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Electron-energy losses in silicon: Bulk and surface plasmons and Cerenkov radiation*
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Characteristic electron-energy-loss processes in crystalline silicon foils are examined for scattering angles

less than 2.5 X 10 rad. The relatively high energy of the electron beam (75 keV), combined with a
low angular divergence (8 &( 10 rad), allows identification of retardation effects in both volume and

surface excitations. The results are consistent with complete probability distribution maps, calculated as

a function of energy loss @co and scattering angle 8, using recent optical data for the dielectric
constants of Si. The half-width of the angular intensity distribution in the volume plasmon (Sco = 16.6
eV) agrees with the theoretical value to within 3%. Below 4 eV (CI ) 10), a dispersive peak in the loss

spectrum is observed which is interpreted as a volume loss due to Cerenkov radiation for 8 ) 5 )& 10 '
rad, and which, at small angles, transforms into multiple surface modes propagating parallel to the
specimen surface in a waveguide fashion. Between 4.3 eV and @co~ = 16.6 eV (c, negative), the
prominent excitation is the surface plasmon in which the wave fields decay exponentially on both sides

of the surface. The dispersion follows the light line and then approaches an asymptotic energy (8.2 eV)
which is less than the energy calculated for a clean Si surface (@co, = 11.0 eV), but dispersion curves

calculated for 20- and 50-A SiO, (x —1.5) approximately fit the data.

I. INTRODUCTION

In the long-wavelength limit, the semiclassical
dielectric theory is expected to give an essen-
tially complete description of the energy h~ lost
by fast electrons passing through a thin slab of
material, provided that corrections are made for
multiple energy losses, elastic scattering, and the
limitations of instrumental resolution. At small
scattering angles 8, it is important to use the com-
plete set of Maxwell equations when calculating
the energy-loss probability function because retar-
dation effects due to the finite velocity of light
change the dispersion of surface excitations. Ul-
timately, the complex dielectric constant e(v)
= e, (&u) —ie~(~); e~(~) &0, is sufficient to charac-
terize the dispersion, damping, and excitation
probability of all energy-loss processes. For
metals where the dielectric constant resembles
the free-electron (Drude) model over a, particlar
range of +, the behavior of the surface plasmon in
the vicinity of the light line is reasonably well un-

derstood. Experimental measurements ' confirm
that, for e~~-1, there exist well-defined solutions
for the dispersion equation which are asymptotic
to the light line &=ck, as 0, tends to zero.
the wave vector of the surface excitation —in this
case the surface plasmon. Charge oscillations are
localized at the surface, with wave fields decaying
exponentially away from the surfaces both in vac-
uum and in the slab. Considering the electric field
component parallel to the surface, symmetric and

antisymmetric modes can be identified with mode
frequencies (d and &', respectively, which are al-
most equal and independent of thickness for thick
films (&300A for Al).

The dielectric constants for semiconductors (e. g.
Si, Ge, and the III-V compounds Gap and GaAs)
represent a further stage of complexity beyond the
free-electron case. For silicon, the oscillator
strength for transitions from the valence band to
the conduction band is quite weak above 10 eV, and
so the dielectric constants approximate free-elec-
tron behavior, ' the plasmon resonance energy oc-
curs at 16.6+0. 1 eV. Below 4 eV, && is large
and positive, with a peak value of 44 at 3. 4 eV.
The absorption edge is clearly seen in e~, which
rises rapidly above 3 eV. Previous optical and
electron- energy-loss ' experiments have con-
firmed that fast electrons traversing a thin foil

V'

may lose energy by Cerenkov radiation ' if e& is
sufficiently large. The initial purpose of the pres-
ent experiments was to verify the dispersion of

V'

the Cerenkov loss at small scattering angles. How-

ever, complete theoretical calculations including
the effect of surface terms show that the energy-
loss probability function becomes a complex mix-
ture of volume and surface losses. For a semi-
conductor slab in a, vacuum with e', ~ &ck,/~ & I and

