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An ultra-high vacuum (UHV) compatible electron spectrometer employing a double toroidal analyzer has been de-
veloped. It is designed to be combined with a custom-made scanning tunneling microscope (STM) to study the spatially
localized electron energy spectrum on a surface. A tip—sample system composed of a piezo-driven field-emission tungsten
tip and a sample of highly ordered pyrolytic graphite (HOPG) is employed to test the performance of the spectrometer.
Two-dimensional images of the energy-resolved and angle-dispersed electrons backscattered from the surface of HOPG
are obtained, the performance is optimized and the spectrometer is calibrated. A complete electron energy loss spectrum
covering the elastic peak to the secondary electron peaks for the HOPG surface, acquired at a tip voltage of —140 V and a
sample current of 0.5 pA, is presented, demonstrating the viability of the spectrometer.
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1. Introduction

The spatially localized spectroscopic information from a
surface is always attractive to both physicists and chemists.
When combined with electron energy loss spectroscopy
(EELS), scanning transmission electron microscopy (STEM)
is capable of mapping the spatial variation of surface plas-
mons at the nanoscale!! ! and even identifying single atoms
in nanostructures.%%1 On the other hand, with the same idea
as STEM-EELS, the combination of scanning tunneling mi-
croscopy (STM) with EELS — here called scanning probe elec-
tron energy spectroscopy (SPEES) — also has a spectrum imag-
ing ability with sub-nanometer spatial resolution. However,
early attempts to develop such an instrument encountered great
difficulties,'>~'*l mainly due to the strong electric field intro-
duced by the tip bias, which greatly compresses the backscat-
tered electrons and reduces the count rate.!'>] Therefore, a
novel electron energy analyzer with high detection efficiency
is required.

Toroidal analyzers (TA), which are capable of parallel de-
tections of energies and scattering angles of the charged par-
ticles (e.g., electrons) over a large range, have been devel-
oped in a variety of fields that have encountered the problem
of low count rate.!'®2?] The preliminary work of combining
a TA with a scanning tip system in our laboratory demon-
strated a capability for spatially-resolved spectroscopic mea-
surement by the SPEES technique.?>?* As a significant im-
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provement, the double toroidal analyzer (DTA), formed by
juxtaposing two toroidal-sector electrode pairs, has the advan-
tage of achieving a flat focal surface and normal incidence
of particles onto the detector surface. This makes the detec-
tion efficiency uniform if a planar microchannel-plate detec-
tor is used. Moreover, by replacing the complex exit lenses
assembly of a normal TA with a pair of concave toroidal
electrodes, the DTA improves the performance of the spec-
trometer and makes the calibration and optimization work

[25-301 1n this article, we report an ultra-high vac-

much easier.
uum (UHV) compatible electron spectrometer employing the
DTA for the SPEES instrument.

spectrometer is tested using a tip—sample system composed

The performance of the

of a piezo-driven field-emission tungsten tip and a sample
holder. The backscattered electrons from a highly ordered py-
rolytic graphite (HOPG) surface are analyzed by the DTA, and
the energy-resolved and angle-dispersed image of the elec-
trons acquired by a two-dimensional position-sensitive detec-
tor (PSD) is obtained. The calibration and optimization of the
analyzer are carried out, and a complete electron energy loss
spectrum is presented, covering the elastic peak to the sec-
ondary electron peaks for the HOPG surface, which is ac-
quired at a tip voltage of —140 V and a sample current of
0.5 pA.
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2. Instrument

The SPEES apparatus is a combination of STM and DTA.
The three-dimensional view of the spectrometer is illustrated
in Fig. 1(a), in which the DTA and its relative orientation with
the STM are shown. Only half of a whole DTA is used in
this spectrometer for the purpose of being combined with a
custom-made STM. 3!l The open side of the DTA is covered
by a supporting plate, which is also used as a base board to
mount the DTA. The fringe field of the open side is compen-
sated by a series of concentric ring electrodes of gold film
printed on the ceramic plates by lithography. The schematic
diagram of the cross section containing the cylindrical axis
and line A-A’ is shown in Fig. 1(b). In the SPEES experi-
ment, a negative voltage is applied to the STM tip, causing a
field emission electron beam incident onto the sample surface.
The electrons are backscattered and those moving in the plane
parallel to the sample surface are collected, focused, and ac-
celerated/decelerated to the pass energy of the DTA by a five-
element entrance lens assembly. Each element of the lenses
is a pair of ring electrodes, the cross section of which is also
illustrated in Fig. 1(b). The electrons passing through the exit
aperture of the lenses will enter the double toroidal deflector,
which is the juxtaposition of a convex toroidal sector pair with
a deflection angle of 180° and a concave toroidal sector pair
with a deflection angle of 90°. This combination will achieve
a nearly flat focal plane normal to the direction of electrons at
the exit of the second concave toroidal sector. The cylindrical
radius a and the spherical radius b are 70 mm and 50 mm, re-
spectively, for each of the two sectors. The deflected electrons
are dispersed at the exit of the DTA, where a two-dimensional
PSD is placed to detect the outgoing positions of the electrons.

