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Scanning probe energy loss spectroscopy below 50 nm resolution

F. Festy? and R. E. Palmer”
Nanoscale Physics Research Laboratory, School of Physics and Astronomy,
The University of Birmingham, Birmingham B15 2TT, United Kingdom

(Received 9 February 2004; accepted 24 September)2004

We report scanning probe energy loss spectrosq@BELS measurements from a roughened
Si(111) surface in ultrahigh vacuum. The experiments, which utilize a scanning tunneling
microscope tip in the field emission mode as the electron source, establish that the spatial resolution
in SPELS is better than 50 nm. The spectral maps acquired indicate different contrast mechanisms
for the inelastically scattered and secondary electrons identified in the energy loss spec0éi ©
American Institute of Physic§DOI: 10.1063/1.1818742

Electron energy-loss spectrosco(BELS) in reflection  tip-surface junction. The RFA analyzer, chosen because of its
mode is a valuable probe of surface excitations, covering &igh throughput, was mounted parallel to the surface, where
wide range from the vibrational regime out to electronic ex-the signal levels in SPELS are highés‘lfhe energy resolu-
citations such as interband transitions and plasméi®&can-  tion of the analyzer was-0.1 evV>*
ning probe energy-loss spectroscop$PELS is a new The test sample in the experiments was @LHi) sur-
techniqué which aims to acquire such energy-loss spectra irface, cleaned in ultrahigh vacuuf@HV) by electron bom-

a spatially resolved fashion. The tip of a scanning tunnebardment heating at 1250 °C. The surface was deliberately
microscopeSTM) is operated in the field emission mode to roughened by heating in a pressure of &l@bar (predomi-
generate a local electron flux, which can be scattered fromantly hydrogenin order to generate surface texture on the
the surface and collected by a conventional electron energy0—100 nm scale, as confirmed by conventional STM imag-
analyzer. The energy resolution available from a standaréhg with the tip. The SPELS experiments employed a tip-bias
metal tip (replacing the monochromator in EELSs  voltage of -120 V and a field emission sample current of
~0.3 eV, so the technique is best suited to the acquisition 020 nA. Under these conditions, the tip-sample separation is
electronic excitation spectra. Recent repbhtsave focused ~100 nm.

on the information content of the SPELS spectra, demon- The data were acquired by repeated scanning of the
strating plasmon modes and interband excitations akin téame surface arg®00x 500 nm with a series of retarding
conventional EELS. An obvious question now is, “What is voltages on the analyzer. The RFA acts as a high pass filter.
the spatial resolution of the technique?” Simulatfoirsli- By subtracting images of the backscattered electrons ac-
cate that, at least in the case of a well-screened tip, a spatiglired with two different retarding voltages, one can also
resolution on the order of 10—20 nm and, indeed, approachacquire a spatial map of all the electrons detected within a
ing 1 nm (if the detected signal is angle resolyaday be given energy-loss range. Moreover, since the sample current
possible. The ultimate spatial resolution appears to be mucWas kept constant by adjusting the tip-sample distance dur-
smaller than the diameter of the spot irradiated by the tipjng a scan, a topographic map of the surface was obtained in
since electrons incident at the edge of the spot can morparallel with every backscattered image.

easily escape from the strong tip field and reach the analyzer. Figure 1 shows a series of images obtained from the
In this Letter we report an experimental approach to thissame area of the roughened(13il) surface. Figures
question. In particular, we obtain spectral maps ofcugh-  1(a)—1(f) were each obtained by subtracting images acquired
ened Si(111) surface that establish an upper limit of 50 nm with successive retarding voltages, as explained above. The
for the spatial resolution in SPELS. range of electron kinetic energies that each represents is la-

The SPELS instrument employed in this study employedbeled in the figure. Note that the tip-bias voltage was
a STM head based on the “pocket size” STM design of-120 V, so assuming a tip-work function ef5 eV the in-
Lyding and otheré® which provides good access to the cident electron energy in these experiments isl5 eV[thus
sample surface. The STM tips were produced by etching &ig. 1@ represents the energy-loss range from 5eV to
0.5 mm polycrystalline tungsten wire in a two-molar solution =5 eV about the elastic pepkAs we pass from Fig. () to
of NaOH; the tips were cleaned situ by electron bombard- Fig. 1(f) we are looking at electrons of decreasing kinetic
ment heating, and sharpened by argon ion sputtering. Thenergy, i.e., we are moving from the elastic peak region of
tips were checked with a scanning electron microscope anthe spectrum through the energy-loss features associated
exhibited a sharp apex with a radius of 10—20 nm. The elecwith plasmon and interband excitatidfis” until we finally
tron analyzer used to collect the backscattered electrons w#&gach the low-energy secondary electrons emitted from the
a miniature four-grid retarding field analyzéRFA), with a  surface. We have previously reported imdg&in which the

