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| Introduction

An understanding of the electronic and structural properties
of solid surfaces has become increasingly important, both because
of the troublesome aspects of surfaces, such as encountered in
semiconductor integrated circuit fabrication, and because surface
properties play such an important role in areas such as catalysis
and electron emitting devices. Basically, despite the large amount
of work devoted to them, surfaces remain as a poorly understood
aspect of solid state physics. To a great extent this is due to
the fact that surfaces are not easily studied either theoretically
or experimentally. Theoretical treatments are difficult because
much of the symmetry that simplifies the theory of bulk properties
is lost when the surface is considered. Experimental difficulties
stem partly from the requirement that the measurements be carried
out under ultrahigh vacuum conditions using specialized techniques
to insure clean and well characterized surfaces; however, much of
the problem lies in the fact that none of the measurement techniques
are able to completely separate bulk from surface effects.

Ideally, an external, nondestructive probe which only interacts
with the first one or two atomic layers of the solid is required.
Although such an ideal probe is not available, the requirements of
nondestruction and small penetration are reasonably well satisfied
by a low energy electron beam. Despite this fact, low energy
electron scattering from surfaces has received little attention.

It was the main thrust of this experiment, therefore, to explore

the possibilities of low energy electron scattering as a technique
for investigating solid surfaces. Long range interests in such
measurements are concerned with studying adsorbates on surfaces, but
as a first step the clean surface itself must be understood and this
study was restricted to that goal. It was felt that new and useful
information could be obtained through a complete characterization

of the low energy electron scattering from a clean, atomically
ordered surface.

Although low energy electron beams have been neglected to a
large extent, electron beams in general have been used extensively
for studying solids and solid surfaces. Most of these investigations,
however, have been done with relatively high primary energies (> 100 eV),
and those measurements at lower primary energies have almost exclusively
dealt with the elastically scattered electrons. Further, the measure-
ments have primarily been made with large solid angle detectors or
small solid angle detectors at a fixed scattering angle, usually the
specular angle. Restrictions such as these have limited the available
information. Thus, in the present study an apparatus was constructed
in which both the energy and angular distributions of the electrons
could be studied. Measurements were concentrated on primary energies
of 5-100 eV, although the apparatus was not restricted to this range
and occasional measurements at higher energies (100-1000 eV) were made.

As mentioned, the principal study of low energy electron beams
has been that of elastic scattering from surfaces in the form of low
enerqgy electron diffraction (LEED) measurements. From atomically
ordered surfaces, the low energy elastically scattered electrons are
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predominantly contained in diffracted beams, and their geometrical
arrangement forms a LEED pattern which is usually displayed on a
phosphor screen. Analysis of the LEED pattern allows the size

and symmetry of the two-dimensional surface atomic structure to

be determined. Measurements of these LEED patterns are qualitatively
useful in assessing the degree of order of a surface, but by far the
most common application of LEED has been in monitoring the changes

in surface periodicity during adsorption of foreign atoms or molecules
on the surface. In some instances such measurements can lead to
predictions of likely bonding schemes at the surface but in general
this is not possible. Despite the qualitative nature of LEED1 such
studies have been useful and a number of recent review paperst-

cover the applications and shortcomings of the technique. At energies
lower than those used for LEED (< 20 eV) elastic electron reflection
measurements have been shown to be quite sensitive to chemical and
structural changes in the surface,’,8,51 but the interpretation of
these measurements is quite complex and at present there is disagree-
ment on interpretation.

Investigations of the inelastically scattered primary electrons,
although rather few in number, have also shown pronounced surface
effects. It has been shown, for example, that oxidation of metal
surfaces causes the energy of the surface plasmon peak to shift in
enerqy,9 indicating the changed electronic environment at the surface.
Propst and Piperl0 have observed surface effects in the inelastic
scattering of 4.5 eV electrons from W(100). Energy loss peaks ob-
served when the clean sample was exposed to controlled amounts of
gases were attributed to the excitation of vibrational modes of
the adsorbed s»ecies that are related to the bonding arrangement
to the surface. In a similar experiment, Ibach has recently measured
the low enerq¥ inelastic spectrum and found multiple surface phonon
losses on znOll and Si.l2 These last two experiments were carried
out with better energy resolution than available in the present study
but they serve to point out the sensitivity of a low energy electron
beam to surface interactions. Interband electron transitions have
also been identified in the inelastic spectrum of low energy elec-
tronsl3,14 and, in principle, electron transitions involving surface
electronic states should also be observed but have not as yet been
reported; however, photon-induced transitions of this kind have been
observed. 15,16

In addition to the information contained in the elastic and
inelastic spectra, peaks have also been observed in electron energy
distributions which remain at fixed secondary energies as the primary
energy is varied. Two recent experimentsl?,18 conducted at low
primary energies have yielded secondary peaks which could be cor-
related quite well with energies and directions of high densities
of states in the conduction band. Peaks fixed in secondary energy
are also obtained through an Auger process, and Harrower,1 as well
as Scheibner and Tharp,l13,14 have attributed the low energy peaks
in their secondary electron spectra to such a process.

In the foreqgoing discussion some of the possible interactions
of a low energy electron beam with a solid have been reviewed. From
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this discussion it is clear that the surface plays a strong role
in the scattering of low energy electrons and this has provided

the motivation for this present study. In the following section
the electron-solid interactions will be developed in more detail.

II. Electron-Solid Interactions
1 Secondary Electrons

The distribution in energy of electrons leaving a target due
to its bombardment with primary electrons is referred to as a
secondary electron energy distribution (SED). For primary energies
of about 50 eV or greater, a typical SED can be illustrated as
shown in fig. 1, and by common convention is broken up into the
three regions indicated by the Roman numerals I to III. Region I
is referred to as the region of true secondary electrons and
extends from Eg = 0 to a somewhat arbitrary upper limit of Eg = 50 eV.
Electrons in regions II and III are referred to as backscattered
primary electrons, region III containing the elastically and quasi-
elastically scattered electrons while region II contains the in-
elastically scattered primary electrons. [t should be pointed out
that these distinctions are made only as a matter of convenience,
since regions I and II have a certain amount of overlap, where true
seccndary electrons cannot be distinguished from inelastically
scattered primary electrons. The backscattered primary electrons
will be the subject of the next section and the rest of this section
will be devoted to the secondary electrons in regions I and II of
the SED.

Virtually all materials display the same general shape of the
SED with the characteristic large broad peak at low energies.
These electrons originate from a cascade process in which the
primary electrons scatter inel .stically from lattice electrons,
exciting the latter to higher energies. These excited electrons
then are considered to diffuse through the solid, scattering from
other lattice electrons and thus multiplying in number. Those
whose energy and momentum are proper can escape into vacuum over
the surface barrier of the solid and it is these which give rise to
the true secondary peak. Many experiments have been carried out
dealing with various aspects of the true secondaries and this work
is adequately reviewed elsewhere.20,21 With the exception of some
Auger spectroscopy measurements, which will be discussed below, this
present study dealt only with SED's at low primary energies where
regions 1 and II cannot be distinguished and the cascade process
1s minimized.

Superimposed on the generally smooth secondary spectrum there
is a certain amount of ‘fine structure as depicted in fig. 1. These
are peaks which remain fixed in secondary enerqgy, Es, as the primary
energy is varied. Such peaks have been observed for many years and
were first explained by Lander?Z2 in 1953 as being due to an Auger
process. The Auger process can be explained by using the energy
level diagram of fig. 2 showing two different possible combinations
of electronic transitions. Consider for the moment the transitions
indicated by the solid arrows. For sufficiently high primary energies,




an electron can be removed from the M shell of the solid. This
state can then be refilled by a higher lying electron, in this
case a valence electron, with energy being given up in one of two
ways. Either the energy can be given off in the emission of a
photon, giving the usual x-ray lines, or the energy can be given

up in a nonradiative process where another electron receives the
energy and is excited up to a higher electron state. This latter
process is called an Auger process and for this particular example
is depicted by an excitation from the valence band; this would be
termed an MVV Auger process. A second example is indicated by the
dashed arrows. Here the L shell is initially emptied and is
neutralized by an electron from the M shell with energy being
transferred to a valence electron; this is labelled an LMV Auger
process.

The energies at which these electrons appear in the SED,
using the vacuum level, Evac, as a zero reference are given as

o) st s s 1E .
vy - Byt | Byl {1}

Erny = 18 Byl - 1By

As can be seen from these expressions, aside from the broadening

of the atomic levels, especially the valence band levels, the

energy transfers available are characteristic of the elements from
which the solid is made up. Similarly, if there were contaminants

on the surface, the same type of Auger processes could take place,

the energy levels then being characteristic of the contaminants
present. A measurement of the energies of these small peaks in

the SED then provides a determination of atomic species present

near the surface of a solid. Such measurements have led to a form

of spectroscopy called Auger electron spectroscopy (AES) which has
been the subject of intensive work since 1967; much of it being
covered in review papers by Chang23 and Riviere.24 Auger spectroscopy
measurements are generally made with high primary energies and the
peaks measured involve transitions where a core state 1s ilonized;
however, the same considerations can be applied to electron transitions
involving only the conduction and valence bands, and such processes
have been used to explain structure in photo-emission energy distri-
butions.?25

Other processes which lead to structure in the secondary
electron spectrum have also been proposed. In a manner similar
to that involved in the Auger process, plasmons may de-excite by
transferring their energy to valence or conduction electrons from a
preferred narrow range of initial states. These excited electrons
may then, if energetic enough, escape into vacuum and cause fine
structure in the SED. It has also been shown by Kanel6 that
secondary electrons occupy the conduction band according to the
local density of states, so that at specific energies and directions
in K-space the electron densities should display relative maxima.
These would show up in the 3ED ag angu’arly dependent ~*ructure.
Such effects have been observed in Si by Best.l7 Peak. related to
the band structure have also been observed in the SED's from graphite
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using a hemispherical dvtoctmr.}h One additional process that
leads to structure in the secondary spectrum is the diffraction
of secondary electrons. Secondary electrons that are created
with the proper energy and direction may satisfy a Bragg dif-
fraction condition and give enhanced intensity to the SED in the
diffraction direction. Effective separation of these various
processes requires that both energy and angular distribution
measurements be made.

2 Backscattered Primary Electrons
a Inelastically Scattered Primary Electrons

Region II of fig. 1 contains the inelastically scattered
primary electrons. The most prominent structure in this region
is the group of characteristic loss peaks which occur within 30 eV
of the elastic peak. Each of these peaks contains primary electrons
which have lost a discrete amount of energy in causing some
excitation of the solid; they are termed characteristic loss peaks
because in general their energy separation from the elastic peak

is characteristic of the material and independent of primary energy.

Two types of characteristic losses are commonly observed,
those due to interband electron transitions and those due to the
excitation of collective oscillations of the valence electrons,
called plasma oscillations. A plasmon, which is the quasi-particle
terminology for a plasma oscillation, is often what one refers to
in scattering problems. Plasmon loss peaks are usually the dominant
peaks in the inelastic spectrum at high energies and have received
a great deal of interest, both experimentally and theoretically.
Several reviews of the subject?,27,28 have been written covering
both the theoretical aspects and experimental work; the latter has
dwelt mainly on high primary energies (> 10 KeV).

Two different types of plasmons have been distinguished; one
is the bulk plasmon and corresponds to a longitudinal oscillation
of the valence electrons of the solid. The excitation energy of
the bulk plasmon, in the free electron approximation, is given by

5 = A 0 2R S (3)
where K is the wave vector of the plasma oscillation, B is the
Fermi energy and po is the plasma frequency given by

2
e n

= (=] (4)

"y (6]
where n is the valence electron density, m is the free electron mass,
and £, is the permittivity of vacuum. It may be noted from this
expression that the plasma frequency is dependent only upon properties
of the material. For a number of metals and some semiconductors,
including Ge, good agreement is obtained between the measured plasmon
e..ergy and that calculated by using the full number of valence electrons




per atom to determine the electron density. However, in general
good agreement is not obtained since interband transitions can
shift the plasmon peak considcrably9 (Appendix A).

The second type of plasmon excitation, the surface plasmon,
is one in which the oscillation is associated with a surface wave

that is propagating parallel to the surface but whose amplitude
falls off in directions normal to the surface. Excitation energies
of surface plasmons are related to the bulk plasmon for thick
samples by”)
¥ = —B (5)
s 2

if the surface is clean, planar and bounded by vacuum. Should the
surface not be clean, such as when oxidized for example, then the
excitation energy is given by

Al

’ Db (6)
s Aie
where is the static relative dielectric constant of the bounding

material on the surface, e.g. the oxide.

Calculation of the characteristic loss spectrum is possible
if the primary electron energy is relatively large. For the case
of electrons in the energy range of 103-105 eV the inelastic
scattering is reasonably well described by the dielectric theory
of solids, certain aspects of which are described in appendix A.
In this theory the response of the electron system of the solid
to the Coulomb forces of the fast charged particle is described by
the dielectric constant, € (K,w), where »u and #K are the electron
energy and momentum respectively of the electron belonging to the
solid. 1In principle this function can be calculated from the band
structure of the solid; however, it is found that the function
£(0,w) describes the scattering of fast electrons quite well and
is easily obtained from optical reflectivity measurements. The
reason that ¢ (0,w) is adequate, is that the excitations produced
with significant probability, for high energy electrons, have small
momenta (e.g. plasmons) or are associated with essentially zero
momentum change, as for direct interband transitions.

From optical reflectivity measurements the real and imaginary
components of the complex, frequency-dependent dielectric constant

e(w) = '1(”) Sk vz(m) (7)
can be Qetermined. The principal direct interband electron transitions
are indicated by strong peaks in either ¢ or w€c, since the transition
rate per unit volume for direct transitions is given by (see Appendix A)

ch(uﬂ LIIUZEZ(UO (8)
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For the case of fast charged particles, the Coulomb interaction

of the fast particle with the electron system of the solid replaces
the plane wave interaction of optical measurements. As indicated

in Appendix A, the probability of an energy loss hw by a fast charged
particle in producing bulk excitations is proportional to the function

1 2
-In froy = —2—— s (9)

termed the energy loss function. Using this function, with the
optically determined ¢7(w) and £,(w) functions, the characteristic
loss spectrum can be fit reasonagly well for high energy electrons.
In this theory, the energy of the bulk plasmon is determined by

the condition

(w) = 0 (10)

which for free electron behavior yields equation (4) for the plasma
frequency (Appendix A).

Bauer29 has attempted a theoretical analysis of low energy
inelastic scattering of electrons in which he concludes that the
function ¢ (0,w) may not be suited to describing the inelastic
scattering. He draws this conclusion on the basis that low energy
electrons have a scattering probability that is less sharply peaked
in the forward direction than that for the high energy electrons.
If there is significant large angle scattering (8 - 20°), then the
excitation wave vector may become comparable to the dimensions of
the reciprocal lattice, meaning that non-direct transitions become
significant. In his analysis he derives an expression for the
scattered current associated with a given energy loss, AE, given by

g ‘ , muv ' o o
I(AE) = | ‘ —«—-3~—-—-—-Jm/uv(Ah,.K) t13.)
u,v AK o
where j 1is the incident current and j is the scattered current
for a pgrticular interband excitation WHich involves a momentum
transfer AR in going from branch u of band ¢ to branch v of band m
separated by energy /AE; this latter term also includes in it the
inelastic scattering factor. The term J_, is termed a generalized
joint density of states function, in anaTégy with its counterpart
in optical absorption theory, where AR = 0 (Appendix A), and is
given by
> —_
JmRuv(AE'AK) = j dS>
s |V2E_ (K + AK)-E, (K) |
. aci E_-E, = AE (12)
mu L
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As in the case of optical absorption, when the two bands are

parallel for a given AE and AK, the term J nfuy 15 large. It
is Bauer's conclusion that AK # 0 will be the rule rather than
the exception. However, oxpvrimwnt518r40 have indicated that

small angle scattering is often obtained even for large losses;
therefore, Bauer's conclusion may not be fully warranted.

b Elastically Scattered Primary Electrons

Region 111 of fig. 1 contains electrons which have been
either elastically or "quasi-elastically" scattered. "Quasi-
elastic" electrons are those primary electrons which as well
as being elastically scattered have suffered small energy losses
or gains (-~ 10 meV) by phonon scattering. Since the apparatus
used in this experiment was not able to resolve the "quasi-elastic
electrons from the elastic electrons, all electrons in region I1I
will be considered as elastically scattered.

-

In general there are elastically scattered electrons at all
angles of scattering, but their number at any given angle is
strongly dependent upon the degree of atomic order of the solid.
For completely disordered solids the elastic intensity varies

' smoothly with angle of scattering showing little or no structure.
Atomically ordered solids, in contrast, give rise to diffraction
of electrons from the "atomic grating", leading to intense beams
at specific scattering angles, depending upon the primary energy
and angle of incidence. For "perfect" crystals there would only
be the coherent scattering leading to the diffraction beams, but
real crystals yield some elastic intensity between the diffraction
beams with the relative intensity dependent upon the degree of
crystalline order, temperature, defect density, etc. The amount
of background scattering gives a rough measure of the degree of
crystalline order.

When low energy electrons are elastically scattered, the
diffraction beams observed are governed by the two dimensional
surface periodicities of the atoms. This is because the elastic
and inelastic collision cross sections are so large for low energy
electrons that the primaryoglectrons only penetrate the solid to
an estimated depth of 3-10A 0 pefore being scattered. The propaga-
tion directions of the resulting LEED beams are governed by the

j— two dimensional Laue condition given as
K -K ] K| = |K_| (13)
§ s~ Y et L ™ 1B
. where RO is the incident elgctron wave vector, K is the wave vector

of the diffracted beam and g is a surface reciprocal lattice vector.
The surface reciprocal lattice vector is defined in analogy with
the three dimensional reciprocal lattice vector by the relation

q‘"’m = v.bl + mb2 (14)
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where the basis vectors, b, and b,, of the reciprocal lattice
are determined from the baSis voc%ors, a;y and 3@, of the surface
mesh of the solid as

g X 0
b1 = 21 ,l,,,,__ ——
n e (aL x az)
(1i5:)
n X a
A i
b2 = 27 = <

Tl (a1 X az)

where n is a unit vector in the direction of the outward normal

to the surface. Any given reciprocal lattice vector, d. p AS
perpendicular to the surface grating line identified by Phe Miller
indices (Y,m) and satisfies the property

| > g L B

‘qlm; R (16)

‘m

where d is the distance between adjacent grating lines (Zm).
1t shoul® be pointed out that the basis vectors are defined for
a surface mesh where the atoms have the bulk spacings. In

general, however, the outer one or two surface layers may have

unit meshes that are different than the bulk. This is found for
clean surfaces of some materials where the surface is reconstructed
and is often found when other atomic species are adsorbed on a
solid surface. This outermost surface structure when it differs
from the bulk atomic arrangement is termed the superstructure and
the first atomic layer which has the bulk atomic confiquration is
termed the substrate surface layer. It is quite often found that
the unit mesh of the superstructure has dimensions which are integer
multiplies of the substrate mesh and this fact gives rise to
fractional order beams in the LEED pattern.

