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Recent developments in instrumentation for low-energy electron diffraction (LEED) are
reviewed. After a summary of the major types of measurements in LEED, the properties of LEED
instruments that are important in performing these measurements are described. A detailed
discussion is presented on the major components of a LEED diffractometer. LEED is compared
briefly to some other techniques that are sensitive to surface structure.

PACS numbers: 07.80. + x, 61.14.Hg
INTRODUCTION

Since the advent of ultrahigh vacuum systems, about 30
years ago, which made reliably clean surfaces possible, sur-
face crystallography studies have played a major and in-
creasingly important role in the understanding of chemical,
electronic, and transport properties of surfaces. A number of
techniques exist that provide surface structural information.
Certainly the oldest and best developed of these is low-ener-
gy electron diffraction (LEED). Beginning with the discov-
ery of electron diffraction by Davisson and Germer' in 1927,
there has been a continuing level of activity of increasing
intensity. Several major advances in instrumentation were
made along the way. These are well known and include the
instruments of Sproull,?> Ehrenberg,” Lander et al.,* Cald-
well,® and Park and Farnsworth.® These instruments, and
modifications thereof, have been used (some in only special-
ized ways) for one or more of the types of studies that a
surface crystallography technique is in principle capable of,
namely the determination of unit mesh shapes and sizes, the
determination of surface atom equilibrium positions, the in-
vestigation of the thermodynamics and kinetics of ordering
in surfaces and overlayers, and the investigation of struc-
tural defects of various kinds.” As a consequence of the rec-
ognition that instruments with greater sensitivity, speed, or
resolving power were becoming necessary to address surface
structural problems with the same precision that is being
obtained in surface chemical and electronic measurements, a
number of improvements in LEED instrumentation have
been made in recent years. These are discussed in this paper.
In this section we give a brief review of diffraction theory,
with the purpose of putting into perspective the measure-
ments that are required to obtain particular structural infor-
mation. In the second section the questions of measurement
precision and the sensitivity and resolving power of a LEED
instrument will be briefly addressed. This is followed by a
detailed description of the criteria for design and operation
of the main components of a LEED diffractometer: the elec-
tron gun, the detector, and the sample goniometer. We end
with a brief comparison of LEED to other techniques giving
surface structural information and with some speculations
on future developments in LEED instrumentation.

The ideal probe of the geometric structure of an object is
radiation with wavelength of the order of the dimensions one

1273

Rev. Sci. Instrum. 54 (10), October 1983 0034-6748/83/101273-16$01.30

is trying to resolve. Such radiation is diffracted by the peri-
odic arrangement of scatterers in the object. If one considers
the elastic scattering of radiation with momentum k, from a
rigid cubic crystal with lattice points

r, =ma+ mb 4 msc, (1)

where m,, m,, and m, are integers, with atoms located with-
in each unit cell at positions

P, =u,a+v,b+w,c, (2)

where u,, v,, and w, are fractions, the amplitude at a given
momentum transfer S = k — k, is given by

A(S)=Zf,,(6’,E)exp[iS-(rj—+—p,,)] . (3)

The sum is over lattice sites j and the atoms n within a unit
cell. £, (6, E ) is the atomic scattering factor of the nth atom,
where @ is half the scattering angle and E is the energy of the
radiation. Separating the sums,

A(S)=F(0,E)2exp[i(S-rj)] R (4)
where .
F(G,E)zzf,,(G,E)exp[iS-p,,] (5)

is the structure factor. The intensity in the kinematic ap-
proximation then is

1(S)=A4(S\A*S)=F(6,E)"/(S), (6)

where .#(S) is called the interference function. .#(S) can be
visualized using the concept of the reciprocal lattice. For a
three-dimensional infinite crystal, the reciprocal lattice is a
three-dimensional array of points whose positions with re-
spect to an arbitrary origin are given by the vectors G,,,,
where |G,,,| = n2w/d,,, and d,,, is the distance between
{(hkl) planes. The interference function is periodic with G, ,,
and for an arbitrary momentum transfer, S can be written in
terms of G,,,; and the deviation parameters = S — G,,,. For
a crystal with dimensions ¥,a, N,b, and N,c, where a, b, and
¢ are the lattice constants,

I (Gpiy +8)

_sin® JN|(G,,, +8)- 2 sin? IN,(G,,, +5) - b
sin® (G, + )-8 sin? §(G,,, +5)-b
sin® AN,(G,y, + 8) - €

sin® }(G,,, +8) - ¢

(7)
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F (G + ) has its maximum value, .#(G,,,), when s = 0,
i.e., when S satisfies the Laue conditions

Sthk! (8}
or
S-a=2rh, S-b=2wk, S-c=2nl,

where h, k, and / are integers. The maxima in the interference
function have heights proportional to (¥, N,&,)* and widths
in three orthogonal directions in S space proportional to
1/Na, 1/N,b, and 1/Nc.

