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Surface- and interface-plasmon modes on small semiconducting spheres
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The study of the electronic properties of small particles is of major interest because of their intriguing
physicochemical properties. The very small electron probes available in scanning transmission electron
microscopes offer unique capabilities for investigating small particles with subnanometer spatial resolu-
tion. The correlation between electron-energy-loss spectra and energy-filtered images is of great help in

pinpointing the excitations under study. This paper presents a theoretical and experimental study of col-
lective excitation modes in the bulk and at the interfaces and surfaces of small spherical silicon particles
covered with a thin oxide coating. Among other results, our experimental measurements have shown

that there exists a surface-mode excitation at 3—4 eV, precisely localized on the external surface of the
oxide layer. Classical dielectric theory is used in interpreting these results, by invoking the presence of
an ultrathin conductive layer.

I. INTRODUCTION

Electronic properties of small objects or microclusters
have been extensively studied in recent years. Such
media with very small dimensions exhibit chemical and
physical behavior substantially different from those of
bulk materials. Moreover, the understanding of the
small-particle electron affinity is very important because
of their wide application in catalysis work.

Analytical electron microscopy constitutes a useful
tool to provide locally the electronic properties of small
volumes, through various available spectroscopies (EDX,
EELS, Auger, secondary electrons, etc.}. Among them,
electron energy loss spectroscopy (EELS}experiments are
well adapted to investigate various electron-excitation
modes and particularly the collective ones (plasmons),
which are modified in a medium of finite size. The
valence loss region yields strong signal levels, and allows
access to some electronic-structure properties through a
macroscopically defined parameter, the dielectric permit-
tivity, because the phenomena involved are complex and
include important many-body effects. '

Early theoretical and experimental work ' has dealt
with the broad electron-beam geometries ( —pm ) in
which a great number of particles are simultaneously an-
alyzed. This configuration presents several experimental
difficulties: For example, one must produce samples
made of regularly spaced particles, sufficiently diluted to
be described as isolated, but dense enough to provide a
strong signal. Furthermore, the particles must be of sirni-
lar shape, with a narrow size distribution, and with as
thin an oxide coating as possible. These ideal charac-
teristics are very difficult to attain in practice.

The scanning transmission electron microscope
(STEM), which provides a focused 100-kV electron beam
within a probe of diameter less than 0.8 nm, allows the
study of individual particles with a high degree of spatial
resolution. It is possible to introduce the concept of im-
pact parameter, which corresponds to the distance be-
tween the primary electron trajectory and some well-

defined feature of the investigated particle (center, exter-
nal surface, etc.). The STEM offers two possibilities to
gather information: (i) in the fixed-probe mode, one mea-
sures the EELS spectrum for a point in the sample; (ii) in
energy-filtered images, one records the number of elec-
trons that have suffered an energy loss corresponding to a
particular excitation as a function of the probe position.
Consequently, it is possible to measure the energy of
various modes as well as their special localization.

Most theoretical work related to STEM measurements
has been devoted to the excitation of plasmons in spheri-
cal particles. More complex geometries related to the
spherical case have been analyzed by Baston for two
neighboring spheres, by Wang and Cowley and by
Ouyang and Isaacson for a particle interacting with the
substrate. Spheroidal targets have also been considered.
On the other hand, several authors have reported the
possibility of drilling holes of nanometer-size diameter in
beam-sensitive materials: ' it has restimulated the in-
terest in energy-loss studies in cylindrical geometry. '

Up to now, STEM experimental measurements have
mostly dealt with metals, and the data interpretation has
usually involved modeling the dielectric constants by the
Drude expression for a free-electron gas. ' ' This
description is valid for metals with a well-known free-
electron response (Al, Ag, Na, etc.), and the inclusion of
real damping can provide a realistic description allowing
a comparison to be made with experimental data.

The aim of this work is to test the validity of classical
dielectric theory for a more general case. We will be con-
cerned with the electronic properties of spherical semi-
conductor particles, particularly silicon spheres. This
material and its oxides have been extensively studied, and
are very well characterized, because of their applications
in microelectronics. The dielectric properties have been
experimentally measured; they present complex struc-
tures' and provide a stringent test for the theoretical
tools that have been developed for the calculation of col-
lective modes in dielectric spheres with arbitrary dielec-
tric response function.
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In the present paper, we investigate, under specific
STEM illumination angular conditions, the electron-
energy-loss spectruin at low energies (1—40 eV) for spher-
ical silicon particles, and the spatial localization of the
most important spectral features observed. The results
will be compared to predictions of classical dielectric
theory.