Without multiple scattering, a simple two dimensional grating
will not produce any change in LEED beam intensity as the energy
is varied, but in practice the beam intensities are strongly
modulated. This effect can partly be described by a kinematical
model in which the third Laue condition is used to account for
constructive and destructive interference between parallel two
dimensional gratings. The kinematical model assumes that the
electron wave field incident on any atom is equal to the primary
wave field and only single weak scattering events are allowed as
governed by the atomic scattering factor. Such models are useful
in explaining some of the intensity structure but are generally
inadequate because the large collision cross sections violate the
kinematical approximation of single weak scattering events. An
improvement in the model can be achieved by assumipg the primary
wave field is attenuated as it penetrates the surface; the attenua-
tion partially accounts for the large collision cross sections.
What is needed, however, is a multiple-scattering model which takes




into account the inelastic damping of the electron waves. Such
namical calculations have been attempted and have explained
xperimental results with varying degrees of success, but they

are difficult and as yet not readily applicable to explaining
experimental results. In dynamical calculations the wave field
incident upon an atom is made up of the primary wave field and

the scattered wave fields from all other atoms in a self consistent
manner; inelastic damping of the elastic wave field is sometimes
included. This means that aside from determining the surface
periodicities and the unit cell size it is usually not possible to
determine positions of atoms within the unit cell. These considera-
tions are described thoroughly in a number of review articlesl=6 and
will not be pursued further here. One additional theoretical
advance does bear some mention at this point; this is the intensity
averaging technique employed by Duke and Tucker3l:32 for determining
surface structure from LEED measurements. This technique relies

on the observation that above about 100 eV the effect of multiple
scattering is to add fine structure and energy shifts to the intensity
curves predicted by a kinematical model. However, suitable energy
averages of the intensity around a strong reflection in the intensity
profile lead to averaged intensity profiles which are in good agree-
ment with kinematical calculations and are independent of the sub-
strate. This then gives a method by which experimental intensity
profiles with a large number of multiple scattering peaks can be
averaged to yield intensity profiles which only have peaks cor-
responding to the kinematical peaks. Comparisons of this profile

to assumed kinematical model calculations can then give the surface
structure. This is a new and so far little tested approach but

has shown promise in explaining some simple structures.

For the purposes of this work, a convenient representation
of the diffraction process, which will lend itself nicely to the
later discussion of inelastic diffraction is the Ewald sphere
constructure in reciprocal space. An example of such construction
is shown in fig. 3. This diagram shows the reciprocal lattice of
a simple cubic crystal with lattice spacing, a, for a plane cor-
responding to one of the cube faces. This is also taken to be the
plane of incidence of the electron beam. The dots represent
reciprocal lattice points of the three-dimensional reciprocal
lattice while the rods which run normal to the surface of the
crystal are the two dimensional diffraction rods used for LEED.
The rods are generated by keeping the surface periodicities of
the crystal fixed while separating the atom layers parallel to the
surface to infinity. Because the dimension in reciprocal space
are inversely related to the dimensions in direct space, this causes
the reciprocal lattice points in the direction normal to the surface
to merge together and form a rod. 1In an Ewald construction the
incident electron wave vector, Ro' is drawn such that its end is on
a reciprocal lattice point and it is oriented at its proper angle of
incidence with respect to the diffraction rods. The wave vector
length is given by the free electron relation

2mE_ 1/2
K = [—>E] (17)
(8] 2
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A circle of radius ‘K | is drawn about, 0, the origin of the
incident vector and edch intersection of this circle with a
reciprocal lattice rod defines the end point of the wave vector
of a diffracted beam; a number of such vectors are shown with
their beam notations indicated as subscripts. Also shown 1s a
surface reciprocal lattice vector, ¢ 0r and it can be seen that
the condition of equation (13) governing the parallel components
of the wave vectors is satisfied.

Whereas the diffraction angles are determined by the inter-
section of the Ewald sphere with the reciprocal lattice rods the
intensity variations cannot be understood in terms of the rods
alone. From a kinematical viewpoint an intensity maximum occurs
for a particular diffraction beam when the intersection point of
the Ewald sphere with the reciprocal lattice rod coincides with
a reciprocal lattice point. Such intensity maxima are called
Bragg peaks and occur when the three dimensional Laue conditions
are satisfied, i.e.

K-k =¢ (18)
O

where G is a three dimensional reciprocal lattice vector. For

the conditions shown in fig. 3 this is only s~tisfied for the (00)
diffraction beam. As mentioned already, due to strong multiple
scattering the kinematical model is not sufficient to describe

the low energy elastic intensity variation; however, much of the
multiple scattering can still be accounted for on this diagram.

A multiple scattering theory accounts for the coupling between the
set of beams produced by the interaction of the primary beam with
the lattice. Because the scattering factor is peaked primarily in
the forward direction, two beams that make a small angle with one
another are most strongly coupled. Therefore, a strcng reflection
condition for one of the beams can lead to an increased intensity
of the other beam. Such peaks in the intensity profile are called
secondary Bragg peaks (SBP's) and tend to occur as fractional order
intensity maxima whereas the Bragg peaks are integer order maxima.
In fig. 3 the order numbers of the (00) beam maxima are indicated
along the (00) rod by n=1-5, and as an example a secondary Bragg
peak might occur in the (10) beam due to coupling with the fourth
order Bragg scattering in the (00) beam, giving approximately a
9/2 order intensity maximum for the (10) beam. General conditions
for SBP's are given by,

}'\O—K = G (19)

and

where ﬁl is the wave vector of a diffracted beam other than the

one being observed, ﬁo is the incident beam wave vector and &

is a reciprocal lattice vector.
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¢ Inelastically Diffracted Primary Electrons

Most lnelastic scattering events of interest involve small

energy losses with respect to the primary energy and correspondingly
small momentum changes. In order that the inelastically scattered
electron be backscattered out of the solid, then requires that it
also undergo one or more elastic scattering events. This relation-
ship between elastic and inelastic scattering in backscattering
measurements gives rise to pronounced diffraction effects in the

inelastic spectra.

In the simplest processes, the backscattered electron undergoes
one of each type of scattering event before being detected. 4
Davisson and Germer were the first to propose such a model in 1927.°
Their experimental results were explainable by assuming that some
of the elastically scattered electrons suffered inelastic collisions
before escaping the solid. This process will be called an EI
(elastic-inelastic) scattering process. <$Since the elastic scattering
precedes the inelastic scattering, the intensities of the loss
peaks will reach maxima at primary energies where the elastic
intensity is maximized. Also, since the momentum transfer is
relatively small, the loss peaks will maximize near the LEED beam
directions.

3

In 1938 Turnbull and Farnsworth34 obtained results which
indicated a reversed two-step process was taking place, i.e.
the inelastic scattering preceded the elastic scattering; this
sequence is called an IE (inelastic-elastic) process. In such
a process, primary electrons inelastically scattered within some
cone about the forward direction are elastically scattered out of
the solid. Some of these may have the right energy and momentum
to satisfy a Bragg scattering condition whereupon they will be
strongly scattered leading to an intensity maximum. Again, since
the scattering angle is small, the intensity maximum for any particular
loss, W, occurs approximately when the primary energy is Eg + w,
where Ep is the Bragg energy. The scattering angle for which the
maximum occurs is nearly the same as the angle at which the elastically
scattered maximum with energy Ep is found. This process, therefore,
unlike the EI process is dispersive in nature with only one particular
loss peak being maximized for a given primary energy.

Reichertz and Parnsworth35 found both EI and IE processes
i present in some measurements made in 1949, but that ended the
? interest in the subject until the last few years when a renewed
effort has been made to understand inelastic low energy electron
diffraction (ILEED) behavior. A number of experimental studies36-42
have been carried out recently which complement a series of
theoretical studies by Duke and coworkers43-48, These theoretical
studies have been successful in qualitatively explaining most of
the experimental results obtained to date and a quantitative applica-
tion has been made in obtaining a dispersion relation for the sur-
face plasmon for aluminum.

Calculations of ILEED behavior require that the elastic and
inelastic scattering parameters be fairly well understood. To
begin such a calculation the measured elastic intensity profiles
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(intensity vs E,) must be fit by a multiple ‘attering calculation,
such that trends in the intensity profiles with changing angle of
incidence are preserved. Once reliable fits are obtained, the
added complexity of combined inelastic and elast

events can be considered. So far aluminum has been the only
suitable material for such calculations since the inelastic and
elastic scattering parameters have been extensively studied.

scattering

A discussion of

some of the theoretical considerations given
by Duke and Laramore4®:46 jis contained in Appendix B. The basic
b t
concepts and conclusions of the theory are the following:

1. As in the case of low-energy elastic scattering, the
large elastic and inelastic collision cross sections
require that only the parallel component of momentum for
the double scattering event be conserved, i.e.

K -K + g = P, (21)
O] | I

where K ’ K; and 5‘. are the parallel components of

the wav@ ' vectors for theé primary electron, scattered electron,
and inelastic excitation (e.g. plasmon) respectively and g

1s a surface reciprocal lattice vector.

2. Energy 1is conserved in the double scattering process:

&
N

l-‘.p-h‘s = w(p) (2

where E, is the primary enerqgy, E, is the enerqgy of the

P S £ x 3
scattered electron and w is the energy of the excitation.

Each Bragg peak in the elastic intensity profile will lead
to two "energy-tuned" peaks in the inelastic intensity
profile occurring at primary energies of Ep and Eg+w.
These are the two cases of diffraction before (EI) and
after (IE) energy loss respectively.

W
.

4. Besides the "energy-tuned" peaks, the theory predicts
"momentum-tuned" or "sideband-diffraction" peaks for
bulk loss modes as a result of momentum conservation
normal to the surface.

As mentioned above, one of the predictions of this theory is
that each Bragg peak in the elastic intensity profile can lead to
four peaks in the inelastic intensity profile. In practice, however,
the "momentum-tuned" peaks are not usually observed because the
dispersion relations of the excitation (e.g. plasmons) are rather
"shallow"; this effect is discussed in Appendix B. In the angular
profiles (intensity vs scattering angle) of the inelastic electrons,
however, the "momentum-tuned" peaks should nearly always be observed,
when the primary energy is near Ep or Eptw, since by scanning the
collector an angle can be found at which the normal momentum conser-
vation is satisfied. These basic concepts and predictions are more
easily grasped by using modified Ewald constructions in reciprocal

13




ice. 'wo types of excitations must be considered; volume

where the excitation momentum has both parallel and

1l components with respect to the surface, and surface

¢ 1itions where momentum is restricted to lie parallel to the

irface. In each case the excitation dispersion relation will be
red isotropic, i.e. w(p) depends only |p].

n fig. 4 a diagram is shown for an EI scattering process.
y the right hand side of the figure a volume excitation is
lustrated while on the left hand side a surface excitation is
lered. The two large circles represent the intersection of
the Ewald spheres with the plane of incidence for wave vectors
‘orresponding to the primary momentum #K and secondary momentum #K.
n the right, a Bragg condition is shown®satisfied for the (00)
liffraction beam and at the end of this wave vector a small sphere
indicated which defines the possible values of -p for the volume
ion. For a given reciprocal lattice vector, in this case
and a given w(p) the possible secondary wave vectors, K, can
be determined from equations (21) and (22). The end points of these
vectors lie on the circle of secondary K vectors and the parallel
m conservation requirement limits K to lie within the shaded
region. Within the shaded region two secondary wave vectors are
shown which satisfy both the parallel and normal momentum conser-
vation conditions ("momentum-tuned” condition) and peaks would be
ybtained in the inelastic angular profiles at these two angles.

On the left hand side of fig. 4 the EI conditions are shown
for a surface excitation about the (02) diffraction beam. Since
surface excitations have no normal momentum there are only two
possible values of K which satisfy equations (21) and (22). Ideally,
then, rather narrow doublets should always be observed in the angular
profiles for surface excitations.

An IE scattering process is illustrated in fig. 5 for a bulk
excitation. The vector, K, shown represents the condition for
obtaining a "momentum-tuned" peak in the inelastic angular profile.
Because of the small angle scattering, this will occur for a
primary energy near E_ +w. It should be noted that for non-normal
™ incidence, as illustrgted, at any given primary energy and w(p)

there is only one value of K which satisfies the "momentum-tuned"
condition. A more detailed discussion is given in Appendix B.
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Ii1. Experimental Apparatus and Technique

1 Vacuum System and Processing

A basic requirement of surface measurements is that the
surface of interest must be kept free of contamination for the
duration of the measurement. In order to allow measurement times

of several hours vavrimonts were conducted in ultrahigh vacuum

of about 1.0 =% 10~ Torr, requiring special procedures and
apparatus. The ultra-high vacuum system used was a non-commercial
system built especially for this study and is shown schematically
in fig. 6 along with some of the major components inside. The
main chamber itself is 22 cm in diameter and has four 10 cm side
ports and four 5 cm side ports alternated every 45° around it.

All the parts of the vacuum system were made of 304 stainless

steel and gold gaskets were used for flange seals. A 50 liter/sec.
sputter-ion pump was used as the main pump and was connected to
one of the 10 cm side ports by about 1 meter of 10 cm pipe in
order to minimize the effect of the pump magnets on the experiment.
A titanium sublimation pump, positioned inside the pipe going to
the sputter-ion pump, was used to provide additional pumping of
active gases. For rough pumping, two zeolite sorption pumps were
used with liquid nitrogen cooling and were connected to the system
by a Granville-Phillips 2.5 cm ultrahigh vacuum valve.

Two windows were mounted on the system; one, a 10 cm window,
was used as a viewing port for observing sample and energy analyzer
positions, and the other was a 5 cm quartz window which provided
a direct view of the sample face for visual checks of sample
temperature and was available should photoelectric measurements
be desired. A gas admission system was coupled to the vacuum system
by a 1/2 inch Granville-Phillips type C valve and was used to admit
pure argon for ion bombardment cleaning of the sample.

Because the measurements involved low energy electrons,
magnetic fields were a serious problem. To minimize magnetic
fields from the sputter-ion pump, the entire pump was enclosed in
a case made up of two layers of high permeability metal separated
by a layer of aluminum. The Earth's magnetic field was compensated
by a set of Helmholtz coils five feet in diameter, centered around
the main chamber of the vacuum system. These coils allowed the
magnetic field to be nulled to within 10 milligauss over the region
of electron traversal.

Vacuum processing started with ultrasonic cleaning of every
part in methyl alcohol or boiling Freon prior to assembly. After
assembly the system was rough-pumped to about 1.0 x 10-3 Torr.

At this pressure the titanium getters were outgassed and the ion
pump wes baked into the sorption pumps for several hours. The
sorption pumps were then valved off and the sputter-ion pump was
started with the aid of_the titanium sublimator. Once the pressure
reached about 1.0 x 10°° Torr a brief outgassing was given to all

the filaments in the system and the entire system was baked at 275°C.
When the pressure reached about 5 x 107 Torr while hot the system
was cooled slowly and a thorough outgassing was given all the filaments |




1 the titanium sublimators. To remove gases readsorbed on the
walls during this outgassing the system was rebaked at 275°C. -10
This procedure typically produced total pressures of about 1.0 x 10
Torr or less, as measured with a Bayard Alpert gauge.

2 Measurement Apparatus
a Electron Gun and Scattering Chamber

A schematic view of the electron gun and scattering chamber

is shown in fig. 7; also shown is the energy analyzer and related
biasing configurations. The electron gun is a three-electrode
device machined from 304 stainless steel where focusing is
controlled primarily by the voltage between the second and third
anode. The first anode voltage has almost no effect on the focus

but acts mainly to control the amount of current. A tungsten
ribbon filament was used as the electron source and was heated
by direct current flow. At the emitting point of the filament,
the .040 inch by .001 inch ribbon was etched to about half its
initial size to permit smaller filament currents to be used. This
was desirable because magnetic fields needed to be minimized and
the smaller volt drop that occurred decreased the energy spread

! of the primary beam. About 1.0A of filament current was used and
this gave beam currents of about 1.0 x 10-8 A for 10 eV primary
energy and about 1.0 pA at 100 eV.

To obtain good focusing properties and a stable beam position
for electron energies in the range 5-1000 eV, it was necessary to
vacuum anneal the electron gun at 1050°C and then quench it with
a flow of argon. This procedure removed residual magnetization
induced in the gun parts by machining. Regions where the metal
was machined to small dimensions, such as near the apertures of
the electrodes, had magnetizations of up to several gauss. Spot
welding also caused excessive localized magnetization in the
stainless steel. A beam size of about 1.5 mm was obtained at the
target and its position was stable with changes in energy when good
cancellation of the Earth's magnetic field was provided by Helmholtz
coils.

A 3.0 inch spherical scattering chamber was formed from two
hemispheres of 304 stainless steel. From these were supported the
- - internal grids and collector plates. Surrounding the target, which
ks during measurements was positioned at the center of the scattering
chamber, was a spherical grid, gy, constructed from 100 line/inch
chromium plated stainless steel woven mesh. This grid was kept at
target potential thus maintaining a field free region about the
target to minimize trajectory distortion. A battery in the target
lead, allowed for correction of a contact potential difference
between the target and gj. A hemispherical collector was placed
] behind g; on the back haif of the scattering chamber and was biased
at 22 1/? to remove electrons which scattered in this direction.

| » On the other half of the scattering chamber, a second hemi-

spherical grid, 9, was mounted concentric to the first grid with
0.1 inch spacing and was used as a retarding grid for energy analysis
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of the scattered electrons. This grid was connected to a nearly
complete hemispherical collector used for large solid angle
measurements. To permit measurements of energy distributions at
specific angles a slot was cut in this collector and a drift channel
was welded in to provide an electrically shielded drift space,
extending beyond the outer hemisphere, in which an entrance tube

for the energy analyzer moved. All these parts were also

chromium plated.

b Energy Analyzer

Figure 7 shows a schematic view of the 127° cylindrical,
electrostatic energy analyzer that was used in the experiment.
The analyzer was mounted on a cart which rode in a slotted tracxk
providing 60° rotation about the scattering chamber in the hori-
zontal plane. A vacuum rotary feedthrough coupled to the cart
by a radial arm served as the driver.