For an adsorbed monolayer (or in any case where a
phase is only one atomic layer thick) it is easy to demonstrate
that the reciprocal lattice becomes a set of rods normal to the
plane of the layer. In Eq. (7), N3 =1 and the third term
equals one, implying that the interference function has a
constant value for all values of (G, + s) - ¢. Intermediate
between this limit and that of an infinite three-dimensional
crystal is a crystal that has finite dimension in the third di-
rection. This situation is approximated for an infinite three-
dimensional crystal if the radiation used for the diffraction
experiment does not penetrate the sample to a great depth.
Low-energy electrons have cross sections for both elastic
and inelastic scattering that are quite large (each of the order
of several Az), which limit their penetration to several atomic
planes. This causes a modulation in the interference function
in the corresponding (&V,) direction in reciprocal space. Be-
cause the interference function never goes to zero in this
direction, it is customary to describe the reciprocal lattice as
a set of rods, as for a single layer.

A generally useful representation of diffraction from a
lattice is in terms of its reciprocal lattice and the Ewald con-
struction. The Ewald sphere gives simply the conservation of
energy for elastic scattering, i.e., 4,, =4, or ko = |k|,
where A and k are, respectively, the electron wavelength and
momentum. The superposition of the Ewald sphere onto the
reciprocal lattice shows conservation of momentum as well
as energy, in the form of the Laue conditions S = G,,,. The
diffracted-intensity distribution in angle at constant energy,
or diffraction pattern, is given by the intersection of the
Ewald sphere with the reciprocal lattice. This simplest of all
diffraction measurements is illustrated in Fig. 1(a) in real and
reciprocal space.

The interference of amplitude scattered from the sever-
al layers illuminated by a beam of low-energy electrons
forms the basis of probably the most important, and certain-
ly the most common, measurement in LEED, the integrated
intensity versus energy profile (commonly called an 7 vs E
curve but more properly identified as a { ..eci0r Jix (7, E )d02
vs E curve). From it the equilibrium positions of surface
atoms can be determined by comparison to model calcula-
tions.® For this type of measurement, the intensity in a reflec-
tion, J,, (¥, E), integrated over the solid angle of the detec-
tor, df2, is determined as a function of incident-beam energy,
effectively scanning the reciprocal lattice in G|, the compo-
nent of a reciprocal-lattice vector normal to the surface, at
fixed G, the component parallel to the surface. This is illus-
trated in real and reciprocal space in Fig. 1(b). ¢ is the colati-
tude angle measured from the surface normal. The sensitivity
of a LEED diffractometer is the feature of major importance
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in this measurement. Frequently this is simply because some
peaks in the diffracted intensity (e.g., from fractional mono-
layers) are small. In other cases electron-beam damage to the
overlayer or surface structure requires use of as low a total
dose as possible. Often, however, the need for sensitivity im-
plies only a need for speed in data acquisition, because a large
data base is required for accurate analysis of the equilibrium
positions, and because the LEED intensity is usually quite
sensitive to surface contamination.

So far, it has been assumed that the crystal surface is
infinite, perfect, and rigid. In this case, the reciprocal-lattice
rods will have zero width and the diffraction spots will be
sharp. In the presence of defects the reciprocal-lattice rods
have a finite width, which manifests itself as a broadening of
the diffracted-beam angular profiles. This can readily be
seen from Eq. (7) by letting NV, or NV, be finite, in which case
the corresponding terms are no longer delta functions. In
order to determine finite-size effects in surfaces, the angular
distribution of intensity in a given reflection must be mea-
sured, i.e., the differential intensity must be measured as a
function of G, at constant G,. Three ways to do this are
illustrated in real and reciprocal space in Figs. 1(c}-1(e).