II. MATERIALS AND METHODS

The experimental work has been performed with a
dedicated STEM VG HB501 (for a complete description
of the operating conditions, see Mory' ). The field emis-
sion electron gun delivers a 100-kV primary beam of a
few 10 ' A to the surface of the specimen within a
probe 0.5 —0.8 nm in diameter, when an optimum angle
for focusing ( =7.5 mrad) is used. For EELS studies, the
microscope is fitted with a magnetic spectrometer Gatan
607 in the serial acquisition mode. Generally a collection
aperture of 6.5-mrad semiangle limits the acceptance of
the spectrometer. When carefully focused, the spectrom-
eter designed to cancel second-order aberrations, pro-
vides a typical sub-electron-volt energy resolution. It im-
plies a full width at half maximum (FWHM) of the order
or better than 0.5 eV. However, in the high-energy tail of
the elastic peak, a noticeable contribution remains for
losses as great as 3—4 eV. When studying EELS features
in this low-loss range, one is more concerned with the sig-
nal level superposed over the elastic peak background
than with the energy resolution. If a 1-eV energy resolu-
tion can be currently achieved for spectrum acquisition,
closing the selection slit at this level constitutes a more
stringent condition for energy-filtered image recording
when the dwell time per picture element is limited.

Small semiconducting particles have been prepared by
a gas evaporation method using an arc discharge between

two electrodes of silicon. ' The particles are deposited on
a holey carbon film, and they have a tendency to coagu-
late when collected for electron-microscopy observation.
Observations have only been performed on those particles
hanging over a hole, in order to eliminate the carbon con-
tribution to the spectra.

Figure 1 shows a low-magnification electron micro-
graph of a group of silicon particles. They are nearly
spherical in shape, but show a slight faceting when ob-
served with a high-resolution microscope (HREM).
Their size ranges from 10 to 300 nm in diameter, and
they are covered by a thin (2—6 nm) natural amorphous
oxide layer, produced by exposure to atmosphere during
the sample preparation for electron-microscopy observa-
tion. Some particles show dark contrast lines running
across them close to the center; these lines are due to pla-
nar faults, such as twins, produced during their growth.

III. EXPERIMENTAL RESULTS

Typical EELS spectra in the low-energy-loss region are
shown in Fig. 2. Spectrum (a) has been acquired in an
image mode, with the probe scanning all over a particle
of diameter =50 nm. Spectrum (b) has been acquired in
a fixed-probe mode, with the probe located outside the
particle at about 2 nm from the external surface (grazing
incidence); in this configuration it is possible to measure
surface losses without the strong contribution from the
volume plasmon, which is present in the case of penetrat-
ing trajectories.

Energy-filtered images corresponding to the main spec-
tral features observed have been obtained (Fig. 3) in order
to visualize their spatial distribution, as for example the
difference between surface and volume excitations. In
contrast with inner-shell losses, there is no simple method
in the low-loss region for processing an energy-filtered
image in order to isolate a desired signal. Consequently,
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FIG. 1. Conventional electron micrograph of a group of sil-
icon particles.

FICx. 2. Typical low-energy-loss spectra of silicon particles:
(a) over a particle; (b) grazing incidence.
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FIG. 3. Series of energy-filtered images of a small silicon par-
ticle close to a bigger one.
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FIG. 4. Line profile intensities extracted from the images in
Fig. 3.

we are constrained to work with the original images. For
a more accurate comparison of the localization of the
different excitations, line profile intensities have been ex-
tracted from the images along a given direction (see Fig.
4).

On the basis of our previous knowledge of Si-SiOz
plane interfaces, ' it is possible to draw, from the above
observations, the following immediate conclusions.

(i) The 17-eV peak is due to the Si bulk plasmon. 2 In
Fig. 3(c), corresponding to this energy loss, the image in-
tensity is maximum in the crystalline core at the center of
the particle. As expected, it is not present in the spec-
trum recorded in grazing incidence [Fig. 2(b)]; the
volume plasmon field is therefore zero outside the parti-
cle.

(ii) The 23-eV peak is due to the Si02 bulk plasmon. It
can be seen, in Fig. 3(d), that it is mostly generated within
the oxide layer covering the particle.

(iii) The 9-eV contribution is due to the normal surface
plasmon of the Si particle. We expect that the energy of
this surface plasmon will be found at an energy lower
than that of an isolated Si sphere in vacuum [for the di-
pole mode (1=1), co, =co~/&3=9. 8 eV], because the
effect of a thin oxide layer is to reduce the surface-
plasmon frequencies, leading to values dependent on the
oxide thickness. ' As expected, it is mainly excited at
the interface between the Si core and the Si-oxide layer
[Fig. 3(b)], which is predicted by the semiclassical calcu-
lations for Al-oxide-covered particles.