&~-0, the wave fields associated with surface-
charge oscillations are sinusoidal in the slab but

decay exponentially into the vacuum. In this case
standing waves are set up in the dielectric. Fam-
ilies of symmetric and antisymmetric modes again
occur with mode frequencies ~~ and ~~, and have

associated thickness-dependent dispersion curves.
The separation between modes persists to much

greater thickness than in the case of the surface
plasmon. These excitations correspond to the mul-

tiple nonradiative solutions considered by Kliewer
and Fuchs'~ for undamped optical modes of vibra-
tion in an ionic crystal slab. Likewise, the theo-
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retical contour maps calculated by Kroger for
GaP contain several peaks which are identified as
multiple surface excitations.

In silicon, electron-energy losses should there-
fore show these effects together with surface- and

bulk-plasmon losses, provided sufficiently high
angular resolution is attained. The present mea-
surements on thick Si foils are interpreted in terms
which should be generally applicable to any iso-
tropic material.
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II. EXPERIMENTAL

Electron-transparent specimens were made by
chemical thinning ' of single-crystal (111)wafers
of high-purity slllcon, Estimates made by count-
ing thickness fringes indicate that the thickness
typically varied from 1000 to 2000 A over the area
illuminated by the electron beam (-0.1-mm diam).
Although the silicon flakes were thoroughly washed
before transfer to the electron spectrometer, no
special precautions were taken to prevent oxida-
tion, specimens were exposed to the atmosphere
for at least 15 min.

The resolution and operation of the apparatus is
described in detail elsewhere. 6 Briefly, an elec-
tron microscoye is used to provide a beam with
low divergence at the specimen (ax 10 6 rad at '75

keV). The effective camera length is 25 m at the
entrance to a Wien filter spectrometer mounted
below the microscope column. Photographic plates
are used to record the focussed dispersive image
of the electron distribution along the entrance slit.
The image formed in this way is directly related
to the energy-loss probability function, subject to
the instrumental and theoretical limitations men-
tioned above. The energy resolution is limited
mainly by the thermal spread in the incident beam.
For long exposure times (15 min), the width of the
zero-loss line, containing the yhonon-scattered
and elastically scattered electrons, is -0.7 eV.
Numerical datawere obtained from thephotographic
plates by the use of a Joyce-Loebl Mk III C auto-
matic recording densitometer.

III. ENERGY-LOSS SPECTRA

Figures 1(a) and 1(b) illustrate the energy-loss
spectra at normal incidence, and Fig. 1(c) is a
sketch of the main features with identification ac-
cording to the theory discussed in detail in Sec. IV.
The two horizontal lines correspond to bulk plas-
mon excitation and to yhonon and elastic scattering.
Over the range of the angles considered here the
bulk ylasmon has Qegllglble dispel sion. The dis-
persion of the surface plasmon follows the light
line closely at small k, and then goes to an asymp-
totic energy k(d, at large k, as expected. %e iden-
tify the remaining loss as due to the excitation of
Cerenkov radiation. To a first approximation, the
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FIG. 1. Electron-energy-loss spectra in silicon at
normal incidence. (a) Spectrum taken at lower exposure
time (-4 min), in order to see the details close to the
origin; (b) spectrum taken at longer exposure time ( 10
min)v (c) a sketch Qf IDaln features shown in (a) and (b)
with identification of losses. The horizontal line passing
through the central spot (/~ =0) contains electrons scat-
tered by elastic collisions and by phonons.

dependence of this loss on scattering angle arises
from the dispersion relation of light in an infinite
dielectricI &d = ck/6 ((d)4 where k is the 'total wave
vector. Alternatively, simple small- angle kine-
matics and the coherence condition of Cerenkov
radiation give the equivalent relationship 8= [P e(~)
—ljhe/2EO, where Eo is the energy and P= v/c
is the relativistic velocity of the electrons.

Figure 2(a) shows the energy-loss spectrum with
foils tilted at 45' to the incident beam, where the
tilt axis is perpendicular to the entrance slit of the
spectrometer. As expected, the dispersion of vol-
ume losses, bulk plasmon and Cerenkov radiation,
remain unchanged, whereas the dispersion of the
surface ylasmon has changed considerably.