Different types of surface defécts can cause different
broadening of the intensity distribution, and this fact can be
used, as in x-ray diffraction,® to distinguish and quantify
defects.'® Reciprocal lattices for some surface or adsorbed-
layer defects that can presently be analyzed by consideration
of the dependence of the LEED angular profile on diffrac-
tion variables are illustrated in Fig. 2. It is apparent that an
instrument with a high resolving power, i.e., the ability to
differentiate between two signals lying close in angle, is a
prerequisite for identifying such defects. A high resolving
power implies the ability to resolve defects that lie far apart
on the surface, i.e., the ability to observe large ordered re-
gions and to determine their sizes. A low resolving power,
conversely, implies that a surface with a high structural-de-
fect density cannot be distinguished from one that is perfect.
The resolving power of a diffractometer is related to the dif-
fractometer response and the measurement accuracy.'"'?

In Sec. I we briefly consider the sensitivity and resolv-
ing power of LEED diffractometers in the context of mea-
surement precision.
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Fi1G. 1. LEED measurements illustrated in real and reciprocal space. (a)
Display of the diffraction pattern; {b) measurement of intensity versus ener-
gy profiles; (c) measurement of angular profiles by rotating the detector; (d}
measurement of angular profiles by tilting the sample; (¢) measurement of
angular profiles by varying the incident-beam energy. Note that (c), (d), and
(e) give different cuts across a reciprocal-lattice rod.

LEED 1274

Downloaded 05 Apr 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http:/rsi.aip.org/rsi/copyright.jsp



I. LEED INSTRUMENTS AND MEASUREMENT
PRECISION

Figure 3 shows schematically the basic elements of a
LEED diffractometer: an electron source, a sample goniom-
eter, and a detector for the scattered electrons. An experi-
ment requires the creation of a beam of incident electrons at
a fixed energy to use as a probe, and the detection of elec-
trons at the same energy scattered by the surface. In essence
one Is counting particles and, therefore, the ratio of the true
signal current and the noise current can be described by the
well-known relationship between signal and shot noise, '

J true O:(O'il‘)”z , (9)

shot noise

where / is the incident current, ¢ is the time of measurement,
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and o is the probability of measuring a diffracted electron for
each incident electron. o can, therefore, be identified with
the sensitivity. It includes both physical factors, such as scat-
tering powers and the inelastic-scattering cross section, and
instrumental factors, such as detector size and sensitivity. It
is clear from Eq. (9) that the simplest way to increase the
signal-to-shot-noise ratio is to increase the dose, i.e., to raise
the incident current / or measure for a longer time t. How-
ever, as already mentioned, higher doses will lead to greater
structural damage in electron-beam-sensitive overlayers or
surfaces. The best way to improve the signal-to-shot-noise
ratio, within the above constraints, is to increase the sensitiv-
ity by increasing o. This can be most readily accomplished
through improved detector efficiency, by increasing collec-
tor gain and employing parallel detection schemes, as will be
discussed later.
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FIG. 2. Schematic diagrams of the influence of various defects on the reciprocal lattice. The shaded region always indicates the full width at half-maximum.
In (d), (e), and (f) the real lattice is also shown. (a) Finite-size crystal surfaces; {b) a surface containing inhomogeneous strain; (c) a surface containing large
crystallites that are misoriented with respect to each other by a mean angle , as in a crystal mosaic; (d) a regularly stepped surface with terrace separation L,
step height d, and lattice constant g; (e) a surface in which the steps are randomly up or down and the terraces have a random size; {f) a surface or overlayer
with translational antiphase boundaries, in this case a (111) surface with twins, where one twin is displaced from the proper position by a third of a lattice

constant. The (10) rows run vertically in the schematic of the surface.
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Electron Gun

Fi1G. 3. Schematic view of the basic

Goniometer

The instrumental factors mentioned above also make a
contribution to the broadening of the diffracted beams, i.e.,
they limit the resolving power. It is possible to quantify this
contribution.'” If T'(, E ) represents the broadening, or in-
strument response, function,'' the measured intensity is
given by the convolution

JOLE)=I3,ExT(, E),
or equivalently
J(S)=1I(S)*T(S). (10)