The energy analyzer was constructed from 304 stainless steel
and as in the case of the electron gun it was necessary to vacuum
anneal the entrance and exit aperture plates to eliminate magnetiza-
tion caused by machining. Chromium plated stainless steel grids
with about 75% transmission (100 lines/inch) formed the deflecting
electrodes inside the energy analyzer. These were used in conjunc-
tion with cylindrical collectors placed directly behind them to
prevent the creation of secondary electrons inside the analyzer
which could reach the exit aperture. On the exit plate a knife
edge circular aperture .020 inch in diameter was used, while on
the entrance plate a .020 inch by .20 inch knife edge slit was
used. A slit was necessary because this type of analyzer does
not have refocusing properties along the direction of the cylindrical
axis. With a circular aperture instead of the slit, small mis-
alignment of the transmitting plane of the analyzer with the
trajectory of the electrons entering the analyzer caused loss of
signal. A slit provided enough leeway to eliminate this problem.

An analysis of the properties of this type of electrostatic
velocity analyzer was given by Hughes and Rojansky.49 They showed
that 127° 17' was the optimum deflection angle for a cylindrical
condensor; however, recently Roy and Carette”" have shown that
slight variations on the geometry of the analyzer can improve its
performance. The resolution of the analyzer is app-oximately given by

AE AR 5 2
5 g itk 2
o

where /AR is the aperture width, Ry is the mean radius of the analyzer
and o« is the angular acceptance of the analyzer. For the analyzer

as used, AR was .020 inch and Ry = .886 inch. The angular acceptance,
t, 1s defined as the maximum angular deviation an electron can have
from normal entrance and still pass through the analyzer, if it
originates from a point source at the entrance slit. A value of about
5° was estimated for a from the approximate orbit equations given by
Hughes and Rojansky. Using these values gives a resolution for the




analyzer of AE/E = 3%. With respect to the angular acceptance
f the analyzer, it should be pointed out that this is for electrons
nanating from a point source at the entrance aperture whereas the
geometrical angle of acceptance, for a point source at the target
and radial electron trajectories, is less than 0.4 degree. The
perating characteristics of the analyzer were in good agreement
with calculations, the energy passing relationship, E)dgg = 3.52 AV
where AV is the potential between the deflecting qridg‘WAs measured
to be less than 3% in error for pass energies from 1.0 eV to 60 eV.

There are two modes of operation for this analyzer. 1In the

first mode, the pass energy is fixed and the electrons are retarded

jrid g, before they enter the analyzer. Since the resolution
is a fixed percentage of the pass energy, this mode leaves the
resolution of the analyzer fixed over the entire energy range of
the measurement; this method was used almost exclusively. The
second mode of operation consisted of setting g,, g, and the
analyzer case at the same potential and then obtaining the energy
distribution by sweeping AV. Energy distributions obtained this
way had to be corrected by a resolution factor to give their true
shape. The true energy distribution is related to the measured
distribution by a factor proportional to E~+. Energy distribution
measurements taken by the two different modes of operation were
compared, and the ET+ proportionality was verified.

c Apparatus Alignment

Mechanical alignment of the parts of the apparatus was a
critical factor for obtaining reliable energy and angular
distributions. A procedure, utilizing a laser beam, was developed
to align the parts accurately. A jig was constructed that supported
a front surface mirror at the sample position such that it could
be rotated about the same axis as the energy analyzer with accurate
control of the angle. With the mirror set for normal incidence
the laser beam was directed down the axis of the electron gun and
reflected back from the mirror to the laser and back again. If
there was some misalignment, the reflected beam back to the gun
could be seen displaced from the originally transmitted beam.

The electron gun position was then adjusted until all the beams
were coincident; this was the condition for having the electron
gun properly aligned. Next the mirror was rotated so that the
laser beam was reflected onto the energy analyzer. A mirror was
mounted on the entrance plate of the analyzer and the aperture
position was marked with cross hairs. The reflected laser beam
from the target mirror was kept between the cross hairs of the
analyzer mirror and the analyzer position was adjusted until the
laser beam doubled back upon itself. When this condition was
reached the electron gun and energy analyzer were in mutual
alignment with the proper target position. A final check was made
by allowing the laser beam to pass through the entrance aperture
and reflect off the back wall of the analyzer onto the exit plate.
When this reflected beam was at the same height as the exit aperture
then the analyzer was mounted properly on its movable cart.
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3 Measurement Procedures
a Sample Positioning and Orientation

The target was mounted at a fixed 45° angle to the incident
beam on the end of a manipulator shaft as shown schematically in
fig. 6. The main rotary axis of the manipulator was coincident
with the electron beam axis, so that rotations of the target left
the incident angle unchanged; such rotations are equivalent to
rotating the energy analyzer about the electron beam axis.
Besides the rotary motion, the manipulator allowed the crystal
to be translated 6 mm in two directions perpendicular to the
rotary axis and the rotary axis itself could be tipped.

When the sample was cleaned by ion bombardment it had to
be withdrawn from the scattering chamber. This necessitated
some means of accurately repositioning the sample in order to
continue measurements. An axial translation stage on the
manipulator allowed the target to be withdrawn 7 cm where it
ould then be tipped in front of the ion bombardment unit. To
reposition the sample, the manipulator shaft was adjusted to be
*oaxial with the electron beam and the target was then reinserted
into the scattering chamber as accurately as possible with external
measurements. Final adjustments were made by monitoring the
specularly scattered electron beam. With the energy analyzer
positioned to receive the 45° specular beam, the sample was
idjusted until a maximum signal was obtained. This proved to
be a very reliable way to reproduce target position. In addition
the target could be translated in directions perpendicular to the
electron beam until the beam missed the target. 1In this way the
sample edges could be defined and the sample could easily be
centered.

Prior to mounting the sample manipulator, the conditions for
cancelling the magnetic field were determined. A remote probe
from a gaussmeter was inserted into the center of the scattering
chamber such that it was perpendicular to the axis of one set of
the Helmholtz coils. The current was then adjusted through those
coils until a null reading was obtained. Each set of coils was
adjusted in that way until the best cancellation was achieved.
The fields were reduced to the order of 10 milligauss or less by
this procedure.

— b Secondary Electron Measurements

In making these low energy measurements, it was important to
maintain a field free region between the target and the inner grid,
g,, so that the electron trajectory distortions were minimized.

f Tﬂis meant that contact potential differences had to be cancelled

out. The condition for no potential difference between the target
and g, could be established by measuring the low energy cutoff of

the SED. If there is no potential difference between the target

and 91 then an electron that originates at the target with zero
kinetic energy will pass through the analyzer when the sweep voltage,
V_, as defined in fig. 7 is given by Vs=-Vpass, where Vpass is
defined by Vpass=eEpass. In other words a zero energy electron must
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be accelerated up to the selected passing energy of the energy
analyzer. However, i1f there is a contact potential difference,
®.. , such that g, is positive with respect to the target, then
tH€ zero kinetic energy electron at the target will be accelerated
by this potential and will pass through the analyzer when

Ve = -Vpags+t9n, - This will be evident in the measured energy
distribution g% a shift in the low energy cutoff along the energy
axis. In fact, the entire energy distribution will be shifted

by an amount o toward higher energy. If on the other hand,

the contact pugg%tial is such that the target is positive with
respect to g, by some amount Yqg then this will act as a potential
barrier to Qloctrﬂns which originate at the target. An electron
leaving the target with kinetic energy, e ©. , will just reach g
with zero kinetic energy and electrons with ¥ower energy will nu%
be able to reach g, at all. Under these conditions the entire
energy distribution will be shifted by an amount ©,, to lower
energies while the low energy cutoff will occur whé Vo= =V
This premature cutoff makes the energy distribution narrower
by the amount D Therefore the low energy cutoff is fixed for
all conditions egcept those where the target is negative with
respect to g,. This then provided a method of correcting for
contact potentials by use of an external potential, VT , between
the target and g;. The external voltage, Vp,, was adjﬁsted until
# the target was sufficiently negative that a definite shift could

pass”®

be measured in the low energy cutoff towards larger sweep voltage.
Then V._ was backed off carefully until the low energy cutoff
just szgppod shifting; this ideally was the condition for
Vpg = —0 and a field free condition between the target and g,.
SlgCC thgcledn Ge target was assumed to have a work function
of 4.75 eV, the +0.6 eV value necessary for V., means that the

< ; ; T'c
work function of the chromium plated grid, gy, was about 4.15 eV.
This value agrees well with a value determined by photoemission
measurements from similar grids using the Fowler technique.

Measurements of the secondary electron energy and angular
distributions were carried out in two ways, the apparatus for
the first method is shown schematically in fig. 8. In this
technique, those secondary electrons which arrive into the solid
angle accepted by the energy analyzer are retarded by grid g
prior to entering the energy analyzer and those whose kinetic
energy is correct pass through the energy analyzer and reach the
electron multiplier. A Channeltron electron multiplier was used
- in a pulse-saturated mode and the detection technique was one
of pulse counting. The amplified pulses were fed into an integral
discriminator whose output went to a ratemeter which provided an
analog signal in counts/sec. By sweeping the target and inner grid
potential a direct plot of the energy distribution of secondary
ot electrons was obtained.

The second method of measurement was basically quite similar,
but utilized a FabriTek model 1064 signal digitizer for data
accumulation and manipulation; the schematic is shown in fig. 9.
In this type of measurement, an output ramp which was synchronized
{ to the memory advance of the signal digitizer was amplified and
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used as the retarding voltage. Pulses from the integral discri-
minator were then fed directly into the signal digitizer where
the information was stored. Typically, counts from about a

thousand sweeps were accumulated in the memory for a single enerqy
distribution. Only one fourth of the memory was used to accumulate
an enerqgy distribution so that the rest of the memory could be

used to store other distributions or for the purposes of scaling,
adding or subtracting distributions or integrating the data.

In addition to the secondary electron energy distribution
(SED) measurements made at specific angles using the 127° energy
analyzer, SED's and the first derivative ot the SED's were
>btained for nearly hemispherical collection. These measure-
ments were made by a modulation technique that will be described
in the next section. Useful contrasting information was provided
through comparisons of these measurements with those obtained
with the 127° energy analyzer at various scattering angles.

Angular distributions of the secondary electrons were obtained
with the apparatus as shown in fig. 8. With the sweep voltage
set to detect electrons with a particular energy, angular distri-
butions could be obtained by rotating either the energy analyzer
i or the target with motor drives connected to the respective rotary
' feedthroughs. The angular motion was detected by coupled potentiometers
) and this signal was used to drive the x-axis of an x~y recorder for
| direct plotting.

c Auger Measurements

As mentioned in Section 1, Auger spectroscopy 1is a method
of determining the atomic species present near the surface of
a solid. Because of the short escape depth for an Auger electron,
it has been shown that only the first few atom layers are analyzed
by this tochniquc,51 making it ideal for measurements of surface
contamination. Figure 10 shows the schematic of the apparatus
as used to measure Auger spectra. The ac modulation technique for
differentiation of the collector signal has been described elsewhere.
Briefly, the target, third anode and grid, g,, are modulated with
a small sinusoidal voltage in series with thé retarding voltage.
The modulation produces an ac signal at the collector which is
proportional to the energy distribution of the secondary electrons.
For this apparatus the collector was connected to the retarding
v — grid, g5, resulting in a large capacitive signal due to the
capacitance between g1 and 95 that was sufficient to overdrive the
detection apparatus. To correct this, a capacitance bridge circuit
was formed by the variable capacitor, C_, and a center-tapped
modulation transformer. By tuning C, it was possible to effectively
"y null out the capacitive signal. After preamplification, the ac
signal went to a lock-in amplifier where the second harmonic was
measured. It can be shown®! that this is proportional to the
derivative of the energy distribution. This is more desirable
than the energy distribution itself, because small peaks and
shoulders on a large background in the energy distribution show
up as quite prominent features in the differential curve making
observation and identification much easier.

51
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i Electron Diffraction and Characteristic
Loss Measurements

Measurements of low energy electron diffraction (LEED),

characteristic losses and inelastic diffraction were taken

with the apparatus as shown in fig. 8. To measure the LEED
itterns or beam intensities, the retarding voltage was set

so that elastic electrons passed through the energy analyzer,

, +

ind by rotating the target and enerqgy analyzer it was possible

to map out the LEED pattern (i.e. to obtain an elastic intensity
profile). Measurements of the elastic intensity versus primary
enerqgy were taken in a point by point fashion since the LEED

beam positions changed with primary energy, reguiring that the

i
energy analyzer also be moved to track the beam.

Characteristic losses were measured by sweeping the retarding
voltage through a range of energies near the elastic peak and
plotting the energy distribution; these were done at specific
scattering angles. Variation in the loss peak intensities with
angle and primary energy were also measured and gave information
ibout inelastic diffraction events. Either a series of energy
distributions were taken at increments in scattering angle, or
the retarding voltage was set to allow electrons from a particular
loss peak to pass through the energy analyzer while the angle of
scattering was varied with a motor drive, thus yielding direct
plots of angular profiles of particular losses.

4 Target Preparation and Cleaning

A (100) face of Ge was chosen as the surface to be studied
because Ge has been well studied in this laboratory by other
techniques and the (100) face gives a simple LEED pattern thus
making inelastic diffraction measurement simpler. The sample
was cut from a commercial single crystal of 45 {i-cm germanium
to a square face 0.7 cm on a side. This sample was oriented to
within + 0.5° by a technique using a preferential etch and optical
reflection patterns.- After orientaticon it was mechanically
polished to an optically flat mirror finish. The Ge crystal was
mounted on a tantalum block machined to fit the crystal. Tantalum
tabs, which fit into slots cut in the sides of the crystal, were
welded to the tantalum block, holding it in place. A 150 watt
projection lamp filament, mounted inside the tantalum block, was
used to heat the block and sample by radiation.

An ion bombardment method was used for cleaning the target
and a schematic of the apparatus is shown in fig. 11. This method
consists of bombarding the surface to be cleaned with ions which
"sputter" the surface away, i.e. surface atoms are ejected due
to the impact of the ions; in this experiment argon ions were
used. This apparatus is nothing more than an ionization chamber
from which the ions can be drawn to the target surface. It consists
of a cylindrical tantalum enclosure with a square opening at one
end where the target is positioned. Inside a double filament of
.005 inch tungsten wire provides a source of electrons and a
sinusoidally shaped .030 inch tungsten wire forms the anode used
for accelerating electrons to ionize the argon.
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This apparatus was used at a pressure of 1.0 x 10 * Torr
of argon which had been cataphoretically cleaned?3 prior to
admission to the vacuum system. A gas discharge was struck
inside the ion bombardment chamber by running the filament at
about 5.0 A and setting the anode voltage at about 30 V. Ions
were drawn to the target by applying a negative potential to the
target with respect to the anode. Two modes of discharge were
encountered with this apparatus, one was characterized by low
target currents and uniform sputtering and the other by large
target currents and nonuniform sputtering. The high current
mode was the one used and was obtained by raising the anode
voltage up to about 80 volts momentarily, thus striking the
high current mode, and then reducing the anode voltage to
the desired operating voltage of about 27-30V. At an anode
voltage of about 25 V the discharge usually reverted to the low
current mode. The anode voltage was kept as low as possible
to minimize sputtering of the filament and tantalum enclosure.
For typical operating conditions, i.e. using 4.8 A filament
current, 30 V anode potential and 30 V target potential, an ion
current density of about 100 ,;A/cm2 was obtained.

Initial sputter cleanings removed about one thousand atom
layers; these were followed by lengthy heatings at about 600°C.
At first, this procedure left the surface with some carbon
contamination as determined by Auger spectroscopy; however, after
several sputter-anneal cycles this carbon contamination disappeared
and it is suspected that the carbon was migrating onto the surface
from the sample holder and sample edges during the anneal stage
of the treatment. After a clean surface was established the
sample was annealed each day prior to making measurements, in
order to desorb any CO or other contaminants that may have been
adsorbed on the surface. Periodically a significant amount of
carbon could be detected by measurement of an Auger spectrum as
shown in fig. 12; this seemed to be accompanied by some degradation
of the LEED beam intensities as well. This build up of carbon was
felt to be the result of electron beam cracking of CO molecules
on the surface. A light sputtering of the surface (~ 100 atom layers)
was sufficient to reestablish a clean surface as demonstrated by
the Auger spectrum of fig. 13. 1In the figure, each section of
the Auger spectrum is labeled with the relative attentuation, A,
the time constant used, 1, the peak to peak modulation voltage,
and the primary electron current, ; where they have been omltteg
they are the same as the previous sgctlon of the spectrum. To
reduce the depth of damage during sputtering and make annealing
easier, the ion energy was kept at 80 eV for all but the initial
sputtering when 200 eV ions were used.

5 Coordinate Systems and Experimental Variables

Throughout the measurements it was necessary to reference
the experimentally measured angles to the crystallographic
orientation of the sample. Figure l4a shows the orientation
of the incident electron beam with the primary crystallographic
directions in a (100) plane of the Ge crystal. The primary beam
was incident on the (100) face of the sampie at an angle of 45° such
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that its projection onto the surface was in the {2108} direction.
Also shown in the figure are the surface unit net vectors,
a, and d,, that are used for LEED pattern specification.

In fig. 14b the experimentally, allowed angles are shown.
The two allowed rotations, 8, and Gm, are not the usual 8,
coordinates of a spherical coordinate system since the angle
of incidence is non-normal. This complicated the measurements,
as a scan along a particular crystal axis in general required
changing the target angle, 8, as well as the analyzer angle,
QA‘ Curves of constant 89, and 8, were calculated and plotted
as a function of the spherical coordinates 6 and © in a polar
plot as shown in fig. 15. The crystallographic directions are
defined by the 8,9 coordinates and some of the low index directions
are indicated in the figure. The superimposed curvilinear net of
constant 8, and 8_ lines was used to graphically transform the
angular coordinates lrased on the crystal axes to the experimentally
determined angles, th's allowing any crystal direction to be
located for measurements. LEED beam positions were also easily
determined using this plot.

IV. Experimental Results and Discussion
1 Characterization of the Sample Surface

Since the goal of this experiment was to assess the low
enerqgy electron scattering from as near an ideal Ge(100) surface
as possible, great care was taken during the course of experimental
measurements to insure that the sample surface was clean and well
ordered. Surface cleanliness was checked periodically by Auger
spectroscopy while surface order was checked continuously by
LEED measurements. Argon ion bombardment and annealing procedures
used to obtain clean ordered surfaces are described in section III-4.

The Auger spectrum from the Ge(100) surface before its initial
sputtering is shown in fig. 16; as expected for the oxidized
surface a large KLL oxygen peak was observed and the KLL carbon
peak was quite large while all the Ge Auger peaks were small.