In the following sections, quantitative data are
presented in the course of a detailed examination
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by Ritchie:
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FIG. 2. (a) Electron energy-loss spectrum in silicon
at 45' tilt. The change in surface plasmon dispersion is
clearly visible, whereas the dispersion of Cerenkov ra-
diation remains nearly unchanged. (b) A sketch of main
features in (a).

of these losses in which effects due to the finite
thickness of the sample are explored.

IV. VOLUME LOSSES: THEORETICAL BACKGROUND

Our concern is primarily with the energy-loss
probability function P(u&, k, ), where k~ is the com-
ponent of the wave vector of the scattered electron
perpendicular to the incident velocity of the elec-
tron. For high-energy electrons, small angle
scattering, and small energy losses, tk, ~ is equal
to kp~ where kp is the incident electron wave vec-
tor. Vfe do not reproduce the full expression for
P(ur, k~) here [see Eq. (26) of Krbger'; also Daniels
et al. 4], but various special cases for the volume
and surface expressions are discussed. The vol-
ume loss is given by

8P„(co,k, ) e2

B(g B~Q 7f2@g2
2 QIm

where e and v are the charge and velocity of the
incident electron and 2a is the thickness of the foil.
B k~ is the infinitesimal area element in the recip-
rocal lattice plane containing k,. The parameters
p =1 —eP (P=v/c) and Q = o.~+ ~ /v are complex
quantities, where o'.,= k~- ere /c . For large scat-
tering angles or for infinite c (no retardation), Eq.
(1) reduces to the expression originally derived

In Eq. (2), the scattering probability has been re-
written in terms of the energy loss E = h~ and an
infinitesimal solid scattering angle dQ. Note that
kpdQ =—B k, . Also, & must be defined as E& —i&~,
ez(el &0. The angle ez is defined as k„/ko, where
k„=&o/v. The maximum in the energy-loss function,
Im(1/c), gives rise to the bulk plasmon peak at w, .

The most significant difference between Eq. (1)
and (2) occurs when the parameter Q passes
through a minimum. For real &, the condition
P = 0 is satisfied for positive values of k~ when
v &c/e, which is the classical requirement for
Cerenkov radiation. Then the dispersion relation
is identical to the velocity of light line in an infinite
dielectric, i. e. , k, +k„=E'co /c or v=ek/e'
where k = (k~+k2) ~2 is the magnitude of the total
wave vector in the dielectric.

For complex &, the conditions for radiation are
somewhat less stringent. Equation (1) is equiva. -
lent to the form quoted by Festenberg and Krbger

as.(z, a) e )'=2Q
BE BQ

1 8'+ es[(l —e& p ) + (e2 p ) ]
[e'+ e', (1- e,p')]'+ (8', e, p')2

(3)
which reduces to Eq. (2) for P=0. A dispersion
relation for 8,„,the Cerenkov peak is found by
differentiating Eq. (3) with respect to 8:

8'. = 8'. Iep'-11(lel p'- lep'- ll) (4)

There exist no positive values of 6)
„

for EqP & 0.5.
It can be shown that 6 is a monotonic increasing
function of &~; as &~- ~, the upper bound on 8

is ez(e&p ——,') ~ . For e&p &1 the lower bound on
e,„as&z-0 is ee(e,p —1)' and, for 0. 5& e,p
& 1, the lower limit is es[(e,P —1) (1 —2 e~P )]'~ .
Then for &&P»1, the position of the Cerenkov
peak is controlled by E&, but the height and width
of the peak depend on e2 [see Eq. (3)]. Below an
absorption edge, the peak may become very narrow
and intense as &~-0, but it is always limited to
finite dimensions because Ez is never exactly zero.
The location of the ridge of intensity in the E-0
plane is not rigorously defined by Eq. (4) when the
Cerenkov peak is heavily damped (e~» 1). For
silicon, the dispersion curve calculated from Eq.
(4) has a negative gradient above the maximum of
e, (3.4 eV), but no such structure is visible in
contour maps for the volume loss calculated from
Eq. (1) because e2 is large above 3. 4 eV. At large
scattering angles the peak position defined by SP„/
BE = 0 is almost coincident with the interband tran-
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sition at 3.4-3. 5 eV. The effect of negative sur-
face contributions to the intensity distribution in

'V

the volume plasmon and the Cerenkov peak is con-
sidered in Sec. VI.

