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Using the developed hypocycloidal electron spectrometer and elaborated technigues
the studies of elastic electron reflection at 180° and energy-loss spectra for slow (0

5 eV) monoenergetic electrons by Si-p{100) surface were carried out. A distinet cor-
relation in the energy positions of feztures in the elastic scattering and energy-loss
spectra due to both possible interband transitions and excitation of surface electron

states in Si was found,

Amongst the surface studies techniques
in the recent years electron spectroscopy is
being extensively used. Probing matter with
slow electrons is widely applied in various
electron spectroscopy techniques providing
information of wvarious sense and value.
These technigues are slow electron diffrac-
tion, electron energy characteristic loss
spectroscopy, integrated secondary electron
spectroscopy, electron Auger spectroscopy,
photoelectron and X-ray emission spectros-
copy, reverse photoemission Spectroscopy
ete. providing information on surface struc-
ture, chemical composition, chemical bind-
ing character, surface lattice vibration etc. on
pure and covercd with adsorbate molecules
solid surfaces [1].

Application of slow electrons for solid
surface probing is related to certain problems
in obtaining intense enough and well colli-
mated electron beams with high uniformity
of their energy distribution. Since primary
electrons with energy <5eV can penetrate
into the solid by 250 A [2 (Fig. 3.2)), they,
similarly to ultraviolet electron spectroscopy,
can be expected to probe the energy bands in
the bulk, not only the surface energy states.
When electron, incident on the surface, ex-
cites interband electron transitions in the
bulk, energy and momentum conservation
laws should be obeyed. While in the case of
photoemission the photon momentum can be

neglected in comparison with the emitted
glectron momentum, in the case under con-
sideration the incident electron momentum
should also be taken inio account (at
Ey~10eV  the  electron  wavevector
ky~1,6x10"" m™', which is of the order of the

Brillouin zone in k& -space). Hence, at elec-
tron excitation both direct (vertical) and indi-
rect electron transitions from filled to empty
bands are possible.

This paper is aimed at the investigation
of slow monoenergetic electron interaction
with silicon surface.

Silicon is the principal material applied
in modern semiconductor electronics. Its
properties are relatively well studied both
theoretically and experimentally, including
low-energy electron spectroscopy [See e.g.
3-5].

Silicon unit cell contains two atoms with
four valence electrons each, i.e. 8§ electrons
per unit cell. This amount of electrons is suf-
ficient for full occupation of four Brillouin
zones. For Si in the Brillouin zone center (T,
k=) four allowed energy bands are located:
'y, T'zs, T'ise T2 The first (lowest) Iy band
contains two electrons. Somewhat higher is
'35 band, which is 6-times degenerated (with
the account of spin), where the remaining 6
electrong are located. I'ys and 5 bands at
T=0 K are completely empty.
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Fig. 1 Schematic diagram of a hypocycloidal electron
spectrometer for the low-energy electron backscat-
tering studies: (1) indirectly heated oxide cathode; (2)
extracting electrode; (3,4) entrance and exit electrodes
of the monochromator; (5,6) inner and outer elec-
trodes of the cylindrical capacitor of the monochro-
mator; (7-9) entrance and exit electrodes of the ana-
lyzer; (10,11) inner and outer electrodes of the cylin-
drical capacitor of the analyzer; (12,13) accelerating
electrodes of the spectrometer; (14} sample; (15) col-
lector of backscattered electrons; (16) collector of the
primary electron beam

The experiments were carried out using
a high-vacuum setup with oil-free pumping
out, consisting of the following major units:
a superhigh-vacuum chamber where a hy-
pocycloidal electron spectrometer is lo-
cated, a special goniometric device with the
samples under investigation, an electron
heating unit, a quartz lamp for heating,
electron spectrometer power supply unit, a
multichannel system for primary and scat-
tered electron current registration. Outside

the chamber Helmholtz rings are located,
providing uniform longitudinal magnetic
field inside the chamber, required for the
spectrometer operation.