After sputtering the sample with Argon ions at energies of 135 eV

so that about 600 monolayers of Ge would be removed, the Auger
spectrum of fig. 17 was obtained. Although this sputter treatment
removed all traces of carbon, the oxygen contamination was still
severe. Sputtering alone was not sufficient for removal of this
oxygen; however, by heating the sample to about 550°C subsequent

to sputtering all traces of the oxygen disappeared. Apparently
whatever oxygen remains on the surface after sputtering is quite
loosely bound and is perhaps mobile enough to move about the surface
rather than be ejected during argon ion bombardment.

Once the oxygen was removed the Auger spectrum appeared as
shown in fig. 13, and is the Auger spectrum of clean Ge. However,
after periods of prolonged measurements a buildup of carbon
contamination was observed to take place; a severe case of such a
buildup is shown if fig. 12, This carbon presumably resulted from
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CO molecules being cracked on the surface by the electron beam.

As a general rule, whenever the carbon peak amplitude became
jreater than one twentieth the peak to peak amplitude of the
106 eV Ge peak, the sample was given a fresh sputter-anneal

treatment.

Measurements of the LEED pattern and elastic electron
intensity were used to determine the relative state of surface

ordering of the Ge(100) surface. Several previous studies of
the Ge (100) LEED patterns have been made, yielding two different
[~
results. Jona°4 cleaned his samples by heating alone and observed

integral and 1/2-order diffraction spots giving a Ge(100) 2x1
pattern. Lander and Morrison>® using ion bombardment and annealing
procedures to clean their Ge, observed in addition to the integral
and 1/2-order spots, streaks through the lowest 1/2-order spots

which at low energies could be partially resolved into 1/4-order
spots. They postulated a Ge(l00) 4x2 model for the surface structure
where the top atomic layer, with a 4x2 unit cell, was partially
disordered leading to streaking. Chen®® also cleaned his sample

by ion-bombardment and annealing and observed the streaks but

could not resolve any 1l/4-order spots.

In this study the streaking as well as the 1/4-order spots
were readily observed for energies below about 30 eV. Complete
streaking was not observed, presumably because of the non-normal
incidence; instead the streaks were only apparent parallel to
the plane of incidence. Besides the usual 1/2-order spots, other
spots were observed in the (1/2 1/4), (1/2 1/2), (1/2 3/4) and
(3/4 1/2) positions with the streaking between the (1/2 1/4) and
(1/2 3/4) spots. A second Ge(l00) sample was also examined in a
visual display LEED apparatus, where both the streaking and the
l1/4-order spots were clearly observed leading to the conclusion
that the clean Ge(100) surface quite likely does possess a 4x2
surface structure. Figure 18 shows illustrations of the observed
LEED patterns for three different energies at normal incidence.

In panel (a) the pattern at 40 eV shows only integral and 1/2-order
beams and this pattern has often been considered as the complete
clean Ge(100) pattern but at 20 eV (panel (b)) the streaks through
the lowest 1/2-order spots are very evident and spots can be
resolved in the 1/2 1/2 positions. When the primary energy is
lowered to about 4 eV the 1/2 1/2 spots fade away but the 1/4-order
spots emerge distinctly as shown in panel (c).

As a check on the diffraction conditions and electric and
magnetic field cancellation, the angles of the LEED beams were
measured for varying primary energy and very good agreement was
obtained with those theoretically calculated over the energy range
5-150 eV. This suggests that there was little trajectory distortion
of the scattered electrons in the experiment.

2 Elastic Electron Intensity Analysis

Although a detailed study of the elastic electron intensities
was not an intended part of this investigation, the influence of the




elastic scattering on the inelastic electron and secondary electron
spectra made it necessary to investigate the elastic intensities
rather extensively. The main problem with elastic intensity
studies is the complexity of the analysis problem, where usually
anything short of a multiple scattering analysis is found to be
insatisfactory; this is especially true at lower primary energies
such as used in this experiment. Although a complete analysis of
the elastic scattering is an ominous task, it is possible to
identify certain features and trends by simpler analytical methods
used in this study.

Elastic intensity profiles of twelve LEED beams were measured
for energies below 150 eV and are shown in figs. 19-21, corrected
for primary current variation with energy. Each of these plots
has the correct relative intensity scale for direct comparison
of intensities among profiles. It is apparent from the large
amount of structure that more than primary Bragg scattering is
involved. A method for examining this data, described by Seah,
that will be followed here, consists of representing each peak
in the elastic intensity profile by a dot on the plane of incidence
in K-space. Each dot represents one end of the incident wave
vector and therefore corresponds to the center of the Ewald sphere,
with the wave vector length being determined from the free electron
relationship (eq. (17)) with suitable inner potential correction.
The relative size of the dot gives a qualitative relationship to
the strength of the peak it represents. Only peaks for a given

LEED beam are plotted on any given diagram. On the same diagram
are plotted relevant lines of intersection of Brillouin zone planes
with the plane of incidence. These lines of intersection are

called Bragg zone lines and define the locus of the Ewald sphere
center for a given Bragg reflection as energy is varied.

These diagrams can be useful in determining whether an
intensity peak for a given LEED beam is a Bragg peak or is a
secondary Bragg peak (SBP) due to coupling with another beam.
If it is a Bragg peak, then the dot in K-space should fall on a
Bragg zone line associated with the beam of interest. However, if
it is an SBP then the dot should fall on a Bragg zone line associated
with a different beam.

Figure 22a shows the plane of incidence in K-space for the
Ge (100) sample used in this study. The dots represent the reciprocal
lattice points of the crystal and are labelled according to the
usual assumed cubic unit cell of the face centered cubic Bravais
lattice. Also shown are the diffraction rods used for LEED
specification with the indices shown above each rod. 1In fig. 22b
an illustrative plot of the type described above is shown for the
(00) diffracted beam. A very superficial intensity plot is also
shown superimposed on the point plotting in K-space, for electrons
incident sn a surface at angle 8. The first through the fourth
order Bragg peaks are indicated along with some half integral
secondary Bragg peaks. The dots along the (00) diffraction rod
are reciprocal lattice points.
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In the actual K-space plots there should be Bragg zone
lines corresponding to each reciprocal lattice point both in
and out of the plane of incidence; however, often only a few
of these are important. It is not clear how the electron flux
is shared between various propagating waves in the crystal,
but Bauer? proposes that because forward scattering is preferred,
diffracted beams along adjacent diffraction rods are the ones
which are strongly coupled. If this is the case, the number
of Bragg zone lines that need to be considered is reduced
considerably.

In preparing the K-space plots, each peak in the intensity
profile of a given LEED beam was qualitatively assessed as being
weak or strong, thus determining the size of the dot in K-space.
Shoulders on the side of a large peak such as the ones at 61 eV
and 100 eV for the (00) beam are considered as weak peaks. The
wave vector length was then determined from the energy of the
peak along with an appropriate inner potential correction according
to the relation

2m(E+eVI) L2
K = V"w77 ] (23)

s

where V; is the inner potential. Assuming an idealized step
potential change at the surface and conservation of the wave
vector parallel to the surface, the angle of the wave vector
inside the solid, 6., was determined from the angle of incidence,
85, by applying a refractive correction given as

sin26O E+0VI
= B (24)

sinze.
i

Plots of the peaks in K-space for the (00), (10), (0l1), (11),
and (02) LEED beams are shown in figures 23, 24 and 25a for data
obtained in two different ways. One set of dots was obtained from
the intensity profiles shown in figs. 19-21, measured at 45° angles
of incidence using the apparatus described in section III. The
normal and near normal incidence data shown in the K-space plots
was obtained on a second Ge(100) sample using a visual display LEED
apparatus. Energies of intensity maxima in the latter case were
obtained by visual inspection of the LEED spot brightness and
could easily be determined to within one eV. For the case of the
(00) beam, normal incidence could not be used since the beam returns
directly back to the electron gun; therefore a 5° angle of incidence
was used for most of this data with the exception of some normal
incidence data obtained from the work of Chen.>

The normal incidence data was used to determine an inner

potential correction for the analysis. An inner potential correction
is used to account for the change in the average potential which the
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electron encounters when going from vacuum into the crystal
and cepends on the penetration of the solid. An assumption was
made that the inner potential rises from a value equal to the
work function at zero kinetic energy and saturates at some
average value for higher energies; a typical value used being
ibout 15 eV. By fitting the strong intensity maxima of the
normal incidence data to calculated Bragg conditions, the data
points of fig. 25b were obtained. The solid curve shown drawn
through these points was then used as the inner potential
relationship and corrections to all the data in the K-space
plots were based on this curve.

As shown by the K-space plots of figs. 23-25 the normal
incidence data gives a good fit of the strong elastic intensity
maxima to the predicted Bragg conditions. The scale on the right
of fig. 23a gives the wave vector length as a function of energy.
There is also a good fit of most of the weaker maxima to Bragg
zone lines for other beams, suggesting strongly that these are
SBP's (see eq. (19)). This is reinforced by comparing the five
plots and noting the correlation between strong beams and weak
maxima in other beams. Visual inspection of the LEED spots shows
this gquite grerhically, in that nearly simultaneous maxima occur
in different beams while only one of them satisfies a Bragg
condition, suggesting that there is a sharing of the electron flux
giving rise to SBP's.

A proper analysis of the LEED intensity profiles would include
data for many angles of incidence instead of just the two
available here, and studies of this kind have been carried out
by Seah®7 and Reid®® on Ag and Cu respectively. A trend indicated
in both studies was that many of the intensity maxima remained
nearly fixed in energy as the angle of incidence was varied. In
the K-space plots this means that the dots representing the maxima
tend to fall along circular arcs rather than follow Bragg zone
lines; this is especially true for low energies. A true Bragg
peak, in contrast, would shift in energy as the angle of incidence
was changed so that in K-space the dots would follow the pggticular
Bragg zone line involved. Calculations by Tucker and  Duke””’ have
reproduced the behavior observed by Seah and Reid. In- their
calculations they determine that most of the peaks in* a low energy
elastic intensity profile are interlayer multiple scattering peaks
which remain relatively fixed in energy as the angle of incidence
is changed but whose magnitudes vary greatly. These calculations

b also show that the multiple scattering peaks are usually only
strong in the vicinity of a kinematical Bragg energy, and as the
angle of incidence is changed the multiple scattering peak nearest
the Bragg energy tends to be enlarged, so that the behavior is as
though an intensity envelope following the kinematical Bragg energy
passes through the background of multiple scattering peaks, varying
their amplitudes. They also conclude that it is very difficult,
except possibly at normal incidence, to label any peak in the

! elastic intensity profile as a Bragg peak; instead they contend
there are clusters of multiple scattering peaks around the
kinematical Bragg peak positions, some of which are quite strong.
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In fig. 23a the (00) beam maxima are¢ shown for normal
incidence, 5° angle of incidence and 45° angle of incidence.
The normal incidence and 5° angle of incidence data fit low
index zone lines very closely. Three Bragg conditions are
satisfied by strong peaks while the weak peaks fall upon the
set of zone lines for the (0l1) and equivalent LEED beams.
Comparison with fig. 23b shows that the (01) beam does have
strong maxima for these Bragg conditions, leading to the
conclusion that these peaks are SBP's caused by (01) beam
maxima. At 45° angle of incidence the (00) beam data does not
show any definite trends toward following specific zone lines
although some of thorycaks do fall near degeneracies of zone lines
as observed by Seah.’ The large dot representing the 120 eV
peak for the (00) beam does fall close to a (00) Bragg zone line
so it is likely that this is a Bragg peak. Additional evidence
in support of this interpretation will be presented in the later
discussion of inelastic diffraction. The (0l1) beam is more
consistent in having the strong maxima lie aiong Bragg zone lines
of the (01) beam and weak maxima corresponding to regions of
degeneracy in zone lines of other beams. Three strong peaks in
the 45° data appear to satisfy Bragg relations while the weaker
peaks are most likely SBP's.

The K-space plots for the (10) and (11) beams are shown in
fig. 24a and 24b respectively and are similar in behavior to
those for the (00) and (01) beams. Again the normal incidence
data shows a close correspondence between strong maxima and
Bracg conditions. Weak maxima for the (10) beam do not fall as
near to zone lines as for the other beams but those of the (11)
beam are on zone lines. At 45° angle of incidence there is
fairly good correspondence between zone lines and intensity maxima;
as before this is especially true near regions of degeneracy in
the zone lines.

Figure 25a shows data for the (20) diffracted beam. As for
the other beams the normal incidence data fits the main Bragg
zone lines very well with the exception of the second strong peak
which does not fit any zone lines. At 45° angle of incidence
little data was available because of the limited swing of the
energy analyzer, but the three maxima shown follow the trend of
lying near degeneracies of zone lines.

All of this data is in general agreement with the results
obtained by Seah®’ and is in keeping with a multiple scattering
explanation. The correspondence of weak peaks to Bragg zone lines
and regions of Bragg zone line degeneracy seems to indicate that
electron flux is directed into one diffraction beam at a given
energy through a coupling with one or more other beams whi—h are
strong at or near the same energy.

Some very low energy elastic intensity profiles were also
measured and are shown in fig. 26. Two major peaks are seen in
this figure; the 21 eV peak for the (01) beam satisfies a (01)
beam Bragg condition and is considered a true Bragg peak. It can
be seen from fig. 26 that there is a correspondence between some
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minima in one beam and maxima in another beam. This correspondence

could very well be due to flux conservation between the beams, where
one beam becomes stronger at the expense of another beam. This
effect would be especially evident at these low energies where
there are only a few allowed diffraction beams. Another explanation

for structure in elastic intensity curves, which has been

proposcdl, is that it 1s due to emergence of new beams from the
surface. Peaks, dips and combinations of the two have been measured
by others that seem to be correlated in many instances to the
grazing emergence of a new beam from the surface. These peaks

and dips have been interpreted-™r as being due to interference
between singly and doubly scattered beams. In this interpretation

a beam parallel to the surface is most likely to give rise to
interference since it encounters a nearly perfect periodic structure
and, therefore, should scatter strongly. 1In the present experiment
the emergence energies of some beams are 3.3, 5.0, 7.5, 12.5 and

19 eV for the (01), (1/2 0), (0 3/2), (02) and (10) beams respectively.
There is some correlation between these energies and peaks and dips
in the intensity profiles and it could well be that these are due

to the emergence of new beams.

It is quite probable that the steep rise in (00) beam intensity
at about 1 eV is due to potential reflection of electrons from
the surface barrier. Because of the 45° angle of incidence
a 1 eV electron would only have 0.7 eV normal component to the
surface and errors in the potential differences between the target
and the tungsten filament may well have caused the energy to be
lower yet by several tenths of an electron volt. One possible
source of error was the reference potential of the electron gun
which was the center tap potential on a potentiometer across the
filament. This potential may easily have been several tenths of
a volt different than the actual electron source potential.

3 Characteristic Losses

Extensive measurements of the characteristic loss spectra
of Ge(l100) were made for a wide range of energies and angles, and
in this section their general behavior will be discussed and the
various losses will be identified as much as possible. 1In discussing
the characteristic losses it is very difficult not to involve
inelastic diffraction 2ffects, but since they will be covered
thoroughly in the next section such effects will be involved here
only as much as necessary.

One of the general observations that can be made about the
characteristic losses at low primary energies is that they are
usually strong only for ordered surfaces and then only in close
proximity to the LEED beams. The effect of the ordering is
illustrated in fig. 27 where the characteristic loss spectra are
shown for specular scattering from a lightly sputtered (80 eV ions)
surface and the subsequently annealed surface. Along with the very
sizeable increase in elastic current in the (00) LEED beam for the
annealed surface, the characteristic loss region of the spectrum
was greatly enhanced and additional losses appeared. The bulk
plasma loss peak at about 16.5 eV was relatively unaffected by the
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sur face disorder caused by sputtering but the lower lying surface

plasma loss and the interband losses were virtually eliminated by
¢ the sputtering damage. With the sample in its sputtered state
the only characteristic loss peaks found were the bulk plasma loss
and a peak at 7.5 eV, the latter being of questionable origin.
It is possible that the 7.5 eV loss is due to excitation of a
surface plasmon since energy loss values of 8 eV have been measured
in high energy transmission measurements on evaporated films®l ana
are presumed to be surface plasma losses. Arquing against this
interpretation, however, is the fact that the 7.5 eV loss for
sputtered samples is fairly strong even at primary energies as low
as 15-20 eV, while in the case of an annealed sample there is no
noticeable surface plasma loss peak at these energies and in
general the losses are enhanced on ordered samples.

A second interpretation stems from the fact that as well
as being disordered, the sputtered surfacc¢ has argon embedded
s ol % 2 It is conceivable that the 7.5 eV loss could be due to
excitation of an electron from an argon atom to the conduction
band of the Ge. A free argon atom has a first ionization potential
of 15.7 eV; but if the argon level when embedded in Ge should be
altered to occur about 12.2 eV below the vacuum level or 7.5 eV
below the conduction band edge, then excitation of the kind
proposed could account for the observed loss.

Localization of the loss peaks to the vicinity of the LEED
beams is a result of the apparent small angle scattering of
electrons. Elastically scattered electrons emerging in a dif-
fraction beam can undergo inelastic collisions through small angles
resulting in an increase in the inelastic signal near the LEED
beam. Similarly, electrons which lose energy and are contained
in a narrow cone of inelastic electrons about the incident beam,
may be diffracted out of the sample and appear near to a LEED beam.
Figure 28 shows the behavior of the loss spectrum about the (00)
diffraction beam for angular variation in a direction perpendicular
to the plane of incidence. As can be seen, except for the bulk
plasma loss peak, the inelastic intensity in general but particularly
the low energy loss peaks are very much degraded within a few
degrees of the LEED beam. This behavior is very characteristic of
all the losses, and it is found that the equivalent of a diffraction
pattern exists for each inelastic loss, as will be discussed in
the section on ILEED.

a Plasmon Excitations

In identifying the characteristic losses, measurements were

made over a wide range of primary energies. The interband and
" surface plasmon losses were most prominent at low primary energies,
while the bulk plasmon and multiple plasmon losses were stronger at
high primary energies. In order to study the plasmon losses,
therefore, a number of high energy measurements were taken for
specular scattering of the electrons; a sampling of the loss spectra
is shown in fig. 29. At a primary energy of 120 eV the 10 eV loss,
which is tentatively identified as the surface plasmon loss, dominates
the bulk plasmon loss and the interband losses are relatively strong.
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: In part, this i1s because at 120 eV the elastic intensity has

. a strong maximum which leads to inelastic diffraction enhancement
of the losses, especially the smaller losses, but this distribution
of relative intensities is generally true in this energy range.
For the higher primary energies, the interband transitions become
diminished, while the bulk plasma loss, at about 16.5 eV, dominates
the spectra, and multiple losses become more pronounced.