V. SURFACE MODES: THEORETICAL BACKGROUND

The surface terms in the energy-loss probability
function [Eq. (26) of Kroger'] all contain factors
L, ' and L in the denominators, where

L; = aq&+ es tanh asa

L, = uzi+ a3 coth n3a

(5a)

(5b)

I,'= e&e- PB tanP3a

I = nge+ P3 cotPgQ

(6a)

{6b)

where pe= jz3. For c & 1, L,' = 0 has solutions for

In these expressions, n, = (k, —uP/c~)'~ and n~
= (ka- ere%2)'~2 are the exponential decay constants
of the fields in vacuum (so= 1) and the dielectric
slab (of thickness 2a), respectively. For normal
incidence k, is identical to k~. The two wave num-
bers are written with different subscripts to em-
phasize that 0, is confined to the surface plane.
The dispersion of the surface plasmons is given
by the location of minima in the functions tL'

) and
iL, [ or equivalently by the maxima in Im(I/L, ').
Then, for k, » &o /c, e~ /e, we obtain the standard
expression for the energy dependence of the sur-
face loss, Im(1/1+ e). In practice, both definitions
agree with the exact peak locations found by cal-
culating the complete probability function. We
note also that we are considering only p-polarized
nonradiative modes.

In the simplest case of a free-electron metal
(e= 1 —+~2/uP), the equations I, '= 0 have solutions
for e~ —1. The asymptotic energy h+, at large
k, occurs for &= —1. For thin films, the &' mode
has a higher energy, but both modes follow the
light line w & ck, for small 0,.

Some qualitative ideas about the behavior of the
surface modes in silicon can be obtained by con-
sidering a simple single-oscillator model for the
dielectric constant where eq = 1+ u&~/(ror2 —co2) and
c2= 0. The solutions where & takes a similar form
have been examined by Kliewer and Fuchs, ' their
results are summarized here. For v&~~, c is
negative and approximately follows the free-elec-
tron case. The asymptotic energy 5&, is given by
the condition e= —1. As & approaches &~ from
higher energies, & tends to —~ and both &' and
~ modes converge towards the light line. The
free-electron model corresponds to the special
case where & = 0.

Below &~, the solutions for the nonradiative
modes (n~ real) take a new form because n~ is
imaginary for euF/c &k, . The dispersion equations
can be written

(gpss —I) v/2&P, a &me/2, where m= 1, 3, 5, etc. ,
and I has solutions for m=2, 4, 6, etc. Inside
the dielectric, standing wave fields with a sinusoi-
dal variation are set up. Unlike the solutions for
e & —1, the internal fields do not decay exponential-
ly away from the surfaces even for large values of
2a. The situation corresponds to total internal re-
flection of travelling waves in a waveguide, where
the fields outside the boundaries do not radiate but
decay as 8

For both undamped and damped oscillators there
are an infinite number of modes for && ~~. With
damping, the high-order modes weal be heavily
damped if &2 is large for &- ~~. Generally, the
two types of internal wavefields are clearly sep-
arated only for small values of &&.

Without damping, the general properties of these
modes as a function of the thickness 2a can be
listed as follows: (i) all modes reach the light line
~=ck, , but the lowest-energy solution (&o~ mode
for rn = 1 or 0 & Psa & n/2) continues down to the or-
igin, ' all other modes terminate at P~a = {m —1)m/2;

(ii) for large k, all modes are asymptotic to &o~;

(iii) at a given k„successive solutions at increas-
ing energies alternate between &g and +~ modes, '

(iv) as a- 0, the solutions all move upwards to-
wards ~r, (v) as a- ~, the curves spread out sub-
ject to a lower limit fixed by the velocity-of-light
line in the dielectric, or=ok J e

