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The demand for a good techinque to profile a in-depth electronic structure has
increased more and more, as the thicknesses of the active Tayers in the electronic

devices have become thinner.

Low-energy electron energy loss spectroscopy (LEELS)

seems to be the best method for that purpose, since the probing depth can be easily

varied only by changing the primary electron energy in LEELS.

Here we report on the

first measurements of the LEELS spectra of Si(111) 7x7 and Si(100) 2x1 clean surfaces

and a Si/Si0
systematically,

interface, in which the primary electron energies have been changed
It has been proved that LEELS is a powerful technique to investigate

the in-depth variation of the elctronic structures non-destructively.

I. Introduction

Recently the thickness of the active layers
in the electronic devices has become thinner, and
the demand for a good technique to profile the in-
depth electronic structures has increased more and
more, Low-energy electron energy loss spectro-
scopy (LEELS) seems to be one of the most suitable
method for that purpose, since the energy of pri-
mary electron and therefore the probing depth can
be easily changed in LEELS. But so far there
have been no systematic investigations on the use—
fulness of LEELS for in-depth profiling of elec-
tronic structures. Here we will report on the
first measurements of the LEELS spectra of Si(111)
7x7 and Si(100) 2x1 clean surfaces, in which the
primary electron energies are changed systemat—
ically to change the probing depth. We will also
report on the elctronic structure of dnterface
between Si and SiOz, which dis one of the most
important interface 1in the electronic devices.

The surface sensitivity and the depth resolu—
tion of electron spectroscopy are determined by
the mean free path of the probing low energy elect-
rons., The solid Tine in Fig. 1 shows the typical
energy dependence of the mean free path of the
electrons in solids, which shows weak dependence
It reaches the
above that it

increases monotonously with the electron energy.

on the kinds of materials [1].

minimum value at about 50-60 eV,

The probing electrons in the LEELS measurements
penetrate into the specimen surface, are backscat-
tered in the specimen and come out to the vacuum,
and thus traverse the surface region twice. In
addition to that the cylindrical mirror analyser
(CMA) usually used in the LEELS measurement col-
lects electrons incomming at the angle of 42.3°
from the CMA axis, which means that electrons
passing through the sample to that oblique direc—
tion are collected. Thus the effective mean free
path is shortened in LEELS, resulting in better
surface sensitivity and depth resolution. The
broken and dash-dotted lines in Fig. 1 show the
effective mean free path for the loss energy of 10
eV and 100 eV, respectively. Then one can change
the proving depth from about 2 E to 10 E by vary-
ing the primary electron energy from 50 eV to 2000
eV.
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Fig. 1. Mean free path of electrons in solids

as a function of energy.




II. Experimental

2H-MoS,

In order to see the depedence of the LEELS
spectrum on the primary elctron energy in detail,
it is essential to use an energy analyser having rr\;/‘ SR—
a constant energy resolution in the whole energy -
range of measurment., We have met this requirement é /’\u/
by using a double pass CMA (PHI 15-255G) in the ? Ep=800eV
retarding mode, with which the constant energy g /\/
resolution of 0.5 eV has been obtained in the en- o Ep=400eV
tire energy range from 20 eV to 2000 eV. §' //\\/

When the primary electron energy is larger b Ep=200eV
than 1000 eV, only a small numbers of electrons /\AJ\ il
are backscattered. Thus it is needed to increase
the sensitivity of the LEELS measurement. High Er B ERE F B
sensitive measurement has been realized by using . iNER;{ID;E &5) 1

a pulse count detection and repeating the energy
Fig. 2. Primary electron energy dependence of

sweep and accumulating the counts to improve the
LEELS specta of a cleaved face of 2H—M052.

SN ratio. The second-derivative spectra have been

obtained by the numerical differentiation of the

measured spectra after measurements [2]. The inc-
rease in the sensitivity is also helpful to dec- Si(111) 7x7
rease the primary electron beam current, whereby
the irradiation effect of the primary electrons on = k%——thw\\ Ep=1600eV
the specimen surface is kept as small as possible. E B
2 T\ Ep= 800eV
<
II1I. Results and Dicussions W M A= kopey
= AN\ Ep= 200ev
£ -]
3.1 2H-MoS, ' ViV Vi \/\ Ep= 100eV
The instrumental dependence on the primary
electron energy have been checked by measuring the
E n
LEELS spectra of a clean cleaved face of 2H—M052. 5E‘f s ?ws % wpl
0 10 20

which has a layered crystal structure and no dangl-
ENERGY LOSS (eV)
ing bonds on its cleaved surface [3]. Then it is

expected that the electronic structure is nearly Fig. 3. Primary electron energy dependence of

the same from the top surface to the bulk. Fig. 2 LEELS spectra of a Si(111) 7x7 surface.

shows the observed LEELS spectra of 2H—M032 for

varios primary electon energies. Here the peaks

El--E4 arise from the interband electonic transi- Eﬁ? Sit111) 7x7 hgn
tions, and the peaks hwp are due to the partial o= tsute

plasmon excitation. The peak Ex comes from the ex- oo e
citonic transition. As is seen in the figure, 0.5F )

the observed spectra are essentially the same for e 1

the primary electron energy from 100 eV to 1600 eV 5 . A
except the change in the magnitude of the peak Ex. i 1“’EN€§EY(i3? 800 1600

This results strongly indicates that the constancy

of the present measuring system is well acceptable Fig. 4. Plot of intensities of surface-related
in the whole measuring energy range, as well as peaks normalized to the bulk peak E,.
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that the electronic structure of 2H7MoS2 is almost

the same from the surface to the bulk.