Measurements made with increasing primary energy indicated
a gradual increase in the value of the bulk plasma loss from

ibout 16.0 2V at primary energies around 100 eV to 16.5 eV at
primary energies of 700~1000. eV. Values from 16.0 to 16.5 eV

have been measured by many other workers?/27 using high enexrgy
electrons, withti the larger value being favored for single crystals.
According to free electron calculation the bulk plasmon energy,

RO« is found from equation (4) to be 15.6 eV; however, if the
influence of the d-bands in Ge are considered, as discussed in
Appendix A, then a calculated value of 16.2 eV is obtained, which
is in good agreement with the measured values. Also, one expects
to measure a somewhat higher value than " 'ps since the angular
divergence of the detected electrons allows plasma losses further
out on the dispersion relation (see eq. (3)) to be measured. In
this regard, measurements made for electrons scattered into a
hemispherical collector gave values for the bulk plasmon ranging
from 16.0 eV to about 17.0 eV. Again because of the large range
of angles allowed, the dispersion relation favors a larger value
for the bulk plasmon luss energy.

Accurate measurements of the surface plasma loss energy at
primary energies of 150-1000 eV were difficult since no distinct
peak occurred due to the overlap with the large bulk plasma loss.
Careful decomposition of the two losses into two superimposed
peaks, however, yielded values between 10.5-11.5 eV for the
surface plasmon. This compares quite well with other measured
value59'12 as well as with the theoretical value of 11.0 eV
calculated from equation (5) in the free electron approximation.
A value of about 11.0 eV is also determined from the energies of
the multiple loss peaks at 27 eV and 43 eV corresponding to a
surface plasma loss coupled with one and two bulk plasma losses
respectively.

o I b Interband Excitations

At lower primary energies the loss peaks due to interband
electron excitations becume much more evident as shown by fig. 30
for specular scattering at a primary energy of 70 eV. 1In this
figure, three definite interband peaks are indicated. These three
peakc were almost always observed in the loss spectra, with
energies of 5.0~5.5, 2.8-3.0 and 1.4-1.7 eV. Also shown are the
first and second bulk plasma losses at about 16.0 eV and 32 eV as
well as a tentatively identified surface plasma loss peak at 10 eV.
In addition to the three main interband peaks, others are sometimes
observed at about 7.5-8.0 eV, 9.0 eV, 13.0-13.5 eV and 14.5 eV; but
often they are only apparent as a somewhat increased intensity in the
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vicinity of these values. As will be pointed out later, these
interband losses may lead to erroneous assignment of the plasmon
loss peak energies because of the overlap of the losses and for

this reason the word tentative is used in regard to the surface
plasmon loss at 10 eV. All of these peaks are relatively weak
and often poorly resolved due to the large background of multiple
losses and limited experimental enerqgy resolution.

The limiting factor on resolution in this experiment was
the energy spread of the primary electron beam. For usual
current levels the width of the elastic peak at half maximum
was about 0.5 eV; while at the base of the elastic peak the edge
extended to about 1.2 eV, making measurements of losses less than
this impossible. Improved resolution could be obtained by
decreasing the electron gun filament current, but only at a
drastic reduction in beam current, necessitating extremely long
measurement times. By making a few of these measurements, however,
peaks were observed at about 1.2 eV and 1.6-1.7 eV, suggesting
that the single peak ordinarily found around 1.5 eV may actually
be the result of poor resolution. Figure 31 shows two spectra,
for specular scattering, where somewhat improved resolution was
obtained by decreasing the filament current. In both, the
interband losses at 1.2, 1.7, 3.0, 5.0 and 7.5 are clearly
distinguished while those at 13.0 and 14.6 in fig. 31b are weaker
and their energies not as well established. The broad peak at
10 eV could be the surface plasma loss, but the occasional appear-
ance of a peak at 9.0 eV raises the possibility that it is due to
a combination c¢f a loss around 9.0 eV and a surface plasmon nearer
to 11.0 eV.

In addition tc measurements in the specular direction,
characteristic loss spectra were obtained for scattering in the
directions of several other LEED beams with varying primary energy.
Such measurements for the (00), (01), (10) and (l11) LEED beams are
illustrated in figs. 32~35. Zero levels for the various curves
are indicated along the right hand side of each figure. 1In all
of these spectra, the three basic interband peaks at about 1.5,

3.0 and 5.0-5.5 eV are observed without significant changes in

energy and, in a number of the spectra, peaks at about 7.5, 13.0

and 14.6 eV can be seen. It is also found that due to inelastic
diffraction enhancement the interband structure is strongest at
primary energies where the elastic intensity is large (see figs. 19-21)
It can be seen from these four figures that at such primary energies
there tends to be significant changes in the spectra for the

8.0-11.0 eV energy loss region. This observation seems to add

weight to the idea that the peak near 10.0 eV is actually the result
of interband losses from 7.5 eV to 9.0 eV combined with a surface
plasma loss centcered somewhat higher than 10 ev. For example,

the 70, 80 and 100 eV spectra of the (00) beam indicate more than

one peak in this region as do the 60 and 70 eV spectra of the (01)
beam, the 60 eV spectrum of the (10) beam and the 50, 70, 80, and

90 eV spectra of the (1l1) beam. Similarly, shifts in the apparent
position of the bulk plasma loss could be related to the enhance-
ment of overlapping loss peaks in the 13.0-15.0 eV region, although
an inelastic diffraction effect will be discussed in the next section
that may also account for such shifts.
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Interband losses on Ge have been ob rved previously e
in high energy scattering measurements by Zeppenfeld and R iether, "
where a 5 eV peak and a partially resolved doublet structure
centered about 3 eV were found. it is usual in these high energy

cattering measurements to compare the characteristic loss spectrum
to the calculated energy loss function, -1 ] , as derived from
the ypticall letermined co t t ] ¢ lielectric
constant, ll' ) and 2 (se¢ ‘-.;;-.‘;::,i:'-: Such data for Ce was
obtained by Philipp and Ehrenreich®¢ and shown reproduced 1in
fig. 3€. The measured reflectivity s given in fig. 36a and the

1 (w) and e£,5(w) curves deduced from the reflectivity are shown

in fig. 36¢b. Also in the latte: 1! t} 1 ] lated energy loss
function =-Im 1 18 plotted. \ shown by Raether ’ this loss
function must be multiplied by (] £)" g .17) in order to
compare it directly to the characteristic 1 spectrum. Zeppenfeld
and Raether made this comparison with their measurements and found
excellent agreement for the interband losses, indicating that the
same direct transitions are involved as with optical excitation.

While fitting the data to Im 1/ is acceptable for high
energy electron scattering, Bauer?? contends that it is not an
acceptable method of analysis for low energy scattering since the
momentum transfers may be comparatively large. 1In his analysis
of low energy clectron scattering from Si he cliuse to compare losses
directly with the ¢,(w) data. Strong structure in e5(w) is
interpreted as due fo direct transitions and weak structure to
indirect transitions. It was his conclusion that most peaks
correlated with weak structure in the ¢,(w) function indicating
that indirect transitions were predominant. He also observed some
loss peaks, however, that were in fairly good agreement with direct
optical transiiions.

The characteristic losses obtained in this present study
will also be compared with optical data and the band structure.
For Ge the optical data has been studied extensively and the
particular electrsn transitions involved are felt to be understood
in terms of the electron energy band structure. A band structure
diagram as calculated by Herman et. al.63 is shown in fig. 37
and the principal direct gaps, determined from y(w) are given
in Table I. 2

Table 1

> . L . > A - A I P - o
Ref 2571 3~k Y 25" 18 5% s s

Theory 64 0.8 &x8 240 Ent B b F:b 5.4
3.8

63 1.1 2.1 o 3.0 4.1 5.4

1.74 2.10

0.8 3.2 4.5
0.9 1.94 Zs 29 3.4
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In Appendix A the , () function is shown to be directly ‘
proportional to the joint density of states for direct transitions,
J ), which is large when the relation

(E.(K)-E (K)) |, _p 0 (25)

1s satisfied. For the case of low energy electron scattering,
arrives at a similar expression (eq. (12)) where the

int density of states for indirect transitions 1s large when
the relation

[E_(K + AK)-E_ (K) ] &ila = 0 (26)

C v

X

is satisfied, i.e. when the bands are parallel, for an energy
separation, #* ind a wave vector separation AK. Depending

n the allowed /K values there can be any number of (k2 K)
rombinations which satisfy eq. (26) but for limited AK the problem
becomes nearly comparable to the optical problem. By inspection
f the band diagram it can be seen that indirect transitions
iround symmetry points like the point will increase the energy
f the loss compared to direct transitions, while at positions
along the symmetry directions where the bands have the same
curvature, indirect transitions can cause a lowering of the energy
loss value; but for small AR values a correspondence with the
energies of Table I might be expected.

In the scattering process, the primary electron loses an
mount of energy AE and its wave vector is approximately reduced,
for small losses, by the amount

B AE (27
o » 27)

A K

K =

The actual wave vector transfer to the lattice electron depends
upon the nature of the scattering and the momentum conservation
rules assumed to hold. It ig usual to impose conservation of
total momentum, but puke43-48 contends that it is only the
momentum parallel to the surface that need be conserved. In
either case, if the electron is scattered through a large angle,
s — B large momentum transfers are possible; however, Seah40 has found
that the inelastic scattering in silver occurs with negligible
angular deflection. This observation is in general agreement
with the experimental results of this study as indicated in
fig. 4.13 and as will be shown more specifically in the next
1 section. Some deflection toward the surface normal was generally
observed but at most the angular deviation for well defined inter-
band losses was about 3°.

3
§ If total momentum is assumed conserved and the scattering
‘ : is considered to occur without angular deflection, then
: ' equation (27) gives the wave vector transfers shown in Table II
! ) for various primary energies and energy losses. If only the
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f momentum parallel to the surface 1s conserved, the momentum
transfer would depend upon the scattering direction. As an
example, for the particular case of specular scattering, the
values given in Table II would be reduced by a factor of .707.

i rable 11

==
! K (A )
; et o e & , 3 -
\E (eV) E =25 0 75 100 125 150 500 10 10
P 4
L=5 .078 +B5 045 L0339 O35 « 032 «017 012 .004
3.0 « 156 <110 .090 .078 <070 .064 - 035 <025 .008
5.0 .260 <184 150 130 s L6 .106 <058 .041 013
Fud . 390 e 2067 2250095 o ktA 159 - 687 062, 020
9.0 .468 A 16 8 RN i R 5 1 W o R Bl P v TR 1 1 R ..
13.0 .676 B S b 1o e B i SRR 1 L SE R ] ISR i o U [ (G 5 T

| For the purposes of discussion, a pseudo-direct transition

' . . . ~
will be defined as one in which the wave vector transfer to the
lattice electron is less than one tenth the smallest Brillouin
zone dimension. For Ge the smallest zone dimension is along
the [111] zone direction and establishes a maximum wgvi vector
transfer for pseudo-direct transitions at about 0.1 A™*. It can
be seen from Table II that the 1.5 and 3.0 eV losses satisfy the
pseudo-direct requirement rather well but the larger losses
involve momentum transfers that are a significant porcentaqorof
the zone dimension. For high energy scattering (Ep 104-10° ev)
it can be seen that very small momentum transfers are involved;

. this means that direct interband transitions occur, thus accounting

for the good correspondence with optical measurements. In general,
however, at low primary energies the electron transitions will be
indirect and this fact will have to be taken into account in
attempting to analyze the electron transitions in terms of the

band structure.

‘ In view of inadequate theoretical information on low energy
B electron scattering, the interband transitions involved for the
observed loss peaks can only be guessed at, using the wave vector
transfers given in Table II as a guide. Since the scattering
| involved small angular deviations these values are probably close
! to correct. For the pseudo-direct losses, the loss energy will not
deviate greatly from the optically measured gap energies so that
a correlation with the gap energies of Table I should be expected.
It is also likely that because of the lack of resolution and
1 i indirect nature »f the transitions, most of these peaks contain
i contributions from more than one point in the Brillouin zone. In
this regard, Kane®5 has shown specifically for Si that extended
regions of the zone contribute to a single peak in Lz(w).
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As discussed earlier, the peak which typically is observed

around 1.5-1.7 eV is considered to represent two peaks at

around 1.2 eV and 1.6-1.7 eV. The 1.2 eV peak is most likely a
pseudo-direct transition from 2.»') to I') and agrees rather well
with the measured and calculated value§ in Table I. A pseudo-
direct transition from near L4 to L, is also consistent with

1 peak at 1.6-1.7 eV and is .dssu in reasonable agreement with
the values of Table I. The 3.0 eV peak is in good agreement
with a ,,rl -~ transition, but because of its breadth it probably
includes“franditions along the nearly parallel A, and A, branches
f the valence and conduction bands. In optical "studies the
',‘—‘1 transition at about 2.2 eV is quite strong. A similar
onsideration probably applies to the peak at 5.0-5.5 eV, which
n occasion has appeared to resolve itself into two peaks at

4.5 and 5.5,eVY, e.g. see fig. 31lb. A wave vector change of

about 0.15 A~!l occurs for this loss and is consistent with a
transition from the \3 branch near L) to the nearly parallel
region near L, in the conduction bdn&. Another possible transition
might be from A. to Lo The rather strong peak at 4.45 eV in
the optical measurements associated with X,-X; transitions is
very likely represented in this 5.0 eV loss peak as indirect
transitions in the X4-Xl region of the Brillouin zone.

The higher lying characteristic losses are also consistent

with gap energies shown in the band structure diagram of fig. 37,
but it must be kept in mind that the accuracy of such calculations

i
1s not very good so they must only be used as a rough guide. The
loss peak at 7.5 eV could be attributed t indirect transitions

from ['5-' to the region, the energy separation being approximately
right for a wave véctor change of about 0.15 A1, The peak at

9.0 eV which has been alluded to several times is very consistent
with a wide range of gnssnhln transitions. With a wave vector

change of about 0.25 AT+, transitions are reasonable from the '.;
branch of the valence band to the conduction band states along

the [111] direction near 8.5 eV band energy. Also, indirect

transitions from A 3 to [.é would give the right energy loss, as
would a transition from the deeper X, valence band region to the
X, conduction band region. Although the energy liagram does

not go high enough to cover the losses from 13 ) eV, it is
clear from crude extrapolation that there a.e a number of final
states in this energy range at the L and X points of the Brillouin
zone which could account for the observed losses.

Before leaving this section it is of interest to examine the
low energy characteristic losses for an oxidized Ge surface. In
fig. 38 the characteristic losses for primary energies of 5.5,
7.5, 12 and 16 eV are shown; the zero levels of intensity for each
curve are indicated on the right hand edge of the figure. Energy
loss peaks are found at 3.75, 5.1 and 7.5 eV. These spectra are
included strictly as a point of interest and no interpretation
has been attempted for these peaks. They are stronger than the
low energy losses found on clean Ge and the loss spectrum is
identical both on the initially oxidized surface and on the
surface which has been sputtered but is still contaminated with
oxygen (see section IV.1). It is unusual to see strong losses at
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nergies that are a large fraction of the primary energy, but
1ese spectra were unique 1n this regard.

4 Inelastic Low Energqy Electron Diffraction

In this section experimental results will be presented which

demonstrate the strong role inelastic diffraction effects play

in determining the intensity distributions in the inelastic

ele "“ron spectra. The only theoretical work which can _be used

for comparison purposes is that of Duke and Laramore,45:46 put /
this must be treated somewhat cautiously since the theory only

can provide a qualitative guideline and is best for small angles

»f incidence, whereas this experiment was done at the larger

angle of 45°. Also, as was indicated in section 1IV.2 it is difficult
to relate strong elastic maxima to Bragg maxima at this angle

f incidence, making much of the simplified analysis described

in section I1.2c and Appendix B hard to justify. However, in much

of the experimental data, qualitative behavioral agreement was
btained with the predictions of Duke and Laramore. In Appendix B,

a summary of theoretical considerations is presented.

There are three categories of measurements in which the
inelastic diffraction effects are observed. These are the
inelastic intensity profiles, characteristic loss spectra and
the inelastic angular intensity profiles. Characteristic
behavioral patterns observed in each type of measurement will be
discussed below and comparisons with the theory will be attempted
as much as possible.

a Inelastic Intensity Profiles

As pointed out in section II.2c and in Appendix B, the inelastic
intensity profile for a given loss energy should show at least
two peaks for each corresponding elastic maximum. These two peaks
represent electrons which have lost energy before and after the
diffraction process and occur at energies Emd and Epay + AE,
where Ep.y is the energy of the elastic intenSity maximum. In
Appendix B the Ep. . term is called Eg but because it is not
usually possible to assign the elastic maxima to Bragg maxima,
Emax will be used in this discussion. Under proper conditions
1t was predicted by theory (Appendix B) that four peaks may be
observed instead of two; the extra peaks, resulting from the
total conservation of momentum, being called sideband diffraction
peaks. This effect has been verified in a recent experiment on
aluminum,4? but in general is not found or expected because of
the slowly increasing dispersion relations for excitations such
as plasmons.

Inelastic intensity profiles in this experiment were obtained
by analysis of the angular profiles taken at 5 eV intervals in
primary energy. Figure 39 shows inelastic intensity profiles
obtained in the (00) diffraction beam direction with energy losses
of 10 eV and 16 eV; also shown is the (00) beam elastic intensity
for purposes of comparison. Two peaks are clearly observed .n the
inelastic profile for each of the elastic peaks as predicted by
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theory; but the higher energy peaks for the 10 eV loss, that
orrespond to energy loss before diffraction (IE process), are
not found at Ep,, + 10 as theory predicts. This is due to

the fact that the non-normal incidence of the electron beam leads

to highly unsymmetrical intensity distributions about the (00)

beam causing the IE peaks for the 10 eV loss to occur higher than
they would for normal incidence. The weak peak at about 110 eV
may be the result of sideband diffraction and the angular profiles
to be shown later will show evidence in support of this inter-

pretation.
b Characteristic Loss Spectra

Inelastic electron diffraction effects are usually evident
in the characteristic loss spectra as an increased intensity
»f a portion of the characteristic loss spectrum. This increased
intensity occurs because electrons in that particular energy
range satisfy a diffraction condition (IE process) causing them
to scatter out of the solid with increased intensity. The
particular portion of the spectrum which satisfies this IE
scattering process 1is strongly dependent upon the angle at
which the measurement is made as well as the primary energy used.
Because the inelastic diffraction conditions change with primary
energy and measurement angle, each characteristic loss spectrum
measured will be affected differently, and this makes it difficult
to make any conclusive statements about how characteristic loss
spectra in general are affected. However, trends can be identified
ind in this section some examples of inelastic diffraction in
characteristic loss spectra will be discussed.