I8, E) « I(S), the true signal, results from the incoherent
sum of diffraction patterns of individual electrons all with
the same momentum.'* I (4, E ) is a delta function if the sur-
face is perfect and a function with some angular spread or
“physical width” if the surface is not perfect. T'(}, E ) can be
thought of as a shape function, whose integral is unity, that
distributes the true intensity 7 (¢}, E ) over a range of angles in
reciprocal space. The major sources of instrumental broa-
dening in diffractometers are the incident-beam divergence
or “source extension,” ¥, of the electron gun, the energy
uncertainty in the incident beam, AE, the incident-beam di-
ameter D, and the detector aperture width d. As discussed by
Park ez al.,"' the instrument response function, the distribu-
tion in momentum of all the electrons measured by the detec-
tor if the sample is perfectly periodic or removed out of the
path of the beam, will be
TWE)=T(3E)*T(3, E)e*T(J,E)p*T(J, E), .
(11)

The instrument response measured for a typical commer-
cially available LEED instrument has a Gaussian profile
near its center, with wings that are more Lorentzian. The
importance of the different factors for different LEED dif-
fraction conditions has been discussed.'’-'* The most signifi-
cant limitation for typical systems operated at commonly
used diffraction geometries is the size of the beam at the
detector. Because only one beam can be focused on the detec-
tor at any time, the beam divergence frequently becomes the
real limitation because it contributes to the size of the other
diffracted beams.

Forangulardistribution [/ (#, E ) vs+} Jmeasurements, it
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elements of a low-energy electron
diffractometer.

Lens

is important that the instrument response function be nar-
row and that it be known accurately. This can be quantified
by defining a minimum angle of resolution to represent the
resolving power of the instrument. If one represents the in-
strument response function 7 (¢, E )by a Gaussian with a full
width at half-maximum b, and the accuracy to which this
width is known and to which a measurement of J (¢, E') has
been made as X %, then the smallest value of the angular
width of a signal I (}, E') that can be resolved by the instru-
ment is'?

O = [(br + X %o by — (by — X % b, P}

= 2b (X %)\ 2. (12)

Equation (12) represents the worst possible case for the re-
solving power of a given instrument, because it is based on
extremal values of signal allowed by the error bars. The un-
certainty in the measurement, X, is clearly related to the
system sensitivity, and thus is a function of the incident-
beam current, the detector efficiency, and the measurement
time. Values of ¢, for a typical LEED system response and
measurement accuracies are 0.2° to 0.5° (depending on the
energy). The corresponding resolvable domain sizes are
between 200 and 400 A and are a function of the type of
surface defect present.'” The resolving power can be in-
creased by improving the instrument response (in particular
by refining electron gun characteristics) or by improving
sensitivity through increased detector efficiency.

Although a high resolving power is not necessary for
the integrated-intensity [ fucicior Jux (9 E)de2 vs E] mea-
surements, the instrument response must at least be well
known in order to extract reliable data. This can be illustrat-
ed as follows. Because LEED instruments in different labo-
ratories commonly have different beam parameters and de-
tector widths, and because intensity versus energy data are
usually collected with the detector centered on the maxi-
mum intensity rather than by scanning through a reflection,
the measured ‘‘integrated” intensity . ek (0, E )d02
can differ markedly for the same 7, (3, E) (i.e., for surfaces
with identical structures and degrees of order). Thus, for
reliable equilibrium position determinations, a knowledge of
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FIG. 4. Schematic energy distribution of secondary electrons emitted from a
sample illuminated with an electron beam of energy E,,.

T (J, E ) is a necessity to allow an accurate interpretation of
the measured intensity.'®

Several additional experimental parameters not inher-
ent in the simple statistical interpretation of the noise dis-
cussed at the beginning of this section can affect the mea-
surement precision. The most important of these are lack of
suppression of electrons scattered inelastically from the sur-
face, stray light in some detector schemes, lack of reproduc-
ibility in mechanical positioning of the detector or the angle
of incidence and position of the beam on the sample, and
stray electric or magnetic fields.