%hen damping is included in the single-oscilla-
tor model, the transition between the two types of
wave field on either side of ~~ becomes blurred.
The upper branch (e &a&r) does not simply termi-
nate when eq changes sign (at 4. 3 eV in Si) as is
implied by previous dispersion calculations
for real e. Generally, the curves for Im(l/I ')
always include a peak at the light line for positive

Likewise, the exact solutions of L, '= 0, using
a complex + and & for a single damped oscillator,
indicate that the curve for Be(~) lies slightly in-
side the light line, i. e. , ~ ~ ck, for & ~ ~z, Above
u~ both methods of calculation yield identical re-
sults. The slight differences between these ap-
proaches are resolved when the complete distribu-
tion function for electron scattering is calculated.
Then, for cq ~ 0, the highest peak intensities occur
exactly on the light line, but there is an asymmetry
towards higher energies. The same features are
present on the Si contour maps (Figs. 3 and 4) and
in similar maps for thick GaP films3 (2a = 3400 A),
where the highest intensities are slightly inside
the light line.

VI. INTERACTION OF SURFACE AND VOLUME
EXCITATION

In Figs. 3 and 4 the probability distribution func-
tion for scattering of 75-keV electrons at normal
incidence by a 1000-A silicon film is plotted as a
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Fig. 8 the dispersion of the multiple-surface peaks
is plotted for 2a = 2000 A. The lowest-order &'

mode now lies below the Cerenkov dispersion line
and just above the lower limit ro=ck, /eq (for ez
—0). All other modes have also moved downwards,
and there are three new peaks where the highest
index (I = 6) corresponds to a ~ mode. In general,
as a increases, successive co', and ~~ modes inter-
sect the Cerenkov loss line. This effect is linked
to the thickness-dependent oscillations in the pho-
ton emission curves calculated by Heitman. For
a wedge-shaped specimen, we must expect that the
changing thickness will shift and blur the surface
mode peaks —most likely into one very broad peak
situated somewhere between ~=ck, /e'~~ and to-3.2
eV, as is indeed observed. For larger 0, the peak

V'

intensity corresponds to Cerenkov radiation com-
bined with interband losses.

The quantitative experimental evidence in sup-
port of this interpretation is given in Fig. 5. The
measured dispersion fits the Cerenkov dispersion
line closely for 8 & 5x10 rad, but at smaller an-
gles the peak intensity moves into the region oc-
cupied by surface excitations. Also, the width of
the peak increases at small angles and is not lim-
ited by the instrumental resolution.

Experiments with foils tilted at 45 to the inci-
dent beam, where the tilt axis is perpendicular to
the entrance slit of the spectrometer, also suggest
that the energy losses below 4 eV have a mixed
surface and volume character. For a pure volume
loss, the only effect of tilting the specimen is to
increase the effective thickness, whereas for a
surface loss k, is confined to the plane of the film
and the scattering probabilities for +k, are no
longer equal. In addition the observed dispersion
in the E-k, plane must be transferred back to the
E-k, coordinate system before comparison with
theory because k, +k, for tilted films. In silicon
foils, the dispersion of the surface plasmon above
4 eV is consistent with a simple surface excitation,
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FIG. 6. Interaction of volume Cerenkov and surface
0

peaks in Si (2a =1000 A) for several values of k~ (units
are 105 cm '). The intensity scale has units 10~ eV '
sr '. The dashed curves are the volume loss for P =0
[see Eq. (2)], and the dot-dash curves represent the
complete volume loss including the Cerenkov peak (la-
beled C). The solid curves are the total volume and sur-
face energy-loss function, where the surface modes are
identified as in Fig. 5.

but the lower loss does not show any measurable
change in dispersion either for + 8 or relative to
the normal incidence data (Figs. 2 and 5). How-
ever, the peak heights for + 8 are not exactly equal,
particularly for small scattering angles close to
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FIG. 7. Illustration of negative surface contributions
to the angular intensity distribution in the volume plas-
mon (intensity for 2a = 100 A. is multiplied by 10). The
experimental data are normalized at kj =0. The angular
resolution (8&& 10" rad) has no significant effect.

the light line. The sign of the asymmetry in the
scattering probabilities matches the shift in the

relative intensity of the surface plasmon peaks at
higher energies (Fig. 2 and 9). Experiments with

thin films grown by evaporation, i. e. , with a uni-

form thickness, are needed to establish the behav-
ior of surface losses for positive &&.