(iv) The minor feature at 5.5 —6 eV is due to a Si inter-
band transition, and may also contain a carbon contribu-
tion to the energy loss, if a small degree of contamination
is present.

(v) The minor features at 10.5 and 12 eV are due to
Si02 interband transitions. '

(vi) Finally the low-energy peak at 3—4 eV is an unex-
pected result, since a careful look at Fig. 3(a) shows that
the radius of this image is greater than that of the 9-eV
one. This means that this mode is not excited at the Si-
SiOz interface, but on the external surface (Si02 vacuum
interface) of the oxide layer.

IV. DISCUSSION

A. Classical dielectric theory: A summary

Several approaches ' can be used to calculate the
plasmon frequencies and their excitation probabilities in
spherical particles. Among them, Ferrell and
Echenique have presented a formalism using classical
dielectric theory, which is valid for any arbitrary dielec-
tric function E(co) It yields t.he total energy loss suffered
by a classical point charge moving in a straight-line tra-
jectory through a medium described by its complex,
frequency-dependent, dielectric function e(co, q ), the
momentum dependence q of the dielectric permittivity is
neglected. This assumption is usually called local theory,
because it does not consider the spatial dispersion or non-
local effects; thus the polarization induced at each point
is directly related to the electric field at that same point.

The validity of this approach is limited by the fact that
if the object becomes very small, quantum-mechanical
effects may be important and the macroscopic-dielectric-
function formulation is no longer a valid description of
the electronic structure. This "quantum size effect" pro-
duces a blue shift in the oscillation frequency. ' '

This energy shift may be neglected for particles of radius
greater than 8 nm.

On the other hand, for particles of radius less than 20
nm, retardation effects can also be neglected. ' Conse-
quently, for those particles with radius 8(R (20 nm,
one can solve the classical static dielectric problem, in-
stead of the full Maxwell equations, in order to calculate
the electric field E of the system.

The Laplace equation to be solved is
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V 4=0,
with

(la)

E= —VN . (lb)

V 4= —4mp,

with

(2a)

(2b)

where p is the charge density and 4 the electrostatic po-
tential.

The electron may then be represented by a time-
dependent charge density:

p = —e 5(x)5(y —d )5(z —Ut), (3)

where U is the electron velocity and d is the impact pa-
rameter related to some specimen feature (see Fig. 5 for
the case of an oxidized sphere).

For an electron traveling from z = —ao to + ~, the
work W done by the induced field on the impinging elec-
tron is

The usual boundary conditions are imposed upon the
solutions of these equations: continuity of the parallel
electric field and of the normal electric displacement field
components.

The resulting equations have nontrivial solutions only
for certain frequencies, given implicitly by the energy
dependence of the dielectric functions of the different
components in the analyzed system. These frequencies
are the surface-plasmon modes.

The total energy loss W can be calculated by solving
Poisson's equation to obtain the electric field:

provided that all inelastic electrons are collected, and
that the calculated probability is convoluted with the spa-
tial distribution of electrons in the probe. Howie and
Milne, ' and Walls and Howie, have applied this theory
to interpret EELS results for the case of a plane interface
between silicon and silicon oxide.

For spherical coordinates, Ferrell and Echenique
have deduced from this formalism an analytical expres-
sion, including all multipolar contributions, for the ener-
gy loss suffered by an electron traveling outside the parti-
cle. This derivation was then extended to take into ac-
count the presence of an oxide coating and the case of
penetrating trajectories.

B. Comparison of the experimental results with the predictions
of the classical theory

Figure 6 shows the results of the calculation of the
energy-loss probability for an electron traveling outside
an oxidized silicon particle. The lower part of the
figure presents the contributions of selected individual
multipoles, and in the upper part the results of the partial
additions up to I,„=I 5. A crystalline Si sphere,
covered with an amorphous Si02 layer, has been con-
sidered, with dimensions similar to the small particle
shown in Fig. 3. The experimental dielectric coeScient
introduced in the calculation was taken from Palik. '

Many multipoles (l ~ 15) have been included to obtain a
stable result.

The energy of the surface plasmon peak is about 9 eV,
but it changes in intensity and energy with l. The pre-
dicted energy agrees well with the measured one, but the
narrow shape of the peak is different from the experimen-
tal one. Walls and Howie have tried to overcome this

+ ooW'(d)= —e f E; dz . (4)

This expression can be compared to the total energy
loss calculated as a sum over all energy losses with their
probability of occurrence P (d) at an impact parameter
d:

W(d) = f ficoP„(d)dco .
0

Using a quantum-mechanical treatment, Ritchie and
Howie have established that this approximation is valid,

P (to)
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FIG. 5. Electron traveling with a velocity v at an impact pa-
rameter d from an oxidized sphere of external radius R.