The production of inelastic electrons is a consequence
of all spectroscopies or techniques in which electrons are
emitted. In diffraction, of course, one is interested only in the
elastically scattered electrons. As can be seen from Fig. 4,
which shows a secondary-electron emission spectrum, the
inelastically scattered electrons represent a majority of the
electrons emitted from the sample and thus must be sup-
pressed. However, this is not a simple task if one requires at
the same time that the angular distribution of elastically
scattered electrons not be disturbed. The usual method of
suppression of inelastically scattered electrons is with a high-
pass filter consisting of a retarding-potential grid in front of
the detector. This was illustrated in Fig. 3. The typical ar-
rangement has three grids, with the outer and inner ones at
ground and the middle one at negative potential (occasional-
ly four grids are used with the middle two at the same poten-
tial for more uniform suppression). This arrangement of
grids can, to a good approximation, be represented by an
array of thick symmetric Einzel lenses. In order to preserve
the angular distribution in passing through this grid struc-
ture, the trajectories of electrons with the highest energy (i.e.,
the elastically scattered electrons) should not be disturbed.
The extent that an electron is diverted from its original tra-
Jjectory in traversing an Einzel lens is described by the lens
focal power, given as the ratio of half of the geometric length
of the lens to its focal length. Figure 5 shows the focal power
of a symmetric Einzel lens as a function of the ratio of retard-
ing voltage on the center electrode and the energy of elasti-
cally scattered electrons.'” It can be seen that the trajectories
of the elastically scattered electrons will be significantly af-
fected at retarding potentials greater than about 80% of the
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F1G. 5. Dependence of the focal power of a symmetrical unipotential (Ein-
zel) lens with thick central electrode on the ratio of the potentials on the
electrodes. The focal power is represented as the reciprocal of the mid-focal
length Z,, of the lens in units of L, the distance from the geometric center to
the outer electrodes. U is the ratio of the potential at the center of the lens to
that of the outer electrodes. In a four-grid retarding-potential analyzer, U
corresponds approximately to the ratio of eV, the retarding potential on
grids No. 2 and No. 3 and E,,, the energy of electrons incident on the grids.
The dimensions of the lens shown in the inset are scaled to correspond ap-
proximately to the grid aperture size and grid separations in a typical four-
grid retarding-potential analyzer (Ref. 17).

energy of these electrons. An experimental verification of
this behavior!” is shown in Fig. 6, where the FWHM of the
angular distribution of intensity in a particular LEED reflec-
tion is shown as a function of retarding bias on the suppres-
sor grids. The implication of these measurements is that re-
tarding grids must typically be operated at biases that permit
a certain fraction of inelastic electrons to enter the detector.
The resulting background intensity occurs with all detectors
that depend on grids for suppression of inelastically scat-
tered electrons.

Faraday cup detectors exist that do not use grids and
effectively suppress inelastically scattered electrons without

W (100)
3,:6°
Ep= 64 ev

-+ MEASURED FWHM

(00) BEAM

89,,,(%)

[o] 0.2 04 [oX) 08 1.0
eV /Ep

F1G. 6. Full widths at half-maximum of a diffracted beam as a function of
retarding potential on the central two grids of a four-grid LEED optics (Ref.
17).
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Fi1G. 7. Comparison of angular profiles of the (01) beam from a sputter-
etched and annealed GaAs(110) surface, measured with a grid/fluorescent
screen/vidicon detector. Solid curve: annealed at 350 °C for 10 min; dashed
curve, annealed at 560 °C for 10 min. Each curve is the average of 30 scans,
requiring approximately 1 min. The curves are normalized at their maxima.
The actual peak intensities differ by a factor of 7 (Ref. 18).

affecting the angular distribution of elastically scattered
electrons. They will be discussed briefly later.

Stray light causes a similar background problem for
systems that depend on optical methods of observing the
diffraction spot, i.e., whenever a fluorescent screen is used.
The magnitude of this background and its angular distribu-
tion can be measured by making an intensity scan with the
electron beam off or diverted or the screen potential reduced
to zero.

Angular distribution [J(#, E') vs ¢ ] measurements are
affected significantly by the inelastic scattering and stray
light, because the resulting background intensity may be a
large fraction of, or even greater than, the actual signal. The
noise is, of course, proportional to the sum of the back-
ground and true intensity, and thus the signal-to-noise ratio
can become quite small, especially away from the central
peak in an angular profile, and as a result the beam shape
becomes uncertain. Figure 7 shows typical angular profiles,
taken with a vidicon from a fluorescent screen for two sur-
faces with different structural order,'® that illustrate the
magnitude of this effect.

