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Scanning probe energy loss spectroscopy with microfabricated coaxial tips
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We report scanning probe energy loss spectroscopy (SPELS) measurements of a graphite surface taken with
microfabricated coaxial tips. The SPELS spectra of graphite obtained with a grounded coaxial tip show the 7
and o plasmon peaks and intense secondary electron emission (SEE) peaks. In comparison, spectra taken with
a simple Au cathode tip also showed the 7 and o plasmon peaks but much weaker SEE peaks. The enhanced
collection of secondary electrons enables the unoccupied band structure of the surface (i.e., above E,,.) to be

explored.
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Since Binnig and Rohrer invented the scanning tunnelling
microscope (STM) in the early 1980s, STM has become a
powerful tool to characterize a surface in real space with
atomic-scale spatial resolution.! However, STM is limited in
its capacity to provide information on the chemical nature of
the atoms it images. Several groups are developing STM-
based techniques to obtain additional information, e.g., scan-
ning probe energy loss spectroscopy (SPELS),> field emis-
sion STM,'®> and STM Auger electron energy
spectroscopy'®!7 as well as STM low-energy electron
diffraction.'®2! The tips in these modified instruments typi-
cally operate in field emission mode, creating a local electron
flux above the vacuum level, E,,.. Electrons scattered from
the surface can then be analyzed to provide local information
about the elemental composition or structure. A spatial reso-
lution of ~10 nm has been reported in SPELS.® However,
the electric field applied between tip and surface to facilitate
the field emission of electrons also has negative side effects:
it distorts the trajectories of the backscattered electrons and
reduces the signal detected.* Therefore shielding of the tip
has obvious attractions. Electrochemically etched tungsten
tips mounted within a chromium-coated borosilicate tube!®2
and a coaxial gold-plated macroscopic tip holder have been
explored previously.'> However, these devices only shield
the electric field macroscopically. Ideally the field should be
excluded to within a few microns of the tip-surface junction.

Here we report SPELS measurements using a microfabri-
cated coaxial tip. A schematic of the measurement geometry
is shown in Fig. 1(a). The multilayer coaxial tip consists of
Si/Au/HfO,/Au layers; the outer Au and HfO, layers are
stripped from the apex of the tip, Fig. 1(b). The inner and
outer Au layers are used as the emitting and the screening
layers, respectively. The multistep microfabrication process
is described in detail elsewhere.?? The benefit of a microfab-
ricated coaxial tip compared with, for instance, a glass-
covered electrochemically etched tungsten tip is fine control
of the coaxial structure. A microfabricated tip with an Au-
emitting layer but no coaxial screening layer, Fig. 1(c), was
also fabricated for comparative experiments and is termed
the “Au cathode tip.”

The SPELS instrument itself is based on an Omicron
STM 1 head combined with a VG 100 AX hemispherical
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electron energy analyzer mounted parallel to the surface
plane, in an ultrahigh vacuum chamber with a base pressure
of 5X 1079 mbar. The hemispherical analyzer incorporates
an electrostatic entrance lens that transfers electrons from the
sample to the entrance slit of the analyzer sectors, Fig. 1(a).
The way the electrostatic lens is tuned determines the angu-
lar acceptance of the hemispherical analyzer.”? The distance
between sample and analyzer is 40 mm. Note that the count
rates in the spectra shown in Fig. 2 below are normalized to
the measured current incident on the surface and thus mea-
sure the efficiency of the combined processes of electron
scattering, escape, and detection.

SPELS spectra were collected from the graphite basal
plane using the coaxial tips and one of two different lens
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FIG. 1. (Color online) Schematics of (a) the SPELS geometry
employed in this work, (b) the coaxial tip, and (c) the Au cathode

up.
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FIG. 2. SPELS spectra of graphite taken with (a) coaxial tip (tip
bias voltage —200 V, working distance 250 nm, lens potential ap-
plied), (b) coaxial tip (tip bias voltage —250 V, working distance
250 nm, lens grounded), and (c) Au cathode tip (tip bias voltage
—180 V, working distance 638 nm, lens grounded).

configurations. Figure 2(a) shows a spectrum collected with
a positive lens potential applied (to focus the incoming elec-
trons onto the entrance slit); for Fig. 2(b) this lens is
grounded. In Fig. 2(c), for comparison, a spectrum of graph-
ite is shown that was again taken with the lens grounded but
using the Au cathode tip.