FIG. 6. Energy-loss probabilities for the case of a silicon core
covered with a Si02 (glass) surface layer (R=17.1 nm; r1=11.6
nm; d =17.6 nm).
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discrepancy by including a thin layer of monoxide of sil-
icon at the interface between Si and Si02 to improve the
modeling of a gradual reduction of the oxygen content
across the interface, but the agreement with experiment
remains poor.

Energy losses due to oxide covering are only present
for energies greater than the band gap of Si02, i.e., 8.9
eV. Two major peaks, associated with interband transi-
tions at 10.5 and 12 eV are predicted. Beyond these
peaks the intensity decreases with some slight oscilla-
tions.

The surface-plasmon intensity is negligible for I )4,
and higher-order multipoles mainly exhibit contributions
generated in the oxide layer. It has already been reported
that oxide coatings reduce the contribution of high-order
multipoles ' to the surface plasmon, and that these
high-order modes are dominated by the oxide losses.

Two weak steps are visible at 3.4 and 5.6 eV. They
correspond to interband transitions in silicon, and are
also visible in the energy-loss function [Im( —I/e)] for
this material. They are related to volume properties of
silicon, and cannot be associated with the experimental
peak at 3-4 eV, with an obvious surface character in the
energy filtered image.

C. Possible interpretations for the 3-4-eV surface loss

Batson' has also recorded an unexpected peak at 3—4
eV in a similar experiment on oxidized Al spheres. This
low-loss peak was only present for a small sphere lying on
a larger one and has never been observed for isolated Al
particles. This phenomenon has been interpreted as the
result of a coupling of the surface plasmons at the point
of contact between two neighboring particles, where a
narrow metal-oxide-metal interface exists. In our work,
the spatial localization of the low-energy excitation does
not exhibit the dipole distribution around the point of
contact of the spheres, as was observed by Batson; more-
over, it can be seen in all particles. This difference is very
important, and constitutes a clear argument for analyzing
the problem with an isolated particle model.

Furthermore, in this energy range the complex part of
the dielectric permittivity for crystalline silicon reaches
high values [E2(3.4—4.0 eV) ) 30], so that any oscillation
would be heavily damped. Because the real part of e(co)
also exhibits high values [e,(2.8 —3.5 eV)) 20], the ex-
istence of Cerenkov radiation could be suggested. Its
contribution, however, remains negligible for the relative-
ly large collection angles (several mrad) currently used in
the scanning transmission electron microscope.

If we assume that the natural surrounding oxide layer
is made of amorphous Si02 (i.e., an insulator with a band
gap of 8.9 eV), the localization of the 3—4 eV loss process
on the external surface (Si02-vacuum) of the oxide layer
constitutes an anomalous phenomenon. It is well known
that insulators cannot absorb at energy values in the gap
(e2 ——0), nor can they sustain surface plasmons in this en-

ergy range. It suggests the existence of some kind of in-
duced surface phenomena (charge, contamination, radia-
tion damage, etc.).

As for the influence of a contamination layer of amor-

phous carbon, no important effect can be observed in the
low-loss range. This fact can easily be understood by
considering the surface plasmon at a plane interface be-
tween two materials a and b. The condition for reso-
nance is e&, (co)+e&b(co)=0 . Consequently, if medium
a is SiOz [el(0—7 eV) =2.2], an interface plasmon in the
3—4-eV region would require the medium b to be a con-
ductor, or at least a semiconductor with negative values
[e»(3—4 eV)(0] for the dielectric permittivity. Al-

though the conditions for resonance in a spherical
geometry are more complex, this consideration still
holds. The real part of the dielectric function of
amorphous-C (Ref. 37) is positive in the low-energy re-
gion [e,(1—19)eV))0], so an amorphous carbon layer on
the coated silicon particle cannot induce a new collective
surface oscillation in this energy range.

The effect of oxygen desorption, induced by electron ir-
radiation, on oxide surfaces is a well-known phenomenon
in electron microscopy. STEM analysis usually requires
very high electron doses to get a good signal-to-noise ra-
tio. In the present work, for example, doses as high as
10 e /nm have been necessary in recording the series of
micrographs in Fig. 3. Under the assumption that the
Si02 surface is damaged by the beam and loses some oxy-
gen, a thin conducting film could be produced on the sur-
face. We have therefore been led to study the surface
oscillations generated by a thin conducting spherical
shell.