Two types of scattering processes were discussed in
section I1I.2c; these were termed EI (elastic-inelastic) and IE
(inelastic-elastic) processes. In the EI process, the electrons
lose energy after being diffracted so that in the diffraction
directions all losses, independent of energy, should be increased

in intensity when the diffracted intensity is large. This, of
course, is strictly true only if the electrons inelastically
scatter without angular deflection. An IE process 1is one 1in

which the electrons lose energy before diffraction. For such a
process the inelastic intensity will vary markedly with energy
loss and scattering angle, depending upon whether strong or weak
diffraction conditions are satisfied.

The characteristic loss spectra taken in the (00) beam
direction, shown in fig. 32, can be analyzed by referring to the
elastic intensity plot of the (00) beam, shown in fig. 19. A
large elastic intensity maximum is found at about 76 eV so it
would be expected that, for primary energies greater than 76 eV,
IE scattering processes would lead to an enhanced intensity in
the characteristic loss spectrum near a secondary energy of 76 eV.
As seen in fig. 32, as the primary energy approaches 76 eV there
is an overall increase of the loss spectrum due to the increased
elastic intensity and the occurrence of EI scattering processes,
as in the curve for Ep = 70 eV. When E) = 80 eV, the elastic
intensity is still large but decreasing so there is still an overall
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enhancement of the loss spectrum, but there is in addition a

strong peaking in the region of AE 4 eV from 1E scattering.

For E, = 90 eV, the EIl scattering is considerably reduced,

but the IE contrxhution near 14 eV gives this region an increased
intensity. When E_ = 100 eV, it can be seen that neither EI nor

IE contributions ake significant in the range of losses shown,
and the overall intensity is reduced considerably.

A similar analysis of the loss spectra taken in the (01)
LEED beam direction (fig. 33) can be made with the aid of the

elastic intensity plot in fig. 19. For the enerqgy range
covered in fig. 33, there are two elastic intensity maxima,
occurring at 60 eV and about 82 eV. The E, = 60 eV loss curve

shows the strong influence of combined IE and EI scattering
processes on the low energy losses (0-4 eV) and the overall EI
enhancement of most of the spectrum. The analysis of the rest
of the spectra is more difficult, since unlike the (00) beam the
diffraction angle changes with primary energy so that in general
it is difficult to predict the energy losses that will be
enhdnced; however, a straightforward graphical analysis in

-space does account for most of the structure. The low energy
lossos for E, = 80, 90 eV are increased over the E, = 70 eV
curve as expgcrod due to the elastic intensity increase with the
attendant EI scattering. The enhanced intensity at about 11 eV,
in the curve for E, = 80 eV, is predicted by plotting the K-wave
vectors in a K-space diagram, where inner potential corrections
have been applied. Similarly, this graphical procedure predicts
an increased 1nton51t, at about AE = 18 eV for the E_ = 90 eV
curve. This agrees falrly well with the measured regult, where
it can be seen that the intensity enhancement is centered around
AE = 17 eV.

For the (108 diffraction beam direction the characteristic
loss spectra are shown in fig. 34 and again the elastic intensity
1s given in fig. 19, where intensity maxima occur at 60 eV and
90 eV with a subsidiary maximum at 76 eV. For the low lying losses,
an increased intensity is observed for primary energies of 60 eV
nd 90 eV as expected for the combined 1E and EI processes; also

th( = 60 eV curve shows the overall increase expected for EI
>catt;r1nq In the I 70 eV curve there appears to be enhanced
intensity around 9-10 eV. This is expected for IE scattering,

even though the 60 eV elastic maximum is not a Bragg maximum,

since for forward scattering the 60 eV inelastic electron wave will
behave very much like the 60 eV primary wave. The analyzer position
has changed by about 1.5, however, so it is expected that the

energy loss required to satisfy the diffraction condition would

be a little less than 10 eV, and this is observed. 1In the 80 eV
curve, both IE and EI processes may be active, the latter increasing
the losses overall and the former adding some intensity at higher
energies around 18 eV. 1In the 90 eV curve there is a strong overall
increase in the spectrum due to EI scattering, while in the 100 eV
curve the significant overall decrease in intensity again reflects
the large drop in elastic intensity, indicating the importance of
the EI scattering process; some IE enhancement may be present around
AE = 10 eV in the Ep = 100 eV curve.
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Figure 35 shows the characteristic loss spectra for the
(11) beam direction, and the (11) beam elastic intensity is

yjiven by fig. 19. The 50 eV curve shows the overall increase

in intensity from ElI scattering and the region below AE = 4 eV
demonstrates the strong combined EI and 1IE scattering associated
with the sharp elastic maximum at 48 eV. As the primary energy

is increased as in the 60 and 70 eV curves there is a shifting

of the enhanced region to higher losses somewhat indicative of

IE scattering; however, it must be kept in mind that the
excitation probability for a bulk plasmon is also increasing

with primary energy, so some increase around 16 eV is expected
even in the absence of inelastic diffraction effects. 1In the

90 eV curve, the lower energy losses are again increased due to
the combination of IE and EI processes associated with the elastic
intensity maximum at 90 eV.

Another effect which is predicted by the Theory of Duke
and Laramorel® (see Appendix B) is the shifting of loss peaks as
the primary energy is varied near the energy of an elastic
maximum. As the primary energy passes through the energy of
the elastic intensity maximum, the wave vector length for the
excitation that is needed to conserve momentum becomes less.
Because of the dispersion relation for the excitation, e.g. plasmons,
this decreases the value of the energy loss. So, at or slightly
above the value of an elastic maximum the plasma loss peak should
be at its minimum value. In fig. 33 such a shift of the bulk
plasma loss peak near 16.0 eV may be present in the 60 and 70 eV
curves. Similar shifts seem to be present in the 60 eV curve of
fig. 34 and the 50, 60 and 90 eV curves of fig. 35.

Because of the inelastic diffraction effects, caution is
required in interpreting peaks in a characteristic loss spectrum.
Only those peaks which persist under a variety of primary energies
and angles have significance as characteristic losses. It is
quite common to measure strong peaks which are strictly due to
diffraction and have no significance in terms of highly probable
loss processes. As an example of the strong change in the character-
istic loss spectrum with scattering angle due to ILEED effects,
fig. 40 shows spectra taken at E, = 50 eV in the (11) diffraction
beam direction (curve A) and for about a 2° deviation toward a
larger diffraction angle (curve B). At the larger diffraction
angle, a large increase in intensity occurs for a loss of about
4.5 eV, also, the surface and bulk plasma losses have shifted to
larger values. The peaking at 4.5 eV is found to be consistent
with IE scattering as determined from a graphical analysis in
K-space. The (11) beam has a Bragg peak at 48 eV (see fig. 24b)
so in curve A of fig. 40 there is strong IE enhancement around
\E = 2 eV. When the analyzer is moved the Bragg energy becomes
about 45.5 eV and the I1E maximum occurs at AE = 4.5 eV in curve B
in accordance with this change in Bragq condition. The shift in
the plasma loss peaks toward higher energy is consistent with an
E1 process in which scattering from the diffracted beam at larger
angles requires a larger excitation wave vector and hence, from the
dispersion relation, a larger loss energy (see fig. 68).
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Inelastic diffraction effects corresponding to IE scattering
processes are very clearly observed if the energy analyzer is
left in position to receive a strong LEED beam and the primary
energy 1is increased by AE. When this is done, those electrons
which lose an energy AE in a small angle scattering event can
satisfy the same diffraction conditions and gives rise to
increased intensity in the loss spectrum at AE. Such behavior
is clearly illustrated by fig. 41, where the analyzer was left
in the position of the (01) LEED beam for K) = 36 oV, which
corresponds to the energy of an elastic int&nsity maximum. As
the primary energy 1is increased, it can be seen that there is an
increase in the inelastic intensity for a fixed secondary energy
of about 36 eV (noted by the arrows) which clearly indicates IE
scattering. Also shown in the figure is a series of peaks indicated
by arrows which occur at a fixed energy of about 23 eV. These
peaks represent secondary electrons which satisfy a Bragg dif-
fraction condition for the (01) beam for electrons with 55° angle
of incidence. Any electrons which scatter by an angle of 10°
from the primary beam, hawving an energy of 23 eV, can satisfy
this strong Bragg condition. This same Bragg condition for the
usual 45° angle of incidence is shown in fig. 26 occurring at
21.5 eV. When the diffraction condition corresponds to the energy
of a particular characteristic loss, the loss intensity becomes
much stronger, as for the 1.5 eV loss in the 37 eV curve, the
3 eV loss in the 37 eV curve, and the bulk pla N oSS Mear S o Lot e e
17 eV in the 41 eV curve. Very similar observations of diffraction
enhancement have been made by Porteus and Faith37 for tungsten.

Both calculations46 and measurements38 have shown that there
is a strong asymmetry of the characteristic loss intensities
in the plane of incidence when the primary electron beam is not at
normal incidence. This asymmetry usually favors scattering towards
the surface normal. Figure 42 shows characteristic loss spectra
taken for the (00) beam direction and 2° to each side of the (00)
beam in the plane of incidence; with a positive 2° being towards
the surface normal. The primary energy used for these curves is
120 eV and corresponds to a strong elastic intensity maximum,
which appears to be a Bragg maximum. In the (00) beam direction
the low energy interband losses are strong due to the combination
of EI and IE processes which can occur. As the analyzer is moved
toward the normal by 2°, electrons whose energy is about 110 eV
can satisfy the Bragg diffraction condition, and this is what
is observed. When the analyzer is moved the opposite direction,
none of the electrons are capable of satisfying the Bragqg diffraction
condition so the intensity is considerably less. Figure 43 shows
the K-space diagrams representing conditions for the three spectra
of fig. 42. Part B of fig. 43 represents the case where 8 = 0,
and it is clear that any diffracted electrons which inelastically
scatter in the forward direction will be detected independent of
the amount of energy lost, and in addition electrons which lose
small amounts of energy before diffraction will still nearly satisfy
the Bragg condition and also be detected. This gives rise to the
overall EI enhancement and the IE enhancement of the small losses.
When the detector is moved toward the surface normal, the conditions
shown in part C of the figure are set up. Under these conditions
electrons inclined toward the surface normal from the primary beam
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by 2° with an energy of 110 eV satisfy a Bragg scattering condition

leading to a strong peak around AE 10 eV. For the condition
where the detector is moved away from the surface normal, the

conditions of part A of the figure hold. Here, it 1is impossible
for electrons which have energy lower than 120 eV to satisfy the

Bragg relation and so the spectrum is probably made up of electrons
which are scattered by 2° from the diffracted (00) bean

When the primary energy 1s raised to 130 eV, the threec
spectra shown in fig. 44 are obtained. The vertical intensity
i ] ),
scales of the inelastic portions of this figure are the same as

for fig. 42, so direct comparison can be made. When 8, ) SO
that the analyzer is measuring in the (00) LEED beam direction,
there can be noted a significant drop in inelastic intensity in

the recion below 10 eV loss as compared to the 6j irve of

fig. 42. This is expected since the primary energy is no longer
equal to a Bragg energy; so that both EI and IE processes in

this energy range are diminished. Electrons which have lost about
10 eV, however, can now satisfy the Bragg scattering condition and
this accounts for the fact that the intensity around AE 10 eV

is still quite large. The appropriate wave vector digaram is shown
in fig. 45b. When the detector is moved toward the surface normal,
the Bragg relationship is satisfied for electrons with energies

of 117-118 eV, accounting for the IE enhancement of the character-
istic loss spectrum in the 12-13 eV loss region. The conditions
appropriate to this process are depicted in the wave vector diagram
of fig. 45c. When the detector is moved 2° away from the surface
normal, the energies of the electron are all too low to satisfy

the Bragg relation so IE scattering is not present and the EI
scattering is weak because the diffracted intensity is decreased.
This causes the entire spectrum to be diminished in comparison to
its counterpart in fig. 42.

A similar set of measurements for low primary energies is
shown in fig. 46, where again as the analyzer is moved towards
the normal the diffraction condition is satisfied for larger loss
values; this is the condition depicted in part c of fig. 43. The
peak at about AE = 7 eV is felt to correspond to the elastic
intensity peak at about 19 eV for the (00) beam and does not have
any significance as a characteristic loss.

¢ Inelastic Angular Intensity Profiles

Inelastic angular intensity profiles have provided the best
agreement with the theoretical predictions of Duke and Laramore 5,46
since the sideband diffraction phenomena are expected to be clearly
exhibited even when absent in the inelastic energy profiles.
Experimental studies have been made by Porteus and Faith38 on an
Al(111l) sample,.and by Burkstrand and Propst42 for an A1(100)
sample, yhi%h %ndicate qualitative agreement with theoretical
studies4°:46,48 5pg experimental results obtained by Porteus have
also been used to obtain a surface plasmon dispersion relation for
aluminum. 47
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In this experiment extensive inelastic angular intensity
rements were made both in and out of the plane of incidence.

Phose made in the plane of incidence will be concentrated upon
‘e they are the least complicated to analyze and compare to
theory. Angular profiles were taken at 5 eV increments in

1Yy energy and representative sets of data taken in the plane
cidence for loss values of 10 eV and 16 eV are shown in
47-50. These plots show most of the basic patterns observed
111 of the measurements and they demonstrate much of the
1alitative behavior predicted by theory. However, it should be
reemphasized that the theoretical predictions were made for angles
incidence of the order of 15° and so some of the behavior
predicted is not seen in these experimental results because of
the large angle of incidence.46

These four figures are useful for obtaining a qualitative
t'wl for the inelastic angular profiles and how they vary with

primary energy. The dots on each curve 1nd1 cate the angle of
the LLL) beams, the (00) beam being at 45° and the (0 1/2), (01)
ind (0 3/2) being at successively smaller angles. Formation of

the inelastic counterpart of a LEED pattern is clearly evident in
these diagrams, especially for the 10 eV loss. This is a result
of the small angular scattering that accompanies inelastic
scattering for small losses so that the combined two step ILEED
process bunches the inelastic intensity close to the LEED beams.

In section 2.4 of Appendix B the expected variation of the

inelastic intensity profiles with primary energy is described.
In general, the angular profiles shown in figs. 47-50 display
this type of behavior. Looking at the profiles about the (00)
beam (8 = 45°), it can be seen that as the primary energy approaches
an elastic maximum (77 eV and 120 eV) a peak is found on each
sid2 of the 00 beam with the high angle peak appearing as a
shoulder. At higher primary energies the shoulder goes away with
the formation of a single large peak toward the low angle side of
the LEED beam. For a primary energy around Epsx + AE the shoulder
reappears and for primary energies beyond Epax + AE a small single
peak is found. This behavioral pattern agrees with the predictions
f Duke and Laramore's46 theory. A similar observation can be
nade for the 10 eV and 16 eV losses about the (01) LEED beam for
primary energies between 105 eV and 140 eV. The elastic maximum
for the (0l1) beam occurs at 123 eV and the changing resonance

. » conditions are readily apparent in the angular profiles around
this energy. A peak begins on the high angle side of the LEED
beam, but near the elastic maximum a peak on the low angle side
bvqinq to grow and becomes dominant at a primary energy near
W E. A somewhat similar behavior can be observed for the

] z—nrd<r beams, but it is never as pronounced.

The data as shown in figs. 47-50 are useful in getting a
gqualitative feeling for how the angular profiles vary, but for
a more quantitative description the anqular profiles are plotted
directly above one another so that angular shifts are emphasized.
Measurements were made in the plane of incidence to obtain the
angular profiles for energy losses of 10, 12, 14, 16, 18 and 20 eV
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at primary enerqgy intervals of 5 eV between 70 eV and 140 eV.
This extensive collection of data is shown in figs. 51-62,
where the open circles on the curves denote the LEED beam
positions and zero intensity levels are indicated on the left

hand edge of each figure.

Concentrating on the (00) beam, the trends described above

are seen to be repeated for each of the losses shown here.
The set of curves describing the angular profiles at primary
energlies below 105 eV are difficult to compare with theory,

since the elastic maximum at 77 eV for the (00) beam does not
correspond to a Bragg maximum and is not readily identified

as being due to any other strong beam. This peak apparently
arises from some complicated multiple scattering process. All
that can be said, is that when Ej 77 eV the EI process should
be represented as an increased i;nt‘onsit_y, ind the larger losses
should give peaks displaced to larger angles, as is observed.
Also, when Ej 77 + AE the I1E scattering should predominate
and an intensity maximum should be obtained at this energy,
since for forward scattering the inelastic wave should undergo
the same scattering conditions as the original primary wave.
This peaking at E, 77 + AE is observed for all the losses

except possibly the 20 ev loss.

For the range of primary energies above 105 eV (figs. 57-62)
the angular profiles are subject to analysis because the elastic
maximum at 120 eV dces correspond to a Bragg maximum. The low
angle peak position due to IE scattering can be calculated,
taking into account inner potential corrections to the electron
energy and angle of incidence and assuming that the Bragg relation
is satisfied, i.e.

oy = 2R

These calculated angles and the measured angular positions of the

low angle peaks are shown in Table III. The measured angle of

the peak for E, = 105 eV has not been included because it overlaps
the peak associated with the 1/2-order beam causing uncertainty

in its position. Agreement between the measured and calculated
angles is fairly good with the exception of those measured for

E, = 115 eV and Ey = 120 eV. This discrepancy results because

t%o low angle pea& for these energies is due to an EI scattering
process that causes the peak to be much closer to the (00) beam

than would be the case for IE scattering. In the curves for 16-20 eV
losses at primary energies around 110 eV the EI scattered intensity
can be seen around the (00) beam distinctly separated from the IE
peak which is displaced toward the normal by a fairly large angle.
This intensity due to El scattering is weak because the elastic
intensity of the (00) beam is relatively small. For primary energies
of 115 eV and 120 eV, however, the onset of the Bragg maximum

causes the IE intensity to become large, but also, in some of the
curves, for example, the 115 eV curve of fig. 60 and the 120 eV

curve of fig. 61, the IE peak is visible as a shoulder on the low
angle side of the dominant EI peak.
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The low angle peaks around the (01) beam for By = T8, 75,
80 eV and AE 10, 12, 14 eV are found from graphical analysis
to correspond to IE scattering where the Bragg relation satisfied
is the one which gives the 60 eV peak in the elastic intensity.
For the higher losses the peak positions cannot be accounted for

1t could be due to some influence from the (0 3/2) beam. At
higher primary energies, there 1s a relative intensity maximum

at B 80 + AE due to IE scattering conditions which correspond
to t,hm- multiple scattering peak at 80 eV in the elastic intensity
i A

The angular profiles about the (01) beam for primary
energies above 105 eV are partially accounted for by the
jraphical analysis in K-space. For primary energies of about
115-125 eV the EI processes dominate the angular profiles but
above this primary energy IE scattering begins to take over 1in
importance, causing the growth of a peak to the low angle side
of the LEED beam. This peak becomes a maximum at about
E. 122 + AE, where Ey = 122 eV corresponds to the Bragg
maximum for the (01) L%FD beam. The angular position of this

1x1imum amplitude peak is confirmed by qrxuhlcal analysis. This
exact behavior has been observed by Burkstrand 42 in inelastic
angular profiles measured around the (11) and (10) diffraction
beams on an Al1(100) sample with normal incidence of the primary
beam. Bagchi48 has analyzed this data using the theory of Duke
and Laramore45,46 ang gets gqualitative agreement between theory
and experiment.

