nottingham energy exchange effects. In
the spectra we have presented, there is significant tunnel-
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FIG. 6. FEES spectra as a function of applied field from a
high clean nanometric protrusion formed on a W field emitter.
For the lower voltages the peak shifts to above Er.

ing from bands below Ep, which will provide offsetting
heating. As a counter example, in Fig. 6 we show a
series of spectra from a nanotip in which the total tip
emission is from a single narrow peak. The field shifting
is used to cause the peak to emit from above Ep. At
these peak positions the emission will exclusively cause
cooling at the nanotip apex.

In conclusion, we have shown that by controlling the
applied voltage, significant field emission of electrons can
come from above the bulk E from nanometric scale ob-
jects. A consideration of the Fermi sea as a supply func-
tion showed that for these measurements, the levels are
populated by the tail of the Fermi-Dirac distribution.
Hence, energy conservation is obeyed in this process and
more complicated inelastic mechanisms>!3 need not be
invoked. The analysis provides the necessary basis to
discriminate among the different possible mechanisms
which could create peaks above E;.. We have also shown
how the existence of the bands and the field shifting may
be used to probe the tunneling barrier and the electron
density of the support tip, particularly at Ez. The emis-
sion above E has interesting consequences for the ener-
gy exchange processes which occur during the tunneling
process. It has been shown that the spectra can be com-
posed of a single peak (also references 9,14) and, there-
fore, field emission can exclusively come from above Ep.
This will lead to dramatic cooling by the Nottingham
effect® because each emitted electron will remove an aver-
age energy of (Ez—E) from the nanostructure which
can be up to 0.4 eV per electron.
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