D. General properties of surface excitations
in a conducting spherical shell

~VOid
l+1
21+1

and that of a isolated aluminum sphere,
1/2

I
21+1

If the shell becomes thinner (R Ir, ~1) the surface
plasmons of both interfaces interact and a strong cou-
pling is observable, producing a shift of the resonant fre-
quencies. In this case the association of a mode with an

A conducting surface coverage sustains two surface
plasmons, one, co„atthe external surface and a second
one, cu„,at the internal surface, like that of a void. To
visualize clearly this phenomenon, Fig. 7(b) compares the
energy-loss probability for a thin metallic shell with that
of a solid metallic sphere. The surface plasmon of the
particle splits into two modes. For the sake of simplicity,
the Drude model of the dielectric permittivity for alumi-
num (co = 15 eV) has been used.

Figure 7(a) displays the frequencies of the surface
modes as a function of the relative thickness of the metal-
lic shell (R Ir, ), calculated using the quasistatic approxi-
mation introduced above. Considering the different limit
situations in Fig. 7(b), for a thick metallic (R Ir, ~~)
shell, we obtain the two frequencies of a void in a infinite
matrix:

1/2
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h (0
(eV) "

12.

~ l= 1 ~/=2 o /=10
( )———Empty void in Al matrix

coupled surface excitation on a thin conducting surface
layer covering the particle. Furthermore it would explain
its localization on the outermost surface of the sphere.
The existence of the thin metallic coating creates an ex-
tremely inhomogeneous system, with a highly hetero-
geneous electric field, for which the influence of high-
order multipoles should be increased. The strong contri-
bution of the high I values for the co mode, may explain

40the sharp contrast induced in the energy filtered image
[Fig. 3(a)].

1.2 1.4 1.6 (R / r ) E. Detailed calculations for the double-coated sphere

~A1 sphere

(b)15

Z P{ml

R=20nm
d = 20.5 nm

(R/r, ) = 1.05

In the framework of the classical dielectric theory, the
coated-particle model (Fig. 5) is now extended to include
the effect of a second coating layer L2 (Fig. 8).

The frequencies of the surface-plasmon modes are
determined by the solutions of the equation

10

0= —(ay ) '+'ana 3&a&1
a'+—'d03d 3&a» l(!+ 1)

—y '+'l (l + 1)a02d32d» —1(l +1)do,a23d2, ,

where

(8)

FIG. 7. Properties of collective surface modes of a thin me-
tallic spherical shell. (a) Eigenfrequencies as a function of the
relative radius of the external and internal surfaces R jr, ; (b)
energy-loss probability for the case of a grazing-incidence elec-
tron.

and

a,"=e;(l +1)+e l, d; =e, —e

R
CX=

interface is not possible, because they are the result of the
oscillations of the electrons of the whole system. This
phenomenon has been known for a long time in the case
of a plane geometry (Ritchie ). If the thickness of the
film becomes small enough, the two surface excitations
are coupled. Thus two new frequencies are created, co

and co+', and the co mode reduces its energy with de-
creasing film thickness.

The low-energy peak observed in the present study
could therefore be interpreted as the ~ branch of the

PI(co, d)= +PI (a),d), (9)

where

%'e have solved the equation in order to calculate the
energy-loss probability for the general case of both exter-
nal and internal trajectories, i.e., whether or not the elec-
tron penetrates the particle. The total contribution of
each multipole is, as in '

—1 —I —2 —I —3 I+1 r + -4 r
—lr(co d)=constX(2 —5 ) (jl r, f»+jI rl fz I+X lr2 fez+XI "2 f31Im ~~

(l +m)! m

+ —5 g I+lf +@6 g I+lf ) (10)

where
r2 d 2)1/2

f»=2 f '
PI-[z j(d'+")'"]~a(r'CI e

(1 la)

r2 —d2)1 /2

( r2 d 2)1/2
1

(11b)

r
~ % % %'i» I ]

( ~2 d 2)1/2'2
(1 lc)

FIG. 8. Electron traveling with a velocity U at an impact pa-
rameter d from a doubly coated sphere of external radius R.
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f4h =&I. . ./, Pl [z/(d'+z')'"i~lb(r')kl -(z»
(1 ld)

where PP (x) is a generalized Legendre polynomial, and

(d 2+ 2)1/2

K (x) is a modified Bessel function of order m,
The expressions for cr& for the oxide-free particle, or

for the oxidized particle, can be obtained taking the
correct limits of expression (16) and choosing the dielec-
tric permittivities e.(co) for the different constitutive ma-
terials.