In order to obtain monoenergetic elec-
tron beam and to analyze elastically and
inelastically scattered electrons we used a
hypocycloidal electron spectrometer whose
schematic layout is shown in Fig. 1. The
design and operating principles of the spec-
trometer are described in detail in [6, 7]. It
consists of two consequently located elec-
tron energy analysers, the first of them
serving as a monochromator, and the second
one being used as an analyser of elastically
and inelastically scattered electrons. This is
enabled by the fact that in crossed electric
and magnetic fields electrons, besides the
longitudinal motion, also drift in transverse
direction, i. e. in the direction normal to E
and H. The drift value in this case is inde-
pendent of the electron wvelocity vector.
Therefore backscattered electrons, having
passed the crossed fields of the analyser, are
displaced by a certain value from the pri-
mary beam axis. A collector located at this
distance can detect elastically backscattered
electrons. Inelastically scattered electrons
can be detected due to a segment-shaped
diaphragms in the analyser electrodes.

The main spectrometer characteristics are
the following: primary beam current ~10® A,
backscattered electron current ~107"-107" A,
the beam diameter ~0.5mm, full width
(FWHM) of the electron energy distribution
in the beam ~14-20 meV, energy resolution
of the analyser 50 meV. The unique feature of
the device consists in its ability to work at
very low energies (from practically 0 eV),
primary electron beam intensity being practi-
cally independent of energy, The spectrome-
ter transmittance is ~ 95%.

Before the measurements the electron
spectrometer and the sample were heated at
the temperature T-1050 K in vacuum 10°®
Pa during 50-60 h, followed by the surface
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cleaning by high-energy electrons. The vac-
uum in the chamber at the measurements
was ~107 Pa. The surface quality was
checked by the presence of fine structure at
the measured plots.

We have performed studies of elastic
backscattering of slow electrons and energy
loss spectra at different energies of incident
electrons for Si-p (100) surface.

At certain energy value of primary
electrons a sharp increase of excitation
probability for one-particle and collective
states in solids is known to occur [1, 2].
This results in the decrease of the elastically
scattered electron flux and a minimum is
observed at energy dependences of elastic
scattering intensity, Accordingly, in the en-
ergy loss spectra at the same energy a
maximum is observed. This is confirmed by
the results obtained here. Figs. 2, 3 present
the energy dependence of the intensity of
elastic scattering of electrons by 180° and
energy loss spectra at electron backscatter-
ing by Si-p (100) surface.

el
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Fig. 2, Enerzy dependence of the intensity of elastic
electron scattering at | 80° by the 5i-p{100) surface,

Energy loss spectra at the backscattering
were studied for different incident electron
energies from 0-5 eV, Excitation of electrons
in the range 0-1 eV, related to the surface
electron states was shown to be of resonant
character [7]. Interband electron transitions
have appeared to be very sensitive to the en-

ergy of the exciting electrons as well. There-
fore, the increase of the primary electron en-
ergy results in the fine structure weakening
in the lower enrgy range. With the incident
electron energy increase from O to 5 eV the
primary electron penetration depth sharply
devreases [2], this meaning the reduction of
the contribution of interband transitions in
the bulk with respect to the contribution of
electron transitions in a thin subsurface
layer. Hence, depending on E;, the same
features in the loss spectra can reveal in dif-
ferent way.
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Fig. 3. Energy-loss spectra at the electron backscat-
tering by the Si-p(100) surface at different incident
electron energies Eq: 1 - £=0.5eY; 2- B=1.0eV; 3 -
E-15 eV 4 - E=2.0 eV, § - E=2.5 eV, 6 -
E=3.0cV; 7-Ey-50eV.
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The most characteristic energy loss
spectra at electron scttaering by Si-p (100)
surface for various incident electron energies
(from 0.5 eV to 5 eV) are shown in Fig. 3.
As seen from the figure, the shape of the en-
ergy loss spectra is very sensitive to the inei-
dent electron energy. This confirms the as-
sumption of the resonant character of the in-
cident electron energy loss for excitation of
surface electron states and interband transi-
tions.
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Fig. 4, Silicon band structure caleulated by empirie
method of orthogonalized plane wave method [9].

In order to illustrate the correlation of
the peculiarities in the spectra obtained by
different techniques for silicon surface, the
data on the singular points in the spectra
{Figs. 2, 3) are listed in the Table. The ob-
tained results imply that the energy positions
of the features in different spectra are in
good agreement, their mean values differing
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from each other within the setup spectral
resolution which in the case of scattering by
silicon surface was less than 50 meV.