Intensity versus energy curves ({j.eciorfnk (U £ )dI2 vs
E) are also affected by the above background contributions,
but to a lesser degree. Because the measurement is an inte-
gral over the detector (which is usually chosen to be large
enough to encompass at least the FWHM of the diffracted
beam), the background is generally a small fraction of the
intensity, except in diffraction features that are themselves
very weak. The typical intensity versus energy curve taken
with retarding-potential grids consists of peaks sitting on a
background that rises with increasing electron beam energy,
with the intensities of the small peaks much less certain than
those of the large peaks. The magnitude of the background is
related to the size of the detector in relation to the size of the
Brillouin zone, i.e., in relation to the separation of diffraction
spots.

Another contribution to the background intensity is the
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thermal diffuse scattering.'” Because of the small energy
losses involved, it cannot be discriminated against by any
LEED detector. The study of thermal diffuse scattering by
LEED is important in its own right; however, in other mea-
surements, it must be dealt with as a background that re-
duces the measurement precision. It is most easily accounted
for by noting differences in angular profiles taken at high and
low temperatures, when this is possible.

Uncertainties in detector and incident-beam angles af-
fect the precision in intensity versus energy curves more im-
portantly than background currents. Multiple-scattering
contributions to the structure in intensity versus energy pro-
files® make these curves sensitive to changes in angles of inci-
dence of fractions of a degree. Uncertainties in angles of inci-
dence are caused by a lack of repeatability in mechanically
setting absolute goniometer positions and also by stray elec-
tric and magnetic fields, which affect beam trajectories. Be-
cause the instrument response broadens reflections and be-
cause the integrated intensity is usually represented by the
maximum intensity measured with a fixed-aperture detec-
tor, rather than by a scan through the reflection, irreproduci-
bility in setting the detector angle affects intensity versus
energy profiles as well.

Angular-profile measurements are less sensitive to an-
gles of incidence because the effects that cause angular
broadening are only slowly dependent on G, . Absolute de-
tector angles are not important, because the detector must be
scanned in any case. However, uncertainty in measuring an-
gular changes, e.g., due to gear backlash in mechanically
driven collectors, affects the resolving power.

On the basis of the above discussion, it should be evi-
dent where the limitations in LEED instrumentation lie. The
two major directions in which development has proceeded
are increasing the sensitivity of the detecting system and im-
proving the resolving power by modifications of the electron
gun and the detector. A third direction of development has
led to greater convenience in operation or in taking particu-
lar forms of data. These are discussed in Sec. II.

Il. LEED APPARATUS

The major components of a LEED instrument are a
gun, a sample goniometer, and a detector, as already shown
in Fig. 3. In addition, sample heating or cooling, a gas-han-
dling system or evaporation source, a mass spectrometer,
and a separate gun for Auger electron spectroscopy are typi-
cally available. In many cases, a LEED diffractometer itself
serves as an ancillary tool in UV or x-ray photoelectron or
Auger electron spectrometers, or in other surface analysis
systems. The focus of the discussion here will be on the gun,
goniometer, and detector.

A. Low-energy electron guns

Electron guns used in LEED diffractometers typically
have a simple design. They consist of a thermionic cathode,
an extraction electrode, an array of focusing electrodes, and
electrostatic deflection plates for guiding the beam. A sche-
matic diagram of a commonly used electron gun®’ is shown
in Fig. 8. Filaments are usually made of W or thoriated W,
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FIG. 8. Schematic diagram of a commonly used low-energy electron gun
(Cliftronics model 406S). G, is the Wehnelt cylinder and G, the extraction
anode. The following three elements form an Einzel lens that focuses the
beam.