The entrance lenses and the deflection sectors are all
made of aluminum alloy and mounted on the supporting plate
made of nonmagnetic stainless steel. All the surfaces seen by
the electrons are coated with gold. The manufacturing preci-
sion is about 0.1 mm, and the mounting accuracy is better than
0.1 mm, which is ensured by dowels made of the PEEK mate-
rial. The PSD consists of two microchannel plates (MCPs) of
80 mm in diameter in a chevron configuration followed by a
gear-type resistive anode (RA). However, the effective detec-
tion area of the RA used in this apparatus is not large enough
to cover the whole exit area of the DTA, we have to sacrifice
a small part of the detection azimuthal range, and place the
RA eccentrically as shown in Fig. 2. Considering that the data
acquired at the edge of the exit area will be discarded due to
the fringe electric field effect, this arrangement will barely af-
fect the detection efficiency of the DTA. The voltage supply
and signal processing circuitry for the PSD is the same as that
in our previous SPEES instrument, which has been reported
elsewhere.[?!

The apparatus is mounted in a vacuum chamber made of
nonmagnetic stainless steel, which is pumped to an ultra-high
vacuum environment of 2.5 x 10~® Pa by an ion pump. The
whole vacuum chamber is covered by a double layer of p-alloy
to shield it from external magnetic fields.
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Fig. 1. (color online) (a) Three-dimensional view of the SPEES spec-
trometer. (b) Schematic diagram of the cross section containing the
cylindrical axis and line A-A’.
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Fig. 2. (color online) Orientation of the RA relative to the MCP
and the exit area of the DTA.

3. Experimental results

Experimental investigations have been carried out to
study the electric optics and to optimize the performance of
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the spectrometer. To do this, we employ a tip—sample system
composed of a piezo tip driver and a sample holder. The tip
is made from a tungsten wire by electrochemical etching, and
the sample is HOPG, the clean surface of which is obtained
by cleaving with an adhesive tape. During the experiment, a
voltage of —140 V is applied to the tip, while the sample is
grounded. The tip is driven to approach the sample surface
until a sample current of several picoamps is detected. The
elastically backscattered electrons from the HOPG surface are
detected and used to test the spectrometer, and the change of
the energy E of the electrons entering the DTA is realized by
changing the voltage V15 of the last element of the entrance
lenses. The pass energy of the first pair of the toroidal sectors
is set to be 100 eV, while that of the second pair is set to be
200 eV to improve the performance of the DTA.[?°]

3.1. Calibrations and performance

Figure 3 shows one of the results of the calibration experi-
ments. During the experiment, the voltage V| 5 is scanned from
—34V to —50 V with an interval 2 V, therefore the energy of
the electrons entering the DTA varies from 90 eV to 106 eV
step by step. The image on the PSD is shown in Fig. 3(a),
where a series of concentric arcs can be observed. The elec-
trons with the same energy are supposed to impinge on the
arc with the same radius on the PSD. Establishing a polar co-
ordinate with its origin on the center of the arcs, the electron
intensity distribution on radius r is calculated and shown in
the inset of Fig. 3(a). By fitting this distribution with Gaussian
functions, the peak position and the full width at half maxi-
mum (FWHM) of each peak can be obtained. The energy dis-
persion feature of the DTA is represented by the dependence
of the electron energy E on its corresponding peak position,
which is shown as solid squares in Fig. 3(b). The energy dis-
persion function is obtained by fitting these data with a quadric
curve, which is shown as a solid line in the figure. By employ-
ing this function, the electron energy spectrum can be obtained
by converting from the measured r-distribution spectrum, and
the energy resolution can also be calculated. It is shown as
opened circles in Fig. 3(b).

To optimize the performance of the DTA, the voltage ap-
plied to each element of the entrance lenses, denoted as Vi1,
WVi2, V1.3, V4, and Vi 5 in order of the electron passing, is ad-
justed to optimize the performance of the DTA, which means
better images of the concentric arcs and thereby better energy
resolutions. Among these voltages, V1| is kept grounded, and
VL5 is determined by the incident electron energy and the pass
energy of the first toroid. Therefore, three voltages are ad-
justable. Since it is impossible to test every combination of
these three voltages, we just optimize them one by one based
on numerical simulations. The final performance of the spec-
trometer is detailed in Table 1.