(r') for h =1
(r') "+'I for h =2,

cos(k, z), I —m odd

i sin(k, z), 1 —m even,(z)= '.

SIq(r')= '

and

1~i =xi"'[(f42+f32+fz2)rI+f»ri "'"]
+x,"'[(f4, +f'„)re+(fzi+f ii )r

+x" '[f4,Z'+(f' +f,', +f» )Z -"+"]
where f I&

=f,h but with gi (z) replaced by

cos(k, z), l —m odd

i sin(—k, z), l —m even .(z)= '

A brief outline of the calculation is given in the Appen-
dix, as well as the analytical expression of the coefficients

k, n
I

This expression accounts for the surface losses only,
and in the case of penetrating trajectories, we must add
the volume plasmon contribution P„'(co),of each constitu-
ent material i, to the total energy loss:

F. Comparison of the predictions of the theory for a three-shell
model with the experimental results

In order to model the conducting layer, we have as-
sumed an amorphous layer of silicon at the surface, as a
result of oxygen desorption from the Si02 surface. This
assumption does not imply that a completely oxygen-free
layer exists, but it constitutes a logical model for the con-
ductive layer induced by electron bombardment of the
Si02 surface. The thickness of this layer has been chosen
as 0.5 nm for the calculation, in order to represent a film
thinner than the diameter of the probe. This thickness
cannot be detected by other STEM imaging techniques,
but should be sufficiently thick for a description, to a first
approximation, by its macroscopic dielectric response.

The calculation using the experimental parameters
from Fig. 3 for the particle radius and the Si core, togeth-
er with a 0.5-nm amorphous Si surface layer, is shown in
Fig. 9. As before, we show independent multipole contri-
butions in the lower part of the figure, and a partial addi-
tion in the upper part. The thin (semi)conducting film in-
duces dramatic effects; the theoretical results now con-
tain an important contribution in the low-energy range
(4—5 eV), while the normal surface mode at 9 eV is not
modified.

PT(co, d ) = g PI(co, d)+ g P„'(co,d) .

Usually, this formula includes a third term, the
Begrenzungeffekt, that accounts for the reduction of the
volume loss probability due to the surface excitations. ' '

In our case this extra term is implicitly included in the
first one: for penetrating trajectories, the surface loss
probability become negative for energies below the
volume plasmon beak. Within the thin-film approxima-
tion, the volume loss probability can be written as

P(m)

0.

0"

P„'(co,d}= Im( —1/E)in[1+(P/Oz) ],
~Av

(14)
0"

0"
where t is the path of the electron inside the material i, 13

is the collection angle, and HE is the characteristic angle
of inelastic scattering, associated with an energy loss
A'co(OE =%co/pv; p is the momentum of the electron).

If we consider the case of an external electron, the ex-
pression is simplified, and yields an analytical result, as
published by Echenique, Howie, and Wheatley:

e'Z ' (&—
&0 }

P, (co, d) = g, ,
Im( cr I)—(I —m)!(I +m }!

0

0

0 ..

00 10 20

/=6

/= 10

4'= 12

0 (eV)

X(coR /v ) 'I(. (cod/v ),
where

~, =[x,"(ay) '+x,"y '+x,'']. (16)

FIG. 9. Energy-loss probabilities for an electron traveling
outside of a doubly coated silicon core, covered with a Si02
(glass) and an amorphous silicon (a-Si) surface layer (R=17.1
nm; r& =11.6 nm; rz=16.6 nrn; d=17.6 nrn).
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Normal
surface mode m+ modeP(co) X p, (m)
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Si sphere
onducting
ayer

0-
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FIG. 10. Energy-loss probabilities. Comparison between the

simple oxidized and the doubly coated silicon sphere (R =17.1
nm; r

&

= 11.6 nm; r2 = 16.6 nm; d = 17.6 nm).

The normal surface plasmon at 9 eV is correctly de-
scribed using only the first four multipoles. For the sur-
face plasmon at low energy, higher modes make impor-
tant contributions even for values of l —10, showing that
many I values must be included to account for the thin
conducting film covering the particle. This high-I-value
contribution induces a narrower localization of this exci-
tation.

In Fig. 10, the loss probabilities for the double-coated
silicon sphere and the simple oxidized case are compared,
showing that two additional oscillations co,co+ are gen-
erated at 4 and 12 eV, respectively. The contribution of
the oxide losses (%co) 10 eV) are slightly reduced, but in

comparison with the experimental measurements, they
remain too strong. The low-loss peak (co ) is predicted
to occur at a slightly higher energy (4—5 eV). This fact
probably indicates a small difference between the proper-
ties of the oxide layer covering the particle and the Si02
(glass), assumed for the calculations.

