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A new version of an energy-loss spectrometer with low-energy electron diffraction (ELS—LEED, Henzler

type EELS) has been constructed. Different from the prototype spectrometer, which is equipped with a

single-pass 127cylindrical deflector analyser, the present spectrometer consists of an Ibach-type double-pass
monochromator, an enlarged single-pass analyser and some magnetic lenses in acceleration and deceleration

lenses and in the electrostatic deflection unit for high-resolution LEED. As a preliminary result, with the

Si(111)-7x 7 surface, the present spectrometer showed an energy width (full with at half-maximum) of

18 meV at the quasi-elastic peak and a transfer width of 96@& at the (00) diffraction spot. Copyright ©

2000 John Wiley & Sons, Ltd.
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INTRODUCTION EELS measurements with low-energy electron diffraction
(LEED) spot profile analysis, the influence of nanomor-
phology on the plasma waves in the ultrathin film has
Energy-loss spectroscopy and diffraction techniques with been studied in detaif. These studies have opened up an
slow electrons have been applied extensively in surfaceexciting new prospect of inspecting nanoscopic transport
analysis in the past two decades. The excellent surfacephenomena in conjunction with plasma waves in low-
sensitivity gives access to information about structures dimensional or nanostructured materials.
and electronic or vibronic properties at atomic layers In the present study, we report on the construction of a
in the vicinity of the surfacé-®> Among these tech-  different version of an ELS—LEED that adopts a double-
nigues, high-resolution electron energy-loss spectroscopypass monochromator, which is more difficult in operation
(HREELS) showed its power and versatility in study- butis expected to show high current and narrower energy
ing localized vibrational modes, phonon dispersion and width at the same tim¥&. The design of the EELS part
dielectric response, not only at the surface but also at anis the same as that by Naga al.,?° but with some
interface several nanometres below the surfateHigh- modifications in the slits and in the acceleration and
resolution low-energy electron diffraction (HRLEED) has deceleration lenses.
also enjoyed extensive application to studies ranging
from quantitative defect analysis to the study of dynamic
scaling during the growth and phase transitions of epi- DESIGN AND TEST RUNNING
taxial ultrathin films and surface superstructut&d>

Recently, Henzleet al have developed a unique instru-  1he gpectrometer design and the preliminary results in the
ment that is capable of performing HRLEED analysis st test running are described below.

using electrons monochromatized in the meV regifne;  rigyre 1 shows a schematic illustration of the new
an energy-loss spectrometer with low-energy electron ghecirometer. The main components of the spectrom-
diffraction (ELS—LEED). In the electron energy 10SS gier are as follows: an octopole electrostatic deflector

spectroscopy (EELS) mode, thanks to its high momen-(ﬁr high-resolution LEED; an Ibach-type monochromator

tum resolution, the spectrometer ha; successfully detecteqii, g double-pass cylindrical deflector analyser (CDA):
new plasmon modes that are difficult to probe by the gn energy analyzer with a single-pass CDA; and accel-
conventional HREELS techniqué.Also, by combining  gration and deceleration lenses that transfer the electron
beams between the octopole part and the EELS part of

* Correspondence to: T. Nagao, Department of Physics, Graduate the system. L.

School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, The octopole deflector, which is made out of three sets
Tokyo 113-0033, Japan. ' of eight electrodes, is a component of the spot profile anal-
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Sample of the exit slit of the monochromator at a sample posi-
[ tion 240 mm away from the end of the acceleration lens
i Entrance lens system. The deceleration lenses have the same geometry

and are placed symmetrically with respect to the centre
— axis of the octopole deflector. The axes of each lenses are
| 6" away from the centre axis of the octopole and their
"Permalloy” P i crossing point is located at the sample position.
shield P In order to have some additional adjusting parameters,
P we have included three small magnetic coils embedded
Octopole in the entrance lens of the octopole deflector and in the
acceleration and deceleration lenses. Although the effect
i on the beam focusing of these additional parameters is not
% — so dramatic, these parameters work efficiently to trim the
= ! shape of the electron beam in some cases.
Acceleration ) “Because the trajectories of slow electrons are severely
lens . Retardation distorted by the inhomogeneous stray magnetic fields,
lens care was taken to reduce the residual magnetic field
in the spectrometer. The EELS part is doubly shielded
by ‘permalloy’ tubes and each CDA is also covered
by ‘permalloy’ housings. The octopole deflector is also
shielded by a ‘permalloy’ tube. The residual magnetic
0 field was measured to be10 mG in the EELS chamber
I+ Channeltron and <70 mG in the octopole deflector. Some elements
of the acceleration and deceleration lenses are also made
of ‘permalloy’ to shield the CDA parts from the magnetic
field generated by small magnetic coils embedded in these
lenses.