Table 1. The performance of the DTA.

Pass Pass Azimuthal Energy Energy
energy 19 energy 2P range resolution  window
100 eV 200 eV 85° 0.89 eV 16 eV

a) pass energy of the first pair of toroidal sectors;

b) pass energy of the second pair of toroidal sectors.

The performance of the DTA is mostly determined by the
point to point focusing feature at a given pass energy. As can
be seen in Fig. 3(b), the energy resolution remains almost un-
changed in the energy range 92-104 eV, indicating that the
point to point focal plane coincides with the PSD detection
plane, and the resolution becomes poorer at 90 eV and 106 eV,
which is apparently due to the fringe field effect. Compared
with our previous SPEES instrument employing a TA, >3] this
spectrometer achieves a better energy resolution at the same
pass energy, better uniformity, and a wider energy window,
which indicates that the incorporation of the DTA has surely
improved the performance of the spectrometer.
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Fig. 3. Calibration of the spectrometer. (a) Two-dimensional image
acquired by the PSD at the electron energies from 90 eV to 106 eV
with an interval of 2 eV. The electron intensity distribution on ra-
dius r is shown in the inset. (b) The energy dispersion function and
the energy resolution. See text for details.

Moreover, the apparatus is operated in an UHV environ-
ment, resulting in a very stable incident current field-emitted
from the tip. Therefore, during the SPEES experiment, the
scanning mode, which makes the detection energy range of
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the DTA span the whole energy spectrum, can be employed
to eliminate the non-uniform response of the PSD along the r

coordinate.

3.2. Complete electron energy loss spectrum of HOPG

A complete electron energy loss spectrum of HOPG, cov-
ering the range from zero kinetic energy to zero loss (elastic)
energy, is measured in scanning mode to test the performance
of this DTA. The acquired spectrum is shown in Fig. 4(a),
where we can see clearly both plasmon energy loss and sec-
ondary electron emission (SEE) features of the HOPG sur-
face. The details of the spectrum at the low energy loss region
(< 60 eV) is shown in the inset of Fig. 4(a), where two peaks
due to the plasmon excitation of HOPG are observed. The
low-energy-loss peak (~ 6 eV) is a  plasmon peak, which is
assigned to the excitations involving the 7 electrons only, and
the high-energy-loss peak (~ 22 eV) is a & 4 ¢ plasmon peak,
which is assigned to the excitations involving all the valence
electrons (7w and o). On the other end of the spectrum, the
SEE peaks of graphite are also observed, the detail of which is
plotted against the kinetic energy, instead of the energy loss, in
the range 0—60 eV in Fig. 4(b). At least five peaks (or shoul-
ders) are observed in the SEE spectrum and are denoted as i—v
by arrows. The assignments of the observed peaks based on
the critical points in the theoretically calculated unoccupied
band structure of graphite!*?! are summarized in Table 2. The
values are given relative to the Fermi level.

The measurement of the complete energy loss spectrum
of HOPG indicates that this DTA can meet the requirements of

SPEES experiments. After being combined with STM, further
experiments on localized electron energy loss spectroscopy as
well as secondary electron emission spectroscopy can be ex-

pected.
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Fig. 4. (a) Complete electron energy loss spectrum of HOPG as
obtained by the SPEES instrument. (b) Detail of the low-kinetic-
energy region of the spectrum in panel (a).

Table 2. The assignment of the SEE peaks observed in Fig. 4(b).

Peak Band assignment Experimental/eV (in Fig. 4) Theory/eV (Ref. [30])
i (M, ) 1.7 1.74M; )
ii (A2) 5.7 6.04(A2)
iii o(Tf /Ty /M /M) 7.4 735 /Tg)/7.30 (M)/7.45 M;)
iv o(TH/Ty) 12.7 13.16 (T} /T,)
v n(My) 27.0 27.19 (M)

4. Summary

In summary, we have developed a double toroidal ana-
lyzer (DTA), which is designed to be employed in an SPEES
instrument. The calibration and the optimization have been
carried out with a tip—sample system composed of a piezo-
driven field-emission tungsten tip and a sample of cleaved
HOPG surface, and the performance of the DTA has been
tested. A complete electron energy loss spectrum of HOPG
is acquired, which shows both energy loss features due to the
plasmon excitation in the low energy loss region and the sec-

ondary electron emission features in the low kinetic energy

region. This result indicates that this DTA is capable of fit-
ting the SPEES instrument, and future work can be expected,
combining it with STM.
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