From the SPELS spectra taken with the coaxial tips in
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FIG. 3. The ratio between SEE peak intensities and elastic peak
intensities as a function of the tip bias voltage for (a) coaxial tip
(lens potential applied), (b) coaxial tip (lens grounded), and (c) Au
cathode tip (lens grounded).

Figs. 2(a) and 2(b), it can be seen that the familiar
7 (~6 eV) and o (~26 eV) graphite plasmons have com-
paratively weak intensity, but the secondary electrons peaks
are very prominent, exceeding the elastic peak intensity. The
same coaxial tip was used to take the spectra in both Figs.
2(a) and 2(b); the only difference is the electrostatic lens
bias, which sets the angular acceptance, as discussed. In Fig.
2(a), the positive potential applied to the lens increases the
angular range of electrons collected, and the result is a
broadening of the (very intense) SEE peaks. In Fig. 2(b), the
lens is grounded and only electrons within a narrow angular
range are detected. Two intense SEE peaks are clearly ob-
served under these conditions. The spectrum in Fig. 2(c)
taken with the Au cathode tip (lens grounded, thus narrow
angular acceptance) shows the elastic peak, well-developed
7 (6 eV) and o (26 eV) plasmons and secondary electron
peak, and is similar to that obtained with an electrochemi-
cally etched tungsten tip.’

The principal feature of the spectra taken with the coaxial
tips is thus the enhancement of the SEE peak intensities.
Figure 3 plots the ratio between SEE peak and elastic peak
intensities as function of the tip bias voltage for the tips in
Fig. 2. The ratio between the SEE and elastic peaks in Figs.
3(a)-3(c) are 28.5, 10.1, and 3.2, respectively, at the tip bias
voltage of —200 V. When a potential is applied to the lens,
Fig. 3(a), the ratio [secondary electron emission (SEE)/
elastic peak] is found to be 2.8 times higher than when the
lens is grounded, Fig. 3(b), consistent with the increased an-
gular acceptance. The coaxial tip shows a threefold enhance-
ment in the ratio (SEE/elastic peak) compared with the Au
cathode tip under the same conditions (lens grounded).

In Fig. 4 the SEE peaks of graphite from Fig. 2 are re-
plotted against kinetic energy in the range 0—50 eV. For con-
venience the spectra are normalized with respect to each
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FIG. 4. (Color online) SEE spectra from SPELS of graphite
taken with (a) coaxial tip (lens potential applied), (b) coaxial tip
(lens grounded), and (c) Au cathode tip (lens grounded). (b) shows
the Gaussian fitting used to determine peak positions. The insets to
(b) and (c) are schematics of the secondary electron trajectories.
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other, using the most intense peak in each spectrum. The
SEE spectra obtained with the coaxial tip each show several
peaks, Fig. 4(a) (lens potential applied) and Fig. 4(b) (lens
grounded). In Fig. 4(a) the peaks are at 4.0, 14.7, and 20.5
eV while in Fig. 4(b) three peaks at 6.0, 14.0, and 22.7 eV
are clearly seen. For the Au cathode tip, Fig. 4(c), only a
SEE peak at 7.0 eV and a small shoulder at 4.7 eV are
observed. Thus the coaxial screening of the tip field not only
increases the overall secondary electron signal but also ex-
poses new SEE peaks. Table I summarizes the assignment of
the peaks observed, based on previous experimental
reports”? and especially the critical points in the theoretically
calculated unoccupied band structure of graphite.?*?> Values
are given relative to the Fermi level. The secondary electron
peaks at particular kinetic energies can thus be assigned to
particular points in the unoccupied band structure of the sur-
face. Most SEE features observed can be associated with
electrons coming from the zone center (I" point) of the Bril-
louin zone. It seems that secondary electrons from the T’
point, which are emitted perpendicular to the surface can be
deflected by the tip electric field so that the analyzer (located
parallel to the surface) can still detect them [see schematic in
Fig. 4(c)]. So, for example, the SEE peaks measured with the
Au cathode tip, Fig. 2(c), at 4.7 and 7.0 eV, both come from
the I' point in the band structure. However, some SEE fea-
tures appear to be associated with the edge of the Brillouin
zone. For example, the peak at 14.7/14.0 eV in Figs. 4(a) and
4(b), both obtained with the coaxial tip, seems to be associ-
ated with an unoccupied state at the M point.