The next step consists in comparing the predicted lo-
calization for the different excitations with the experi-
mental measurements. This kind of direct comparison,
between calculated probabilities and energy-filtered im-

age intensities, has been criticized by several authors, be-
cause the measured profiles may contain effects such as
multiple scattering, focusing, etc., not included in the
simple dielectric energy-loss probability calculation.
Multiple events may be neglected because of the small di-
mension of the objects under study. We have included, in
the calculated profile, an integration window of 1 eV, to
take into account the energy width admitted by the selec-
tion slits of the spectrometer. The line profile surface
losses across the particles at 3.5 and 8.5 eV are shown in
Fig. 11. As before, the individual multipoles are in the
lower part and the addition of the 12 first multipoles in
the upper part. A few immediate conclusions can be
made. (a) The energy-loss probability shows some oscilla-
tions as a function of the probe position, and the number
of these oscillations increases with the index l. (b) The
spatial distribution becomes narrower at the interface
with increasing I, the first two modes l =1 and 2 are less
localized, but most intense. (c) The contribution of the
dipole mode is more important for the 9-eV plasmon (di-
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FIG. 11. Calculated surface loss probabilities as a function of impact parameter d for a doubly coated sphere. The intensity is in-

tegrated over an energy window of 1 eV full width. (a) 8.5 eV; (b) 3.5 eV.



4340 D. UGARTE, C. COLLIEX, AND P. TREBBIA 45

Theoretical
3.5 eV ------ 8.5 eV

Interface

P(d)

17 eV --- 23.5 eV

External
Surface

x0

vided by 5) than for the co mode (divided by 3). (d) The
summation of the different multipoles up to I =12 shows
that the 9-eV loss is localized at the Si-Si02 interface and
is slightly broader than the 3—4 eV profile maximum, lo-
calized near the external surface of the particle. The
width and positions of these maxima are in good agree-
ment with the experimental profiles in Fig. 4.

Figure 11 also shows rapid variations in intensity for
impact parameters corresponding to the conducting lay-
er. They are produced by the Begrenzungeffekt discussed
previously, and they vanish when calculating the total en-

ergy loss, which includes volume-plasmon losses that
show a strong complementary behavior.

For a comprehensive comparison with experimental
profiles, the total energy loss, including surface- and

volume-plasmon losses that cannot be discriminated in
the experiment, has been evaluated for each position of
the probe. As suggested by Ritchie and Howie, the spa-
tial distribution of electrons within the probe is simulated
by convolution with a Gaussian profile of FWHM 0.94
nm. The result is shown in Fig. 12, which displays the
predicted profiles for the simple oxidized Si particle, the
doubly coated Si particle, and the experimental intensi-
ties. In the first case, no contrast is detectable at the
external surface. The 3—4 eV ring at the external surface
is the only clear difference between the two models. It is
important to emphasize that energy-filtered images at
this energy loss constitute the only way of demonstrating
its origin as being due to the existence of a conducting
surface layer. The intensity predicted at 3—4 eV is weak-
er than in the experiment, but the zero-loss peak con(ri-
bution, which is very important in this energy range, has
not been taken into account. As for the volume-plasmon
excitations, the oxide plasmon profile (23 eV) is too low
with respect to the Si loss (17 eV). In contrast, the proba-
bilities calculated for grazing incidence show an overes-
timation of the surface-oxide losses (Fig. 10). This fact
may originate from a difference between the
stoichiometric SiOz glass, assumed to model the silicon
oxide, and the real properties of the natural oxide layer.

V. CONCLUSIONS

10 20 30 d (nm)

P(d)

10 20 30 d(nm)

rime ntal

3eV

9eV

17 eU

23 eV

10 20 30 d(nm)

FIG. 12. Comparison between the experimental line profile
intensities and the calculated total-energy-loss probability as a
function of impact parameter d. The probabilities are obtained
using an integration energy window of 1 eV, and a convolution
with a Gaussian profile (FWHM 0.94 nm) in order to include
the spatial extension of the electron probe.

Classical dielectric theory has been tested on small
semiconducting spherical particles. It has been applied
to a very complex (doubly coated sphere) and to a hetero-
geneous situation (inclusion of a 0.5-nm layer). In spite
of the simplified description of the sample with abrupt in-
terfaces, dielectric theory is capable of explaining the spa-
tial resolution in energy-filtered images of valence excita-
tions. The expressions developed in this work are valid
for an arbitrary dielectric function e(co), and the predic-
tions of the energy-loss probability show a close agree-
ment with the experimental results, even in minor details,
provided that the experimental values are used to de-
scribe the dielectric permittivity of the material.