and may be hairpin wires or ribbons. Indirectly heated fila-
ments (oxide, LaB,, etc.) are also used. In order to avoid
background light and contamination of the sample due to
evaporation from the filament, some guns have off-axis fila-
ments. The thermionic cathode is situated in a Wehnelt cyl-
inder, a can that completely surrounds the cathode except
for the beam extraction aperture. The Wehnelt cylinder can
be biased positively or negatively with respect to the cathode,
but is typically at about the same potential. Extraction of the
beam is achieved with the first electrode of a unipotential
lens that then focuses the initially divergent beam. This lens
forms an image of the true electron source, which may be
part of the hairpin or the aperture of the Wehnelt cylinder,
depending on the filament type, the filament current, and the
potentials on the Wehnelt cylinder and the extraction elec-
trode. Focal lengths are of the order of 10-30 cm. Such guns
have not been optimized with respect to the parameters that
give high resolving power. Historically beam currents of 1
H#A in a spot of about !-1-mm diam with a beam divergence
of 0.25° to 1° have been considered adequate for LEED.
The beam characteristics of guns of the type shown in
Fig. 8 have been tested over a wide range of operating param-
eters. It is desirable, of course, to achieve maximum intensity
with minimum beam diameter and, if possible, zero diver-
gence angle. Beam parameters have been measured with the
aid of a simple multiple detector,’' consisting of three Fara-
day cups, each with a knife-edge aperture, that are at differ-
ent distances from the source, as shown in Fig. 9. As each of
the three cups is moved into the beam path, the beam profile

DEFLECTION PLATE
ELECTRON MODULATION
GUN
MULTIPLE I
KNIFE EDGE
ASSEMBLY
ﬁkké:‘ws x  X-Y IKHz
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conTRo| | RECORDER | |0 NFRaTOR
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LOCK-IN
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METER
RAZOR BLADE 2mm DIAMETER
KNIFE EDGE  FARADAY
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FI1G. 9. Schematic diagram of a detector for measuring beam divergence.
Several Faraday cups are mounted at different heights. Each cup contains a
knife edge across which the beam can be swept. The bellows arm control is
used to position each cup in the beam. Comparison of beam diameters at
various heights gives the beam divergence (Ref. 21).
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FIG. 10. Properties of low-energy electron guns. The beamwidth and diver-
gence are plotted as a function of energy for a gun with 0.052-in.-diam ex-
traction aperture operated at a beam current of 1077 A and focusing dis-
tance of 17 cm (Ref. 22).

can be obtained at the corresponding distance from the sam-
ple by rastering the beam across the knife edge. From this
measurement the beam diameter D and beam divergence ¥
can be determined as a function of gun voltage and focusing-
electrode potentials. The beam current can be directly mea-
sured by each cup. Figure 10 illustrates results typical of
these guns.?> The beam diameter is, in general, a function of
the beam energy. The beam diameter can be decreased by
reducing Wehnelt cylinder and first-lens element aperture
sizes (which are typically about 1 mm in diameter or larger),
with consequently greatly reduced beam currents (e.g., | nA
at 100 eV for a 0.4-mm-diam first-lens aperture). For the 0.1-
#A beam currents required with commonly used detector
schemes (grids and phosphor screen, or a simple Faraday -
cup), a minimum beam size of ~200 um and a minimum
divergence of 0.2° appear to be achievable with guns that
have the simple designs shown in Fig. 8. Changing the bias
on the Wehnelt cylinder with respect to the cathode drasti-
cally affects the beam current and its stability with energy,
but does not affect the smallest beam diameter achievable for
typical current densities (less than 0.2 mA/cm?). A method
that has given stable focusing and uniform beam currents
over voltage ranges of several hundred volts is self-biasing of
the Wehnelt cylinder with respect to the cathode using a
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resistor between the two. A typical value of 570 k{2 gives a
small negative bias of the cylinder relative to the cathode.
Much larger resistances give too high a negative bias, leading
to reduced effective aperture size and much reduced beam
currents.

Attempts to improve electrostatic guns include the ad-
dition of an extra focusing electrode and optimization of the
extraction anode design® to reduce beam divergence and
beam diameter while maintaining beam currents in the range
of 0.1 4 A for use with standard detection schemes. An elec-
tron gun with electrostatic deflection that will in addition
reduce the energy spread in the beam has been designed by
Unertl.> It incorporates a 127° sector analyzer at the fila-
ment to monochromatize the beam before it passes through
further focusing and steering electrodes. In typical sector
analyzers, a large fraction of the current is lost. Beam cur-
rents in this gun will therefore probably be insufficient to use
common detectors.