Normal incidence data for the dispersion of the
surface plasmon above 4 eV are plotted in Fig. 10
for a Si foil with minimal exposure to the atmo-
sphere (-15 min). Although the asymptotic energy
is not measured, the data extend to 9. 5 eV. After

FIG. 9. Smoothed microdensitometer traces taken
from the spectrum shown in Fig. 2(b) (45 tilt). Solid
and dashed curves are for + 8. For large tI), the inten-

'V

sities in the Cerenkov peaks at 3.4 eV are identical for
+ (9, but at smaller angles the surface component affects
the relative intensities. The same effects are seen in
the surface plasmon at 8 eV, but the volume plasmon at
16.6 eV shows no asymmetries.

12
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I/ I
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I

exposure to the atmosphere for several hours, i. e. ,
sufficient time to form a relatively stable oxide
layer, the dispersion was measured again with the
foil tilted at 45' to the beam. Under these condi-
tions, it is possible to measure 5~, because one
branch has a much higher intensity. %hen the data
are plotted in terms of u& and k, (Fig. 10), it can
be seen that the dispersion does not match the nor-
mal incidence data. The asymptotic energy is
8. 2 eV (K&o, = 11.5 eV for clean Si).

Ideally, the surface-plasmon dispersion can be
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FIG. 8. Theoretical volume Cerenkov and surface
dispersion curves for 2a= 2000 A. (the curves are identi-
fied as in Fig. 5).

FIG. 10. Comparison of surface-plasmon dispersion
(solid curves) calculated for several thicknesses (f A) of
silicon oxide (SiO„). The filled circles represent nor-
mal-incidence data, and the open circles correspond to
data transferred from 45'-tilt measurements.
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used to measure the thickness of a contaminant
layer, provided that all the dielectric constants
are known. Unfortunately, most forms of surface
contamination are specifically associated with the
parent material, and are not necessarily identical
in structure and composition with similar oxides,
etc. , grown by different methods. In the present
case, the available dielectric data for SiO, Si02
and SiO„(g-l. 5) are used to make some approxi-
mate calculations about the composition and thick-
ness of the surface oxide layer on silicon.

As a first step, the asymptotic energy is used
to determine the composition of the oxide. An ap-
proximate condition for her, is that &&= —q, where
q is the complex dielectric constant for the oxide
layer. Then, for SiQ, we find h+, =11.0 ev and,
for SiO„and SiO~, 8&, = 8. 3 eV. In the corrections
made by Phillipp for optical measurements on
etched epitaxial Si films, a 15-A SiO layer was
used to fit the data. However, these results refer
to short exposure times; for the purpose of the
present calculations the composition SiO, is as-
sumed, and the thickness of the oxide layer is ad-
justed to fit the measurements.

The secular equation for the dispersion of sur-

face charge oscillations at the interface between
a semi-infinite slab and a superimposed layer with
thickness t and dielectric constant g is given by

f = nze+rin3(1 —ye s~s'/1+ye ~a~), (7)

where y= (qnt —nz)/(qnt+ ns) and ns =(k, —riuP/c )'
The data for a relatively clean surface (normal-
incidence measurements) correspond to a 20-A
SiO„layer, but a much larger thickness (&50 A)
is required to fit the measured dispersion after a
long exposure time (Fig. 10). These figures are
not very accurate. The only definite conclusion
is that g& for SiO is too small to account for the
measured value of h&, , whereas gq for the higher
oxides is consistent with our observations. Un-

fortunately, our present apparatus does not enable
us to measure the dispersion curves at normal in-
cidence and at 45' tilt without intermediate atmo-
spheric exposure.
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