2-mm entrance aperture positioned 25 mm away from théotal yield of backscatteredand secondabyelectrons was
recorded while scanning across the surface, and shown that

dpresent address: Physics Dept., King's College London, Strand Londoin this case the image contrast depends on shadowing effects
Womrals oY Pt King 9 ’ : and edge enhancement arising from the surface topography.

YAuthor to whom correspondence should be addressed; electronic maill N€ individual images shown in Fig. 1 can be summed to-
R.E.Palmer@bham.ac.uk gether to produce such a total electron image; thus also la-
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FIG. 1. Electron energy-loss imagé€s00 nmx 500 nm) from the rough- Mt‘_ umw

ened S(111) surface, obtained by subtracting spectra acquired with different

retarding voltages. (a) -5 eV<E<5eV (elastic peak (b)

5 eV<E<15 eV (surface plasmon (c) 15 eV<E<55 eV (bulk
plasmon, contamination, multiple excitationgd) 55 eV<E, s <75 eV i J
(multiple excitations (e) 20 eV< E,,eic<40 eV (high-energy secondary

electrong, and(f) 0 eV<Eyineic<20 eV (low-energy secondary electrons

Energy range: 120-110eV  Energy range: 110-100eV ~ Energy range: 100-60eV
Relative intensity: 6% Relative intensity: 11% Relative intensity: 43%
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FIG. 2. (Color) Two-dimensional spectral map of the silicon surface imaged
o . . in Fig. 1. Each spectrum corresponds to a 50x%® nm square on the

beled in Fig. 1 is the percentage of the total electron signadurface. The spectra are composed of six energy bands, matching the spec-
contributed by each range of energies. We then see, for exal ranges given in Fig. 1.
ample, that the low energy secondary electr@isetic en-
ergy range 0—20 e)Mcontribute only 21% of the total back- o
scattered signal, while the inelastically scattered electron§!€arly that this is the case, as revealed, for example, by
with kinetic energies from 40 to 110 eV, i.e., the sum of Comparison between the height of the blireelastic scatter-
Figs. Xb)—1(d), contribute 66%. m_g)_ and red(secondary electrgrblocks. We conc_:lude t_hat

Comparison of the various images shown in Fig. 1 re-distinct, local .energyl—loss spec.tra can bg acquired with the
veals an obvious similarity at the broad level, reflecting theSPELS technique with a spatial resolution of better than
topography of the roughened surface, but also differences iR0 Nm. )
detail, e.g., compare Fig(d) with Fig. 1(f). Detailed inspec- [N this I_etter we have reported measurements _of the spa-
tion of particular images reveals features that can be resolvéfl resolution which can be achieved in scanning probe
on the length scale of 10—20 niisee, for example, the €nergy-loss spectroscop$PELS. Local energy-loss spec-
bright spots on the left-hand side of Figicland the bright ~tra, obtained by the subtraction of images acquired with a
ridge on the lower right of Fig.(t)]. This allows us to obtain retarding field analyzer, are dlgtlngU|shabIe on a scale of at
a spatial resolution within the energy loss images ofmost 50 nm. Energy-resolved images of the surface reveal
10—20 nm, at least comparable with and possibly somewhdpeasurable features on the length scale 10—20 nm. This is an

better than the resolution of 20—30 nm reported previouslynnovation in a branch of sciencggdield emission from a
from the total electron imagée§. metal tip which dates back®>!®?at least 30 years. The

Of particu|ar interest in potentia| app"cations of the measurements demonstrate that SPELS has the potential to

SPELS technique is the length scale over which distinctlyProbe the excited states of surface structures, and thus also
different energy-loss spectra can be obtained. From a set gfovide chemical analysis, on the scale of 10—50 (amd
energy-resolved images, such as those shown in Fig. 1, weossibly below.

can obtain a two-dimensional set of electron spectra, where .
each energy-loss spectrum corresponds to a particular loca; We thank the Paul Fund of the Royal Society for support

tion on the surface. In order to obtain this spectral map, th f this work. F.F. is grateful to the University of Birmingham

imaging area of Fig. 1500 500 nnm) was divided up into or studentship support.
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