The main part of the EELS controller consisted of
a combination of high-precision d.c. voltage generators
and high-precision potentiometers. All the voltages are
tuned and preadjusted with respect to the filament volt-
age and then all the electrode voltages are modified by
Figure 1. Schematic illustration of the new ELS-LEED. The 1€ Same value with respect to the sample potential to
spectrometer is mounted on an ICF306 flange. change the primary energy of the electron beam. Sample

potential is set to the ground level. The electron energy

.. loss spectra are taken by scanning the offset voltage of

154: Acheson) to reduce the secondary electron emissionhe analyser part with respect to the filament voltage via a
from the electrodes. programmable d.c. voltage generator (R6145: Advantest)

The CDAs in the EELS part (monochromator and controlled by a personal computer. The angular scan-
energy analyser) are made of copper, and all the slits arenjng is controlled by a 16-bit digital-to-analogue convertor
made of copper—beryllium alloy. All the other compo- mounted on a second personal computer. The electrons
nents are made of non-magnetic materials such_ as tantagre counted by a standard pulse-counting system using
lum, molybdenum and high-purity (99.5%) alumina. We 3 channel electron multiplier, a preamplifier and coun-
have meChanlca”y pOI|ShIGd all the electrodes in the EELS ters mounted on each persona| Computer_ The energy_|oss
parts and coated them with Dag 154 after depositing gold spectrum and the angular profile (LEED pattern) are thus
in vacuum. All the geometrical parameters are the same aSrecorded on the different personal computers indepen-
in Ref. 20, except that the widths of the slits are magnified dent|y_ Radio frequency noise and a.c. components from
by a factor of 1.5. This is to ensure a high sample cur- the electronics are minimized by resistance—capacitance
rent, because finding the first electrons backscattered fromfilters placed before the feedthroughs. The measured peak-

the sample is expected to be much more difficult than to-peak noise levels of the electrode voltages supplied to
in the straight-through mode normally used to tune the the spectrometer werel mV.

conventional EELS spectrometer. Because for most sam-  Figure 2 shows the result of a LEED two-dimensional
ples the intensity of the backscattered electrons enteringscan from the Si(111)-% 7 surface. The sample was
the aperture of the analyser is far below the picoam- flashed at 1230C for a few seconds in an ultrahigh vac-
pere level, operation with a double-pass analyser is notcum (1 x 10 Torr base pressure) for cleaning, and
realistic. Thus, for the present analyser, we adopted athen annealed at 80C for a few minutes to increase the
single-pass CDA with a 103" deflection angle and a long-range order of the surface atomic structure. The elec-
1.5-fold magnified mean radius compared with that of trons were energy-filtered to 50 meV full width at half-
the CDAs in the monochromator. The enlarged slit of the maximum (FWHM). The primary energy of the electron
analyser increases the signal current by accepting a broadbeam was 50.3 eV, which was close to an out-of-phase
ened electron beam due to aberrations without degrading(destructive) condition in LEED for the Si(111) neigh-
the resolution of the analyser. bouring terraces. A sharp LEED pattern was obtained with
The geometrical design of the three-element accelera-a very high count rate of more than®6ps at the (00)
tion lenses was determined by computer simulations of the spot. Because the intensity is shown on a logarithmic scale
electron trajectory using SIMIONG to minimize the image and the scattering condition is nearly out of phase, a weak
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o B 2 i Figure 3. Energy-loss spectrum at the (00) spot of the same
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X e « & & W ! ultrahigh vaccum. Squares are magnified data points by 3000
i01) 1) times. The energy half-width at the centre peak is 18 meV
(FWHM). A feature at ~90 meV is attributed to adsorbed oxygen

species originating from the residual gas.
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Figure 2. A two-dimensional LEED pattern of the Si(111)-7 x 7 — (1_/3 1_/3) ©o (173 1/3)
surface taken at 50.3 eV primary energy and an energy filtering 8 i : : : ', ; 3
of 50 meV. Intensity is shown on a logarithmic scale. The (00) : :
spot has a high intensity of 1.09 x 10° cps. .9.1 000 F 0.80 %SBZ -} 1

}3 ‘

streaky feature in the (00) spot running from the (00) ‘@ I ; ; ; j : :
to the 1) direction is visible. This feature is assigned § 100 b f4 ol
to sparsely distributed steps due to a slighD3") mis- e ‘ ‘ g ‘
cut angle of the wafer from the (111) direction. When :h:D ;
we decrease the energy half-width of the electron beam, g \ ‘ : ; : st
the intensity ratio of the background to the Bragg spots ~ -40 -30 -20 -10 0 10 20 30 40
decreases, as well as the intensity of the Bragg spots them: Wave Vector [%SBZ]
selves. This means a reduction in the background due to
thermal diffuse scattering. Figure 4. An example of a one-dimensional LEED pattern taken