We have demonstrated that as the multipole order I
grows, the modes are dominated by the surface-oxide
losses and contain negligible surface-plasmon contribu-
tions. Increasing the value of I also means that the physi-
cal properties associated with these multipoles are more
and more localized (q-R/1), giving rise to a transfer
from collective excitations to individual excitations. This
fact is not included in the classical dielectric theory used
here, which neglects the effects of spatial dispersion.
Ekardt "has shown that for very small alkali-metal parti-
cles (-nm), a limiting I value exists for the conservation
of the collective character. Beyond this value, multipoles
contain exclusively individual excitations. This fact may
explain why the classically calculated energy loss, includ-
ing high-order ruuttiolle, seems to overestimate the ox-
ide losses. The calculations have been carried up to
high-order multipoles (1=15) to obtain a correct stabili-
ty of the results, but high-order multipoles may produce
incorrect results in the classical description, and more-
over they consume much computer time, so that an op-
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timum I,„value lies generally between 10 and 1S.
In the present study, an anomalous result is interpreted

by the inclusion of a very thin film (0.5 nm), in the frame
work of classical dielectric theory, which means that such
a thin layer is described as a homogeneous 61m with the
same dielectric properties as the bulk materials. The va-
lidity of this approach may be open to question. As
many authors have reported the failure of detecting thin
coatings or surface reconstructions, with energy-loss ex-
periments using a high-energy electron beam, ' further
research work on the sensitivity of low-loss spectroscopic
studies to extremely thin surface coatings will be neces-
sary.
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APPENDIX

To determine the electrostatic potential of the system
formed by the impinging electron and the small sphere,
we write the solution to the Poisson equation (2a) as

@=+p- e 1

e(co)
~
r —r'

~

where 4p is the potential produced by the polarization of
the sphere. r' is the position of the electron.

The coefficients Al, . . . , Dl are calculated by solving the
following linear system of equations, obtained by apply-
ing the usual boundary conditions:

where

0 0 0

e, l —ezl ez(l +1}a'+'
0 ezl a' —e2( l + 1 }

0 0

—e'&I E3(l + 1)y 0

ail y' ei(l + 1) —eo(l + 1)

gi(r2, r')
362

&o
gi(R, r')

EOE'3

E

The energy-loss probability is then calculated as

P (d)= 1m[Co(d, k„co)~„q,] .

To perform the calculation of expression (10) the following coefficients are necessary:
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gt (to)=P(Pt (cos8')yt")

(V denotes Fourier-transform operation),

zi=[det(JK)] '=[—(ay) '+'a03a3zaz, —a ' 'l(1+1)d03d3zaz, —y '+'1(1+1)a03dz3dz, —1(1+1)d03az3dz, ]

xt ' = zl[(ay) ao3a3zdz, +y la03d3212&+a l(1+1)d03d3zdz, +1103a23dz, ],—(I + 1) 21+ 1 21+ 1 21+ 1

xt'2= —(1+1)(21+1}a+'zi(y +'a03d3z+d03d3zl),

x,'3= —(ay )'+'zld03ez(l + 1)(21+1)

2p 2
1 zla d3zaz, (y a03+d031),I+1 21+ 1

—1(1+1) zt+,
Idzl( y a03d32+d03a23 )

—(I +1)

xt ' = —(ay)'+'rid03az, (l +1)(21+1},

x, '= —a'zldzl [y '+'aoza32+dozd321(l +1)],
E'2

32= —1
x,"= rldzzd»1(l +1)(y"+'aQ3+dQ31),

E2

xt ' = y'+'rid0—3dz, l(l +1)(21+1),
xt ' = —a'rid03dz, I (I + 1)(21+1),

I(l + 1)

X14 '= —(I + 1)
zly

'+ '8
03 [a '+ 'a

32a 2 t +d 32d 2, I ( I + 1 )],
xt ' = (ay )'riaQ3d2, I (21 + 1),

52 I 1 21+i

5, 3 1(l + 1) zl+1X1' Id03(a d32azt +a23dzl ),

xt ' = (ay )'rie3d 2, 1(21 + 1)

xt ' =y'zid321(21 +1)[a '+'az, —dz, (1 +1)],
3dP31

xt ' = zl[(ay) '+'a3zaz, +y '+'d32dz&l(1+1) —a '+'dzzaz, (1+1)—az3dz, (1+1)] .
6'p
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