In general, the 1/2-order peaks have a maximum in inelastic
intensity at a primary energy of Epax + AE, where Ep,x is an elastic
intensity maximum for the particular 1/2-order diffraction beam.
This again is the result of having a forward scattered inelastic
wave satisfying the same conditions which led to a maximum in the
elastic intensity. For the (0 1/2) beam, elastic maxima occur at
83 eV and 127 eV as shown in fig. 20. It can be seen that for the
various losses, maxima do occur at about E_ = 83 + AE and E_ = 127 +
‘E. Similarly for the (0 3/2) beam with ak elastic maximumPat
80 eV and a second weaker maximum at 95 eV the increase in elastic
intensity begins suddenly at Ep = 80 + AE and dies off for energies
above about Hp = 95 + AE.

Porteus and Faith38 have attempted to extract dispersion
relations for the surface and bulk plasmons in Al from their
inelastic angular intensity data but the results were rather
unsatisfactory. Some attempts were also made in this present
study to determine the dispersion relations for the surface and
bulk plasmons but they were unsuccessful. The measured angles
of the peaks, as shown in Table II11, appear to be controlled
by the diffraction conditions and are not significantly influenced
by any excitation wave vectors. This may be due to the fact that
there are no dominant loss peaks and the background of multiple
inelastic losses is quite large.
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Secondary Electron Spectra

Secondary eiectron energy distributions (SED's) were
measured over a wide range of angles and primary energies with
the observation of a number of secondary peaks, i.e. peaks

which remain fixed in secondary energy when the primary energy
is changed. Mechanisms for the production of such peaks have

k n mentioned already in section II.l; these will be considered
here in more detail in attempting to account for the observed

3 icture in the low energy SED's.

Mos

t of the structure in the SED's was observed in the
ular scattering direction (8p = 0) and in the direction

f the crystal normal (8p = 45°). Figures 63 and 64

illustrate SED's for various primary energies in these two
iirections. The specular direction SED's (fig. 63) show the
existence of secondary peaks at energies of about 3.5, 5.7, and
11.5 eV and the SED's measured in the direction of the crystal
normal (fig. 64) have secondary peaks at about 4 eV, 8.7 eV and
21.5 eV. These peaks remain fixed in secondary energy with
increasing primary enerqgy but become less pronounced.

One common process by which secondary peaks are groduced
is the Auger process, and this has been used by somel3,14,19 to
riccount for the existence of secondary peaks at low energies. 1In
this experiment, however, most of the peaks occur at primary
energies which are too low for ionization of a level sufficiency
deep that the Auger process could account for the measured peaks.
The peaks at 11.5 eV in the 8 = 0 curves and the peaks at 8.7 eV
and 21.5 eV in the 8 = 45° curves would require an MVV Auger process,
but the M level is 29 eV below the top of the valence band and
these peaks occur at primary energies less than 29 eV. Therefore,
the Auger process is ruled out for these peaks. Similarly, in the
case of the lower energy peaks, one could construct a set of Auger
transitions using the maxima in the valence band density of states
as the levels. The two deepest maxima in the valence band density
of states for Ge occur at about 7.5 eV and 10.5 eV below the top
of the valence band. If the neutralizing electron and the Auger
electron both come from the top of the valence band, then Auger
peaks at 2.8 ¢V and 5.8 eV could occur. However, the secondary
peak at 3.5 eV is found for primary energies below 7 eV and the
5.7 eV secondary peak occurs for primary energies of about 7 evV.
The primary energy is, therefore, too low for ionization of the
likely levels needed to account for the observed peaks as Auger
peaks.

66

Chung and Jenkins have proposed a characteristic gain

process to account for secondary peaks. They propose that excited
states of the crystal decay by transferring their energy to electrons
at the vacuum level, resulting in secondary peaks at energies
characteristic of the existing excitations. 1In their analysis they
obtain a good correlation between the secondary peak energies and

the characteristic loss energies. This process, despite the good
correlation of peak energies, is hard to justify since it presumes




that secondary electrons at the vacuum level are favored over
secondary electrons of any other energy, and this is very unlikely
unless a large density of states should occur at the vacuum level.
A similar correlation between secondary peak energies and loss
energies can be found in the data of this experiment, but the
secondary peaks are not felt to be due to a characteristic gain
process, especially as there is not a large density of states peak
at the vacuum level.

One process that does seem to fit most of the results is
the diffraction enhancement of parts of the SED due to strong
diffraction of some of the secondary electrons. If secondaries

are created which have the correct energy and direction to

satisfy a strong diffraction condition they will be elastically
scattered out of the crystal in the diffraction direction with
greater intensity than those electrons of other energy and direction.
This leads to a peak in the SED for the diffraction direction at

a secondary energy corresponding to a strong elastic maximum. This
process has been used to explain secondary peaks in the SED's for
tungstenb7 and silver68 single crystals.

In the specular direction, it is expected that secondary
peaks due to diffraction would correspond closely in energy to
the (00) beam elastic intensity maxima. Also, for primary
energies approaching the secondary peak energy the secondary peak
should become sharper and more intense since the inelastically
scattered electrons are more concentrated in the primary beam
direction. The SED's of fig. 63 can be compared with the (00)
beam intensity plot of fig. 26. It can be seen that there are
elastic maxima at about 3.5 eV, 6.0 ev, 11.0 eV and 19.0 eV and
these correspond very well with the energies of the secondary peaks.
The energy range is not large enough in fig. 63 to show the 19.0 eV
peak, but in fig. 46 there is a peak at Eg = 19 eV which is believed
to be due to diffraction of secondary electrons. The relative
intensities are qualitatively in agreement as well, with the 5.7 eV
secondary peak being the strongest in accordance with the elastic
intensities. It can also be seen that the secondary peaks are
sharpest when the primary energy is near to the secondary peak
energy; this is demonstrated for the 3.5 eV peak by the SED for
E, = 7 eV and for the 5.7 eV peak by the SED for Ep = 9 eV. These
péaks are also localized near to the specular direction, as is
expected if they are associated with the specular diffraction
conditions.

In the direction of the crystal normal the two peaks at
8.7 eV and 21.5 eV shown in fig. 64 also are accountable to
diffraction of secondary electrons. The secondary peak at 21.5 eV
corresponds to the strong (01) beam elastic maximum at 21.5 eV
(fig. 26), which appears at about 6p = 45°. Since this (01) beam
maximum appears to satisfy a Bragg condition (see fig. 23b), the
variation of the secondary peak energy with angle in the plane of
incidence should be predictable. The right hand side of figure 65
shows the calculated and measured peak energies with the K-space
diagram below depicting the situation for two assumed wave vectors.
In the calculations, inner potential correction is taken into account
and the peak energy is given by
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‘peak = '.514 cos®8 I
where G is the three dimensional reciprocal lattice vector
expressed in A"~ and Vy is the inner potential given in eV.
The agreement is reasonably good for about a 6° range from the
surface normal but becomes poorer towards smaller 6p. At these
smaller angles the peak was becoming quite weak and broad,
increasing the possibility of error, but more likely the
discrepancy indicates the breakdown of kinematical behavior

for anything more than a small range of angles. Also, there is
the possibility that the strong wave set up normal to the crystal

can cause a peak to appear that i1s characteristic of a normally
incident beam. Elastic reflection measurements made at normal
incidenced® (see fig. 23) indicate a peak at about 20 eV which
seems to be a SBP due to a Bragg condition for the {01} set of
beams. If such a peak were present it would cause the measured

peak energies to be lowered.

The energy value of this peak for a given 8p did not change
with angle when measured perpendicular to the plane of incidence,
but the intensity did drop off to about half its initial value
within about 7° from the plane of incidence, for the primary
energies shown. This may be the cone angle over which the
secondaries can undergo coherent scattering for this particular
diffraction condition. If this is the case, then this could
also explain why the measured peak energies diverge from the
calculated Bragg energy four angles greater than about 7°.

The peak at about 8.7 eV in the SED's measured normal to
the sample correlates rather well with the strong Bragg peak
that occurs at this same energy for elastic reflection at normal
incidence. Again the angular variation of the peak energy can be
tested if this Bragg condition is responsible for the peak.
Calculated and measured values are shown on the left side of
fig. 65, along with the appropriate wave vector diagram, and
reasonably good agreement is obtained. 1In this case secondary
electrons with wave vectors directed nearly normal to the crystal
are diffracted out giving rise to the peak.

Additional evidence in favor of a diffraction process is
the fact that the secondary peaks are not present when the surface
has been disordered by light sputtering. Figure 66 shows energy
distributions taken in the specular direction, 6a = 0, and in the
direction of the crystal normal, 65 = 45°, for both a sputtered
surface and the subsequently annealed surface. The sputtered
surface SED's are found to be generally free of structure except
for the loss peak at AE = 7.5 eV which was discussed previously;
also, there is a remnant of the 8.7 eV peak. This latter peak was
also observed by Chen%6 for his sputtered surfaces and presumably
remains because the sputtering damage is so shallow that the
underlying atomic layers can still give rise to some peaking at
this energy. When the sample is annealed a LEED pattern is re-
established and the usual set of secondary peaks reappear. In
fig. 66 it is only coincidental that the loss peaks in the sputtered
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surface SED's appear at nearly the same energy as the secondary

peaks in the annealed surface SED's. When the primary energy
is increased these peaks separate and it is clear that there
1s no connection between them. It can be noted that there

1s a work function lowering when the sample is sputtered and
this is evident by the shift in the elastic peak.

One other process that gives rise to secondary peaks in
the SED is the direct emission of electrons from local maxima
in the density of states of the conduction _band. Such peaks
have been reported for measurements on 8il7 and qraphite.18
Kane has shown that the density of secondary electrons in the
conduction band is proportional to the local density of states.
Since maxima in the density of states usually occur along
symmetry directions and Brillouin zone boundaries it would be
expected that a larger number of electrons would be emitted
with momentum along the symmetry directions at energies character-
istic of regions of the band structure where the density of
states are large. The density of states is proportional to
(-kli(l-f))'1 so that flat regions in the conduction band structure
curves are likely places for large densities of states.

Referring to the band structure diagram in fig. 37 and
placing the vacuum level at about 4.7 eV, maxima in the density
of states for the [100] branch might be expected for energies
of about 2.5 eV and 4.5-5.0 eV above the vacuum level. As can
be seen from the SED's of fig. 64 maxima do occur at these
energies. Similarly for the [111]] branch of the band structure,
there is a flat region 4.0 eV above the vacuum level (8.7 eV
band energy) which might be expected to give a large peak.
Measurements made in the vicinity of the [111] direction did
indeed show a strong peak at 4.0 eV in the SED.

Band structure calculations by Brust and Kane,69 extending
to higher energies, indicate that a large density of states
might occur in the [100] direction at 7.0-8.0 eV above the vacuum
level. 1If there is a peak in this energy range it is masked by
the secondary electron diffraction peak at 8.5 eV. Their
calculations also show a region of large density of states about
6.0-7.0 eV above the vacuum level in the [111] direction and
measured SED's in this direction did have a peak at about 7.0 eV.
Peaks were also observed for directions other than the symmetry
directions but these cannot be compared directly to the band
structure.
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V. ‘onclusions and Recommendations

w energy electron scattering measurements were conducted
1s a function of scattering angle and primary energy for an
itomically clean Ge(100) sample. These measurements were
rarried out in an attempt to characterize the different types
f electronic processes that occur under low energy bombardment

aind to assess the role the surface plays in these scattering
processes. Although none of the observed effects were found
to be peculiar only to Ge, such low energy electron scattering

lata has not been obtained previously for Ge.

Measurements of the LEED pattern for the clean, annealed
sur face indicate the probable existence of a Ge(100) 4x2 surface
structure. This conclusion is based on the existence of a set
f 1/4-order diffraction beams that have been in question from
previous experiments. Analysis of the LEED beam intensity maxima
was accomplished by plotting the incident electron wave vector,
corrected for inner potential, on a K-space diagram for the plane
of incidence. An inner potential of 14 eV was obtained for
primary energies greater than 30 eV. Through such an analysis,
most elastic maxima were determined to be Bragg peaks or secondary
Bragg peaks due to multiple scattering. This method of analysis
showed the potential for easily identifying the diffraction beams
that are coupled in the multiple scattering process.

Inelastic electron energy distribution measurements showed
the existence of a number of energy loss peaks that are attributed
to interband excitations of lattice electrons. These losses were
only observed when the sample surface was clean and well ordered.
Some of these losses were in fair agreement with band gaps
determined by optical measurements and with band structure
calculations; however, positive assignment of some electron
transitions was not possible. In addition to the interband losses,
both surface and bulk plasmon losses and combinations of these
losses were observed and their energies were in good agreement
with reported values. Future measurements of the inelastic spectra
should be made with improved energy resolution for the primary
electron beam in order to separate the losses more effectively.
In principle it is possible, with better energy and angular
resolution, to obtain the E vs. K dependence of the energy bands
by careful measurement of the indirect excitations.

Inelastic electron diffraction effects were observed in
measurements of both the energy and angular distributions of the
inelastic electrons. Results were obtained corresponding to
processes where the primary electrons were diffracted before and
after energy loss. The qualitative behavior cbserved in these
measurements is in agreement with current theoretical models and
for certain instances, where particular Bragg relations could be
identified, quantitative evaluations of peak energies and angles
were possible. Any additional work done in this area should be
carried out on an Al1(100) sample to complement the theoretical work
being done.
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Results of the secondary electron energy distribution
measurements indicate the existence of secondary peaks due to
two mechanisms. In one, peaks are formed by secondary electrons
that satisfy strong diffraction conditions. These peaks were
found to correlate very well with the energies and directions
of elastic intensity maxima. Variations of the peak energy with
scattering angle were calculable in the cases of two peaks where
the particular Bragg relations involved could be determined.

Over a limited angular range, kinematical Bragg scattering was
found to describe the measured peak variation. The second
possible mechanism giving rise to secondary peaks is one in

which secondary electrons are directly emitted from regions of
local maxima in the conduction band density of states. Cor-
relations were obtained between the energies nf secondary peaks
measured in the [100] and [11l1l] crystal directions and predicted
energies of density of states maxima obtained from band structure
calculations. Such measurements show promise as a method for
determining the shape of the conduction bands and are worth pursuing
in more detail. For both mechanisms a well ordered surface was
necessary for observation of structure.

A future experiment that could be done with this apparatus
is the measurement of secondary electron energy distributions
for surfaces with overlayers, e.g. a cesium overlayer. The
accompanying work function lowering would allow the deeper lying
conduction bands to be examined. Also, by measuring shifts in the
energy band peaks with overlayer coverage, the band bending could
be determined directly. This latter measurement has importance
in the study of negative electron affinity photocathodes. The
advantage this method has over techniques like photoemission, is
that where photons penetrate deeply into the solid, low energy
electrons penetrate only the first few atom layers; thus, features
in the electron scattering measurements reflect energy states near
to the surface. 1In negative affinity photocathodes the space
charge region at the surface is often very thin so that electrons,
unlike photons, could be effective in measuring changes in the
electron s:ates of this region.

(93]
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APPENDIX A

Some Relationships Between the Complex Dielectric Constant
and Energy Absorption

sk Interaction of a Dielectric with an
Electromagnetic Wave

A link between the macroscopic behavior of a dielectric
material in an electric field and its microscopic or atomic
properties 1s afforded by the frequency dependent, complex
dielectric constant defined as

(.):-1(.)+i-2(.;) A.l

Macroscopically the dielectric constant acts as the coupling
factor in a linear relationship between the electric field and
the electric displacement function as specified by

D(w,t) = €(w) € E(w,t) A.2

From general electromagnetic theory, the rate of energy loss per
unit volume from a periodic electric field is given by

2

: B L ( 3 iD(t)
W(t) = ‘2' ) L(t) "'Tt’——‘d(“lt) A.3

e}

where the electric field is assumed to be
E(t) = E e'" A.4

Combining these relationships and taking the real part gives W(t) as

2
'o'Z(L)Eo‘
W(t) = - ————— A.5
2
so that the rate of energy loss by the electric field is proportional
O €. (W),
.
In optical absorption theory for solids, (w) can be related

to the band structure and direct interband elccgron transitions.
A transition rate per unit volume is derived from time dependent
perturbation theory to be

Mo 202 [dk_ 1y |2 55 -k -
W,.(w) = -4vh(e/m) " AJ J (M, " 6(E,~E ~hw) A.6

where the matrix element MVC is defined by




3 = * ol ike-r e
M = dr e u _(K',r)e-Ve u._(k,x) A.7
ve J e v

where u. and u, are Bloch functions for the initial and final
electron states and the wave vector of the photon has been
neglected. Multiplying this transition rate by the energy, ¢
of the transition gives the rate of energy loss

’

Since the electric field in the absence of a scalar potential is
given by the vector potential according to

then by combining equations A.8, A.9 and A.5 gives the expression

2 wvch
. g) = A A.10
- Ly 2

£ A
Q ©

e

relating the transition rate for direct interband transitions to
the imaginary part of the dielectric constant. It is possible

to associate maxima in the n2(.) function with specific interband
transitions in many instances. In particular when the assumption
is made that M is a slowly varying function of the wave vector,
the delta function property changes equation A.6 so that

e . (u bl A.11
2 e m vc ve

where the term Jvc' called the joint density of states, is given by

3 =J1_3_ R A
g B lvﬁ(Ec—Ev)l
E -E_ = %
= ¥

A.l2

with the surface of integration being the constant energy surface
in R-space, EC(K)—EV(K) & %

A.2 Interaction Between a Dielectric and a
Fast Charged Particle

Inelastic scattering of fast charged particles can be related
to the dielectric constant by determining the response of the
electron system of the solid to the coulomb force of the moving
particle; this analysis was carried out by Frohlich and Platzman.
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The electric displacement vector as a function of time is calculated
for a general point, P, due to the moving charged particle.
Fourier transforms of this function and the electric field vector
are related by the complex dielectric constant as
D = gfw) E A.13
Then the energy transfer to a unit volume at the point, P, 1

1s given by |

dt A.1l4

W = = E(t) = &

which, when using the Fourier Transforms, is shown to give

1" '2(‘) y 3 = 3
W = e L o O ) d E A.15
P b efiw) 4 el (w)
& il =2

The total energy transfer is found by integrating over the entire
volume. It has also been shown’l that a quantum-mechanical inter-
pretation gives the probability of a charged particle losing energy
between 2. and * (W+dw), in a single "collision", as being propor-
tional to the factor

£, (w
-Im 1/¢(w) = 5 5 A.16
£ (0% + €, (w)

The cross section per energy interval, into an angle 6, in
causing bulk excitations is given by

do *

1
3 ¢ (§8) Im 1/ A.17

when measured with an angularly selective energy analyzer. Using
equation A-17 and the real and imaginary parts of the dielectric
constant, obtained from optical measurements, good agreement has
been obtained with characteristic loss spectra for fast electrons.
From this it can be seen that there will be a close correspondence
between energies of strong optical absorption (maxima of £ (w)) and
electron loss peaks but the loss peaks will be shifted somewhat due
to the denominator terms of Im 1/¢.