. at an electron primary energy of 55 eV. The surface is
Figure 3 shows an electron energy-loss spectrum takeng;171)./3 x 3-Aq.

with the same surface at an (00) spot with 50 eV pri-
mary energy. The measured FWHM of the centre peak
was 18 meV. Because the pass energy of the spectromethe FWHM of the (00) spotsnarrowsto 0.40% of the
ter was 1 eV, the theoretically expected energy resolution surfaceBrillouin zone (0.0065A ). This is becausehe
is 12 meV;® which is ~30% smaller than the observed broadeningof the (00) rod due to a mosaic structure
value. The larger energy half-width in this experiment becomesmallerat lower electronprimary enegies. The
will be attributed partly to scattering of low-frequency half-width of 0. 0065A-* correspondso a transferwidth
plasmons on Si(111), which is known to broaden the of 960 A, andthe momentumresolutionof the apparatus
centre peak. The squares show the spectrum magnlfledshouldbebettoerthanthlsvalue Themomentunresolution
by 3000 times. At~90 meV we can see a sharp fea- around1000A is comparableto that of the commercial
ture attributed to a small amount of oxygen adsorbate SRA—LEED.
due to residual oxygen or water dissociation. At higher  Other examplesof two-dimensionalLEED patterns
loss energies of~800 meV the background gradually taken at a primary enegy of 132 eV are shown in
increases, which can be assigned to some interbandrig. 6. Thesedataare takenin a single sequencef Ag
transitions. depositionsonto a vicinal Si(111) surface.The miscut
Figure 4 demonstrates the LEED one-dimensional scanangleis ~4° towardthe [112] or the [112] from the (111)
taken with S|(111)</§x V/3-Ag along the (11) to the (00)  direction. After flashingthe surface,a 7 x 7 patternwas
direction at 55.0 eV primary energy. One fundamental and observed Becausehe patternis shownin a logarithmic
two super-reflection spots are seen. The FWHM of the intensity scale, which displays more clearly the weak
(00) spot was 0.80% of the surface Brillouin zone. At a featuresdueto surfacemorphology,sharpstreaksunning
lower primary energy of 12.3 eV, as shown in Fig. 5, in thedirectionof themiscutangleareseenatthe position

Surf. InterfaceAnal. 30, 488-492 (2000) Copyright 0 2000 JohnWiley & Sons,Ltd.
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Figure 5. One-dimensional LEED pattern around a (00) spot
taken from the same surface as in Fig. 4. Scanning direction is
(00)—(11). Primary energy is 12.3 eV. The momentum resolution
is 0.0065 A~", which corresponds to a transfer width of 960 A.

of Braggspots.This featurecorrespond$o a narrowwidth
(~40 A) of the (111) terraceswith 7 x 7 reconstruction
on them. After depositinga submonolayerof Ag and
annealingat ~580°C, the surfaceshowsa +/3 x +/3-
Ag patternwith some associatedstreaks.After further
Ag deposition,the streaksalmost disappearand only a
sharpern/3 x +/3-Ag patternis observedThe width of the
elongatedeaturesdecreaseasthe Ag coveragencreases

L

"2 0.8ML Ag depo, at8S0K
; : then cooled 1o RT

(not shownhere),which is indicative of anincreasen the
terracewidth, or the appearancef bunchedsteps.

SUMMARY

We haveconstructecinewversionof anELS—LEED that
is a combinationof an Ibach-typedouble-passnonochro-
mator and a octopole electrostatic deflection unit. In
preliminarytestsusingan Si(111)-7x 7 surface the spec-
trometershoweda high signalintensity of ~1f cpswith
a moderateenegy resolutionbetterthan20 meV. A high
momentumresolutionof 0.0065°A‘1, which corresponds
to a transferwidth of ~1000 A, was achieved.With
a proper sampleand operatingat a lower passenepgy
of the spectrometerthe apparatuss expectedto show
betterenegy resolution.Some plasmondispersionmea-
surementaitilizing the high momentumresolutionof this
new versionof ELS—-LEED are now in progress(details
availablefrom the authoruponrequest).
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1. 1ML Ag depo. at850K
then cooled to RT
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Figure 6. Evolution of the diffraction pattern with Ag deposition accompanied by subsequent annealing. The miscut angle of the
Si(111) sample is ~4°. The elongated diffuse feature of the spots is due to the narrow terrace width.
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