In order to understand better which peaks are observed in
the SEE spectra, it is helpful to consider, at least qualita-
tively, the trajectories of the secondary electrons. The elec-
trons field emitted from the tip are incident on the surface,
following the electric field lines in the tip-surface junction.
These incident electrons are backscattered, both elastically
and inelastically, and secondary electrons are also generated.
The secondary electrons are emitted at different angles with
respect to the surface depending on which symmetry point in
the Brillouin zone they originate from (I" point or M point in
this case). Once they leave the surface they will experience

TABLE I. Comparison between the energies of peaks observed in the SEE spectra and critical points in

the unoccupied band structure.

Experimental Theory
Band assignment (eV, in Fig. 4) (eV)
Coaxial tip
a(I'}) (Ref. 25)/m(M5) (Ref. 25) 4.0 4.0 (I',M) (Ref. 25)
m(['}) (Refs. 24 and 25)/a(M%,M7) (Ref. 25) 6.0 5.8 (I') (Ref. 25)/6.3 (M) (Ref. 25)
a(M3,M}) (Ref. 24) 14.0 14.0 (M) (Ref. 24)

14.7

a(I'7) (Ref. 24)/m(M3) (Ref. 24) 20.5 20.6 (I') (Ref. 24)/20.5 (M) (Ref. 24)
w(I';) (Ref. 24)/7(M) (Ref. 24) 22.7 22.0 (I') (Ref. 24)/22.8 (M) (Ref. 24)
Au cathode tip
a(T's,T) (Ref. 25) 4.7 4.8 (I') (Ref. 25)
(['}) (Ref. 24) 7.0 7.0 (I') (Ref. 24)
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the tip-surface electric field. When an unshielded tip is used,
the range of this field is unconstrained. The trajectories of
secondary electrons from, say the M point, (which are emit-
ted at a shallow angle to the surface) are thus likely to be
bent back into the surface without reaching the analyzer. By
contrast, secondary electrons from the I' point (emitted nor-
mal to the surface) may be bent into the analyzer, fixed par-
allel to the surface [Fig. 4(c)], and thus detected more effi-
ciently than if there were no tip-surface field. However, when
a shielded coaxial tip is used, the electric field is confined to
the immediate proximity of the tip-surface junction. Second-
ary electrons are thus able to escape from the tip region with
less distortion of their trajectories; hence the increased signal
of electrons from the M point of the Brillouin zone [Fig.
4(b)]. This effect also accounts for the higher SEE/elastic
ratio shown [in Figs. 3(a) and 3(b)] by the screened tip com-
pared with the unshielded tip [Fig. 3(c)]. The key result is
then the enhancement of (local) secondary electron features
away from the zone center when a screened coaxial tip is
employed in SPELS. In future, angular-resolved measure-
ments with the coaxial tips would be particularly instructive.
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Moreover, the higher count rates arising from the use of
screened tips may also allow spectra to be collected at re-
duced tip-surface distance, with possibly enhanced spatial
resolution.

In summary, we have reported experimental SPELS spec-
tra (of graphite) obtained with a microfabricated coaxial tip.
The spectra show the usual 7 and o plasmon peaks and, in
particular, intense SEE peaks, in comparison, for example,
with a simple Au cathode tip. The SEE peaks are assigned to
critical points in the unoccupied band structure (i.e., above
E,,.) of graphite, in generally good agreement with the theo-
retically calculated band structure. The coaxial tips, which
screen the long-range electric field originating from the tip
enhance the SEE signal, in general, make visible SEE fea-
tures arising from the zone edge (M point) as well as zone
center (I' point) in the Brillouin zone, in particular.
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