While earlier [8] we had been able to
find specific features only in the energy loss
spectra, in this experiment the resolution im-
provement enabled us to observe fine struc-
ture at the energy dependences of elastic
scattering intensity as well (Fig.2).

The energy positions of high-symmetry
points in the reduced Brillouin zone for the
bulk are determined from Fig. 4 [¢ (Fig.11b
and Table 7)]. The data on the silicon surface
states are taken from [10].

Supposed in I'); point the valence band
being split into a light-hole band T'j,(1) and a
heavy-hole band ') (h) and the conduction
band minimum being located apart from the
Brillouin zone boundary in X; point (the cor-
responding energy differences being of the
order of 0,1 eV), the obtained energy depen-
dences are in a good agreement with the
theoretical calculations of tand
structure using an empirical orthogonalized
plane wave method provided that for low-
energy electron backscattering spectra opti-
cal selection rules being not valid and direct
and indirect transitions of the excited elec-
trons being almost equally probable.

It is seen from the comparison of the
obtained results with the data of [9, 10] that
almost all features in the energy dependences
of elastic scattering intensity and energy loss
spectra are not only in good agreement with
the results of other authors obtained by vari-
ous ultraviolet and X-ray electron spectros-
copy techniques and field effect, but also es-
sentially complement them.

We know no other technique being so
sensitive to the features of non-filled bands
and capable of so exact determination of en-
ergy differences between the high-symmetry
points of the valence band and conduction
band as well as between the surface states.
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Table 1, Energy position of singularitics in elastic and inelastic electron backscattering spectra by silicon surface

and their possible relation to intraband and interband transitions of excited electrons.

Possible transition of | Transition energy Transition Elastic scat- | Energy loss,
excited electrons calculated by empiri- | energy, ex- | tering singu- | mean values,
{9,10] cal orthogonalized periment, larities, eV eV
plane wave method, eV [9] (Fig.2) (Fig.3)
eV [9]
0.27 0.23
0.34 (.36 0.35
(.43 0.42
S, -8, 0.49 0.46 0.52
()-8, 0.56 0.59
i (h)~-S8,(p—type) 0.65 0.62 0.66
S, =T, (h) 0.74
S, =LL(l) 0.83 0.8 (.83
X (A))-8, 0.97 0.98 1.00
X(A =T, (h) 1.3 1.1 1.14 1.10
X, (2Z,)-T%(h) 1.22 1.26
X, (AT
S, =5, 1.48 1.43
1.54
1.64
L, -5, 1.86 1.76
X, (A)-S, 1.96 1.93
S A gy 2.04
I'J(h)y~L, 2.2 1.9 2.17
Li)-L, 2.27
Li=X,(A) 2.51 2.49
Li— X (E;) 2,59
L -X, 2.67
I (hy= X, (p—type) 2.77 2.73
I'=T3(h) 2.8 34 2,88
S A ) 2.98
| R Bl 34 3.2 311
L,-T ER
=T, 4.05 .
i o 3.8,4.18 4.05
Xy~ X-‘r 4.08 4.1
4,36
r;-S, 4.66
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OCOBJUBOCTI PO3CIIOBAHHSI NOBLILHHUX
EJIEKTPOHIB IOBEPXHEIO Si-p(100)
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3a DomoMOorow rNouHEIO[IANLHOrD SNeKTPOHHOND CHEKTPOMETRA BiANORIARO A0
pospobacHHX METONHK NPOBEAEHD A0CIIKEHHA NPYRHOro BiADHRAHHA Ha 180° Ta
COSKTRIB CHEPrETHMHIX BTpaT noeinkiax (-5 eB) MonoesepreTIIHNX enekTpoHip
nopepxueto  Si-p(100). 3ualipeno uiTky kopemauilc EHEPrETHMHHX TONMKEHE
ocobaHsocTel NpyRHOTo BinGuBaHRY Ta cnekTpie encpreTHaHux BTpat. [Toearanna
nOCAIMAeHE TAROMG POAY B OOHOMY CKOMEDHMEHTI JAN0 3MOTY  OJEPHaTi
iHpopMaliio AKX Opo MONCIMBL MIKSOHHD OepeXodM, Tak 1 npo  30yimcHHEA
NOBCPXHERMX ENEXTPOHHIY CTAHIA ¥ THEPIMX TiTAX,
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