A.3 Relation of the Dielectric Constant to Atomic
Properties of a Solid

A connection between the dielectric constant and the atomic
properties of a solid can be developed according to a rather
simplified model72 in which the atoms comprising the solid are
considered independent. If the perturbing potential is considered
to be




‘.' o 1 .y
where
1 t -
I E_ (¢ + e ! t) '
then the use of time-dependent perturbation theory gi
pression for the dipole moment for ne atom of the
;)
( t -1t
e x(t)) = E - e
ez ) 2, 4
J ‘_
vhere ¢ = E.-E . This can be written as
) ) e
e Xx(h)) = @) BE(t)
where a polarizability, @, has been defined by
20 ,
e (& | 2 yat
) Snaciet T
.k 0J 2 2
) o LA
]
It is usual to define an oscillator strength, f., by
& 3
£ =22 0, |x |4
] P J o)
which satisfies a sum rule
f = 1
J
)
Then the polarizability becomes
2
iy - 8 f
0 de
) o
A J
When all N atoms of the solid are considered then the

constant is given by electric field theory as

which becomes

o

—— e
w
~

dielectric

A
e 24




t hie ibove treatment, damping wa - ( .
treatment would give an expres n
N¢
Lup). o 3 ; (w) e}
1 2 m
Q) V’ a2
For 1, this reduces to the expressl - jation A.27,
where now l{‘) is the proper term t 15 ¢
For free electrons all . are zet 50 that
2
"po '
W =1 - K A.29
where the free electron plasma frequency, et LS given by
P
2
Ne
5 — A.30
pPo m
; o
It is a result of the dielectric theory that the plasma frequency
1s determined by the condition (w} (03 whiich, when neglecting
damping, 1s given by setting 1(.) = . When this is done for
equation A.29 tue plasma frequency becomes w, oy the free
electron plasma frequency. It can be seen from egquation A.27,
however, that if interband transitions are present that in general
may not equal u .
Y ju po
When considering an intrinsic semiconductor, like Ge, where
valence, conduction and d bands are considered, a general
expression can be given as
e2 {vv e ted
(w) = 1 - —— —— - = - A 31
1 m = 2 m 2 2
O ) e O -1 "
Ccv cd
where now the sum rule on oscillator strengths is given by
f = N A, 32
cv dv v
with N, being the density of valence electrons. In the case of Ge,
the 4 bands are 30 eV below the top of the valence band so the
last term of A.31 is weak at lower energies. Also, the oscillator
strength, fcv' is found to be exhausted above * 7 eV; therefore,
in the region between these two energies the behavior of rl(‘) is
nearly free electron like so that the plasma frequency for Ge is

nearly equal to w__, the free electron value.
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APPENDIX B
nelastic Low Energy Electron Diffraction (ILEED)

The only comprehensive theoretical treatment of the topic
ILEED has been carried out by Duke and Laramore, 5,46 and
their model has been fairly successful in qualitatively
lescribing the experimental results which have been obtained
hus far. Some quantitative use of the theory has been made
in the case of aluminum, but at present it is very difficult
to apply the theory to other materials except in a qualitative
manner. Aluminum was chosen as the material for initial
theoretical studies because LEED bear intensity calculations
have been obtained that predict the measured beam intensities,
1s a function of energy and angle of incidence, with reasonably
iccess. This is essential for their theory. In addition
the inelastic scattering parameters for the plasmon losses have
been studied extensively for aluminum and could be incorporated
to the calculation. 1In what follows, an attempt is made to
marize some of the theoretical considerations of Duke and
iramore and supplement this with some additional interpretation
terms of modified Ewald diagrams.

+

jood s

B.1 Calculated Cross Section

The inelastic cross section, as calculated by Duke and

iramore, for bulk excitations takes the form

2

d 1 >
. = _ p(w,p.) {M(K_ ,K,,P, ,q)
i SEAS
E d (2‘)3]\ g n (oF' 8
& (B) + A (P )]% + M(K B ,~P ,9) [A (=P ) + A (=B J1%
o c o~ E oL & R b s (5 i

where p(w,P,) is a density of states function given by
=i}

o i 'h_w(B)

S ‘
L A=W

In the theory, it is assumed that only the parallel components

B.1

B

of the momenta need be conserved along with the energy conservation

as given by

(P ) = W

b
] ’14_

where P, is the parallel component of the excitation wave vector

and W is the energy lost in the inelastic scattering event.

e, e —————————————




There are two types of resonances in the expression for
the cross section, the Ay and Ac terms give rise to the so-called
"energy-tuned" resonances and occur at energies Ep and Ep+w
respectively. These represent the cases of electron diffraction
before and after energy loss and are essentially independent of P .
The second type of resonance 1s governed by the envelope function
M(K,,+Ks Py ,8). Resonances in this term are called "momentum-
tuned" resonances and lead to a phenomenon called sideband dif-
fraction. These resonances are the result of "accidental"
conservation of momentum normal to the surface.

B.2 ILEED for the (00) Diffraction Beam

B.2.1 1Inelastic Energy Profiles for Bulk
Excitations

Inelastic diffraction involving the (00) diffraction beam
1s the simplest to discuss and so the salient features will be
developed around this beam. Also for simplicity the incident
electron beam will be assumed to have normal incidence. For
the bulk excitations a guadratic dispersion relation will be
assumed and in particular the bulk plasmon will be considered
to have a dispersion relation given as

: g 2
W(p) = h Y50 3+ 1 B.4

Assuming that the electronic interaction is similar to the case
of aluminum, then from reference 46 the form of the envelope
function is given as 2 2
4 Py i(K + Ky =B Jd
R RGP ) e fleg O ]
M(VOL' L ‘2 A2

For intensity measurements in the (00) beam direction, the
inelastic energy profile for a given energy loss, w, will ideally
exhibit four resonance peaks for each Bragg peak in the elastic

energy profile. A resonance in the Ab term occurs when

’ SO 4. 5
2 K(),L (E) = S B.6

where d is the atomic layer spacing. This gives a resonance when

the primary energy is equal to a Bragg energy, i.e. E = EB.
Similarly the AC term gives a resonance when

21n
2 K‘.(E‘W) = T B

which is the condition for a Bragg resonance at E = Eg + w. The
envelope function provides two additional resonances given by

2nn
d

Koy (B) + K (B-w) + P, =
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and

K (B) # K (E=2) S P

g
(o7 L B.9

which represent the sideband diffraction resonances.

The two resonances given by equations B.8 and B.9 tend
to occur near Ep and Ep+w respectively, but because Pa is usually
different than the wave vector difference K, -K,, the particular
energies at which they occur will depend upon the energy loss
value, w, and theglispersion relation. In particular, if the
dispersion relation is "steep" (large «) then a large energy loss
corresponds to a large value of P,. Under these conditions the
two sideband resonances occur at energies which are sufficiently
removed from Ep and Eg+w that they show up in the inelastic energy
profile as distinct peaks separate from the "energy tuned"
resonances. An illustration of this sort of behavior is shown
in fig. 67 for an idealized case of an excitation with a "steep"
dispersion relation. In this diagram the curve for the loss, wj,
illustrates the case of a small loss and hence such a small value
of P, that the sideband resonance is not split from the "energy-
tuned" resonance.

B.2.2 Angular Profiles for Bulk Excitation

Angular profiles are determined primarily by the product
of the envelope function, M, with the density of states function, p .
For guadratic dispersion relations the density of states is given by

2Py

and this multiplied by the envelope function of equation B.5 gives
—2

)d
] B0k

which is essentially the controlling term for the angular profile.
It can be seen that as P, + 0 the angular distribution will go

to zero and if the term in brackets is small, i.e. off resonance,
then the angular distribution will be nearly proportional to P,.
For normal incidence with 8 measured relative to the surface
normal, the components of the secondary wave vector are given by

K cos 6

*
|

B.12

it

K“ K Sin ]
Using relations B.3 gives

Pa ==Ky

and
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W ; 4 (I)“ + P, ) B.13
leading to the expression
L2
o STy
P, [ e - K'sin 9] B.14
Since the intensity goes to zero when Byl cutoff angle,
8 , can be defined as
’ 1/2
1 W= /
. - D0
@ = gin » ([ é‘ﬂ B.1S5
c :
- K

From the above relations, the angular distribution as a
function of primary energy can be illustrated. When the primary
energy is far from the energy tuned resonances, then the overall
cross section is small and the angular distribution, as governed
by G+, gives a single symmetric peak which varies as P, . When
the primary energy is near a resonance the overall cross section
1s increased due to the Ay or A, term but also the G+ term can
resonate causing peaks symmetrically displaced about the (00)

beam. TIllustrative diagrams of angular profiles are shown in
fig. 68, together with modified Ewald diagrams depicting the
condition when E = Eg. Conservation of parallel momentum leads

to the limited scattering cone shown by the shaded region. For
small w the momentum vector P is too small to allow a sideband
resonance, but in the two cases of medium and large w the sideband
resonances can be tuned and lead to peaks in the angular profile
at angles where the normal momentum is also conserved.

If the energy loss, w, is fixed at a moderately large value
and the primary energy is changed, then the behavior illustrated
in fig. 69 is obtained for the angular profiles. When the primary
energy is well below the Bragg energy, Epg, the angular profile is
a small singlet but as the primary energy passes through Eg the
cross section increases and the sideband resonances appear causing
the angular distribution to become a doublet. When the primary
energy passes beyond Eg a singlet is obtained again, but this
changes again to a doublet near Ep+w as the resonance conditions
can again be satisfied. For primary energies beyond this a weak
singlet is obtained again.

B.2.3 Energy Loss Profiles

Shifts of the characteristic loss peaks in energy are expected
when energy loss profiles are measured at different scattering
angles. In fig. 70a the cases of measurement in the (00) beam
direction and slightly off this direction are illustrated for
E = Eg. As the detector is moved off of the (00) beam direction,

a large value of P and hence w is needed to satisfy the resonance
condition and so the peak in the loss profile moves to a larger
energy loss value.




b~

Similarly if the detector is fixed in the (00) beam
direction and the primary enerqy is varied around the Bragg
energy, the loss peak will shift in energy as the resonance
conditions change. Figure 70b illustrates the conditions
when the primary energy is somewhat below Ep and somewhat
above Ep. When the primary energy is below Eg then equation B.8
1s satisfied for a large value of P. and correspondingly large ;
energy loss w. As the primary energy increases, the necessary
values of P, and w to cause resonance decrease and so the peak
shifts in the loss profile towards smaller energy loss values.
Ideally, this shifting continues until P, 0, but the intensity
goes to zero when Pp » 0 so the maximum shift is never observed.

B.2.4 Non-normal Angles of Incidence

When the primary electrons are incident on the sample at
other than normal incidence the symmetric behavior about the (00)
diffraction beam is lost. While G* remains the same as given by
equation B.1ll the results are modified because Koy 1s no longer
zero. Conservation of parallel momentum now is given by

K. =K + P, B.16
On "

Using expression B.16 with the same sort of analysis as for
equations B.12 - B.14, leads to the expression

w=h k)2

p, = [—=2 - (K sin ® - K sin 8)%) . B.17
4 f (o] o]

As before when the primary energy is far removed from the
resonance energies then the angular distribution will be a singlet
which is proportional to P+ . The maximum of this singlet will
occur where P, = 0 which gives

=

sin emax = g sin eo 23

This angle depends on both the primary energy and the energy loss
value, w, so the angular behavior becomes more complicated but
qualitatively it is similar to that discussed previously for normal
incidence. A cutoff angle can also be defined as
1 K W=t ki 2
QC = gin [;O sin 8  + ( -‘“-EQ) ]

K o - : K2

The resonance conditions of equations B.6-B.9 can be
rewritten in terms of 6; the Ab resonance becomes

2 K cos 6 ='Z*E B.20
o o

d




e e

while the AC resonance becomes
2K cos 8 = —— , B2

The two sideband resonances are specified by

W7 1_/2

: ; 2
K cos 8 + K cos @ + ([ *’**Pp) - (K sin 6 -K sin 90)7]
(o} (o} L (o] O

W= 2 1/2
K, cos 8+ Kcos 8+ [(—7 ) - (K sin 6 -K sin 0)7)

As pointed out in reference 46 the first resonance to occur
in the angular profile as the primary energy is increased is due
to equation B.22; this gives a low angle peak for E < Ep as depicted
in fig. 7la. As the energy is increased this peak moves toward
lower angles and a second peak on the other side of the LEED beam
occurs and moves toward larger angles., At the same time a
resonance in the A, term gives an overall increase to this doublet.
This condition is shown in fig. 71b for the case where E = E
The loss before diffraction resonance given by equation B.23 is
still not capable oif being tuned; however, as the energy is raised
above Ep @ low angle peak begins due to this resonance. This new
resonance combines with the low angle resonance of equation B.22
to form a large low angle peak as shown in fig. 7lc. As the
primary energy is increased further the resonances due to eq. B.22
and the A, term die out but the low angle peak due to the resonance
of eq. B.23 moves towards the LEED beam and the A, resonance causes
the intensity to grow. This condition is depicted in fig. 71d
for a primary energy a little below Ep+w. For E > Eg+w the low
angle peak dies out and a high angle peak is allowed by eq. B.23,
but the decrease in the A, resonance causes this peak to be weak.
When the primary energy is far above Ep+w the angular distribution
becomes a weak asymmetric singlet centered about the angle specified
by equation B.18.

B.3 Surface Losses

ILEED involving surface losses differs from the bulk loss
case in that the momentum of the surface excitation lies parallel
to the surface and since there is no normal momentum the sideband
resonance do not exist. Neglecting broadening effects there are
only two angles for a given loss value, w, for which parallel
momentum and energy can be conserved. This leads to two narrow
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peaks in the angular distribution, for all primary energies,

at the scattering angles which satisfy these conservation
conditions; this is illustrated on the left hand side of fig. 4.
The relative intensity of these peaks depends on the angle of
incidence and excitation cross sections, also, since the Ap

and Ag; resonances still occur, they are expected to maximize

near primary energies of EB and EB+w.
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Figure 3

Ewald sphere construction in K-space
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Graphical construction for determining

gecattering angle:
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Figure 18 LEED patterns for clean Ge(100) surface
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Reciprocal lattice for Ge(100)

Example

of point plotting in K-space for elastic

intensity maxima.
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Point plotting of (l1l1) beam intensity maxima

93




000
(a)
L e 00 beam .
s || beam
X 10 beam 4
30% o 20 beom
! ]
20} 1
>
- " >- i 2 a— L ﬁv\— - % > = {
2 X
(o] 5 =
.1

g N 30 60 80
Ep(eV)

(b)

rigure 25 (a) @ Point plotting of (02)
(b) 1Inner potential curve

94

i I GGt i Bt et I AL

100 720 140 160

beam intensity maxima
for Ge




sweaq UOT3DRIIIIP

(0%) pue 71,: ‘(T0) ‘ (00) ao3 s3old A3Tsus@3ul OT3seTa Abaisua MOT 9z 2Inbtg
(A9) d3
O BC 9¢ € 2¢ O 82 92 2 22 02 &8 91 # 21 Ol 8 9 ¢ 2 O
% 5 v -~ I/[d\ 2 g i v v v A4 v v v.r/ldx\d) LS Ll L
e A Lt TR s \
-~ . ~.Z\ ~
// Pl T /b\/ﬁ/\ \\ / "
-— ¢
~ — // /\\ .A\/ .\ 1 Ol i
\ ,/. .\ |
\ i z oz 3 w
\ 5 |2 |
u -
\ = i
, < ,
\ ot .
\ o
= )
\ g -
-
\ tov S .
, i,
, \ 5 ;
— .
\ tos 2 |
woeq 0% —. —.— \
woeq w\_o Lo O
\
on _o - ——— — — \ .-8 '
wosq 00 G
\/ ]
29089¢ Sv0892




2oejans paiajzjnds

(q) pue @o®JINs payfeauue (v) I03 evi13dads 88O OF3IsFIa3oRICYD LZ @anbtg
(A®) 3V
0 S (o] Gl 02 G2 (o]
m
g
00l X 8

900}ing pasaynds - g
9004NG pIjosuuy -y

Buiiayjodog uonoadgs Qg uam

v,0€9<

94

W w,; L e o Yt " R T VA i ), N e o g ¥




weaq uoT3loexjjTtp (0Q) ©@L3 InOge 2OULpPTIOUT Jo aueTd
03} 9saoasuexl oTbue butiajjeds °sa eBa309ds SSOT] OT3STI9j3deIRYD g7 2INnbT4

(A®) 3V
(0)] 0o¢c O (o] ] 0 O (0]} 02 0 ]| 02
\ i 3 v v — v T A J v L] Ll L}  J < L} o A J
9
ob X o¥
_ -
N
2
|
|
0
02 =9

62009¢




pbutaajzjzeos
Jernoads 103 wnijoads ssSO] OT3stTaojoereyd Abasus mol TeotrdAl (¢ 2ianbtg

(A2) 3V
0 S ol Sl 02 S2 og ¢ oY

v L] v v .

-
s
-

99

* bulsay0dg  uojndadg
0L =d3

S00¢€9¢

Ty PTG T




260003 263053

ie |
Ep= 1000 |

BP, BR+SP

¢

Ep=|20
70 60 50 40 30 20 10
AE (eV)

Figure 29 High energy characteristic loss spectra
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Figure 31 Characteristic loss spectra obtained with
improverd energy resolution
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direction as function of Hp
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Figure 36 (a) Optical reflectivity for_ Ge. (b) 1 (w), (w)
and energy loss function, Im =, vs. photon onerq%
for Ge (from reference 62).
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Figure 71 Idealized wave vector diagrams depicting
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function of E:p near Bragg energy
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