3.2 Si(111) 7x7 and Si(100) 2x1 surfaces

The LEELS spectra for clean silicon surfaces
have shown large dependence on the primary elect—
The surfaces of Si(111) and Si (100)
wafers were cleaned by flushing with electron beam
ATl

Surface

ron energy.
bombardment just before measurements. mea-
surements were done under 8 x 10_9 Pa.
cleanness was checked by Auger electron spectro-
scopy, ana no trace of contamination was observed.
The surface reconstruction was checked by RHEED.

Fig. 3 shows the LEELS spectra of Si(111) 7x7
for various primary electron

surface energies.,

Here the peaks labeled as hmp and hws come from
the bulk and surface plasmon excitation, respec-
tively. The peaks E] and E2 are due to interband
electronic transition, while peaks 51. 52 and S3
are related to the intrinsic surface states and
their

the primary electron energy.

intensities decrease with the increase 1in
Fig. 4 shows the
dependence of the surface related peaks normalized
to the bulk peak E2 on the primary electron energy
The dintensity of the lowest Tloss peak at 1.9 eV
drastically with the in the

decreases increase

primary electron energy. This peak is considered
to arise from the electronic transition between
the filled back bond state and the empty dangling
bond state [4].

cates that the 31 peak relates directly to the

The present result clearly indi-

surface dangling bond states localized on the top
surface.

The normalized intensities of the peaks 82
and 53, on the other hand, show the maxima at the
primary electron energy of about 600 eV and 400 eV
v respectively, indicating that those peaks are
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Fig. 5. Plot of intensities of surface-related

peaks normalized to the bulk peak E2.
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in the

There are two possibilities for

localized

related to the surface states
deeper portion.
the origin of these peaks. One 1is the electronic
transition between the back bond and the dangling
bond states [5], the other is the one between the
back bond and the bulk conduction band states [6].
The present result 1is in favour of the latter
origin.

Similar results were obtained for Si(100) 2x1
clean surface. Fig. 5 shows the primary electron
energy dependences of surface related peaks nor-
malized to the bulk peak EZ’

tensity of peak S1 decreases drasticaly with the

The normalized in-

increase in the primary energy, revealing that it
arises from the electronic transition between the
Peak 53

is considered to come from the electronic transi-

back bond to the dangling bond states.

tion between the back bond and the conduction band
states similarly as the case of Si (111) surface.
Peaks 52 and 32' are too weak to obtain definite

conclusions.

3.3 Si/SiOz interface

The above technique has been also applied to
the study of the electronic structure at the in-
film and
The thin Tlayer of 5102 was grown by

terface between a very thin layer of 5102
silicon.

thermal oxidation of clean silicon surface at 800

Si/Si02 Interface
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Fig. 6. Primary electron energy dependence of
Si(2p) core electron excitation spectra of
5102 on Si.



°C for 30 min under 1x10_2
of which thickness has been estimated as about 10
o

A from the dependence of the observed LEELS spect-

Pa oxygen atmospher,

ra on the primary electron energy [7] .

There are a few reports on the primary elect-
ron energy depedence of the LEELS spectra of a Si/
5102 interface in the interband transition region
[7-9].

plasmon,

Such collective excitation as interface

however, contributes to the spectra in
that energy region, and it makes difficult to get
definite informations on the interface electronic
structures. The spectra in the core electron ex-—
citation region are free from those interference,
and LEELS spectra of Si(2p) core electron excita-
tion region have been measured for the first time
Fig. 6

shows the primary electron energy dependence of

with varying the primary electron energy.

the Si(2p) core electron excitation spectra of the
prepared 51/5102 interface and those of clean sur-
As

is seen in the figure, the spectrum changes gradu-

faces of single crystalline silicon and 5102.

ally from that of 5102 to that of pure silicon
with the increases in the primary electron energy
The effect of the inter-
facial states seems to appear around 800 eV, which

and the probing depth.

is about the middle of energies giving the two ex-
treme spectra. Fig. 7 shows the subtracting pro-
cess of the pure silicon (dash-dotted line) and
5102 (broken Tline) spectra from the spectrum ob-
served at 800 eV,

in the resultant curve (c),

No distinct structure is seen
indicating that the
observed spectrum can be synthesized with mere su-
perposition of pure silicon and 5102 spectra.
This means that the interface between 5102 an sil-
icon is very abrupt and that there is almost no
intermediate layer at the interface. Even if it
exists, its thickness may be one or two atomic

layers.

In conclusion LEELS has been proved to be a
in—
In

principle its depth resolution is the best among

powerful and non-destructive method for the

depth investigation of electronic structures.

the various electron spectrosopies and can be made

[o]
as short as 2 A. This technique seems to be use-
ful especially to study the electronic structure

of the interface beneath the surface.
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Fig. 7. Decomposition of the LEELS spectrum

of 5102 on Si for Ep=800eV.
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