Magnetic focusing is an alternative to electrostatic fo-
cusing and has been used in LEED systems since the early
days of electron diffraction. Sproull® used a simple filament
and grid and a magnetic field to separate the specularly dif-
fracted beam from the incident beam. Tucker’s modifica-
tion** included an electron gun at 90° to the crystal, rather
than simply a filament at 180°, to provide a focused beam.
This arrangement has also been used by Dennis and Webb?®
and later by Cohen and Webb,?® who pointed out that mag-
netic deflection through 180° provides focusing in the scat-
tering plane, i.e., the instrument response due to beam diam-
eter will be improved in this direction relative to the
direction parallel to the magnetic field. Wulfert and
Henzler?” have used the concept of magnetic focusing with a
long solenoid to produce the first truly small low-energy
beams, with beam sizes of the order of 40 um in the imaging
plane. The magnetic field is along the beam direction. The
magnetic field acts as a 1:1 lens that images the crossover of
the beam emerging from the Wehnelt cylinder of the gun
onto the detector after reflection by the crystal. In such a
lens, electrons leaving the source point or object at different
angles (or different energies) will return to the axis of the
solenoid at different points, causing a smearing of the image.
However, this is a negligible effect for a beam with a typical
divergence. For a 50-um beam diameter, the smearing due to
a divergence of 1° is less than 1 gym. Because of the small
beam currents attainable with this gun, a detector with gain
is used, which in Henzler’s system?’ is a small-aperture Fara-
day cup equipped with a channeltron electron multiplier.
The minimum angle of resolution for normal incidence for
this gun and detector is of the order of ¢,,,, = 0.05° (at 50
eV), compared to typical values of ¢, = 0.5° in systems
with standard guns. The magnetic field focuses electrons of
different energies at different points along the field axis. If
electrons in only a small range of angles around a given beam
are allowed to enter the field, and if the detector aperture is
small, the magnetic field provides in principle energy selec-
tion against inelastic electrons without the use of grids. A
schematic diagram of the gun and detector is shown in Fig.
11

A recent development in low-energy electron guns is
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F1G. 11. Configuration of electron gun and detector for a diffractometer
with magnetic focusing (Ref. 27).

the use of field emission sources. Field emission sources have
been used for some years in high-energy applications, such as
scanning and transmission electron microscopes. The major
advantage of a field emitter is that it is nearly a point source,
in principle making a parallel beam a possibility. This can
easily be visualized by considering a point source situated at
the focus of a convergent lens. Suitable apertures can then
also define a beam with a small diameter. The high luminosi-
ty of field emitters makes small beam sizes practical also. A
schematic diagram of a typical gun configuration used in
high-energy applications is shown in Fig. 12. The extraction
geometry consists of an emission tip mounted opposite a ring
anode, with several kV extraction potential applied between
them. A small portion of the field-emitted current (on the
order of 0.1 nA compared to 100-uA emission current)

—i
F-E TIP |
— i< T 1
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F1G. 12. Schematic diagram of a typical electron gun incorporating a field
emission source.
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F1G. 13. Schematic diagram of extraction anode for a field emission gun that
can be operated at low extraction potentials. Three tips opposing the field
emitter act as extraction anodes. The potential on each is independently
adjustable (Ref. 28).

passes through the opening in the extraction anode and is
then focused by the lens system. The high kinetic energies
imparted to the emitted electrons by the extraction anode
present no difficulties in high-energy applications, where the
electrons are usually further accelerated. For low-energy ap-
plications, the electrons must be decelerated with an appro-
priate lens system. The deceleration process tends to spread
the electron beam spatially, because the beam is neither per-
fectly chromatic nor perfectly parallel, and because all lens
systems have aberrations. In general, the relative distortion a
lens introduces depends on how strongly it must interact
with the beam. The extraction potential can in principle be
reduced by decreasing the separation between the tip and the
extraction anode. Because of geometric factors, however, the
separation between a flat-plate anode and a tip cannot be
reduced indefinitely, because as one approaches the plane of
the anode at the aperture, the anode can no longer be ap-
proximated by a large, flat conducting surface and it ceases
to generate enough electric field strength at the tip to pro-
duce field emission. We have recently developed an anode
configuration®® that circumvents this difficulty and allows
field emission at anode potentials as low as 150 V, and per-
haps lower. A schematic diagram of the anode design is
shown in Fig. 13. Three field emission tips positioned oppo-
site the cathode tip serve as the anode. The potential on each
tip is separately adjustable, allowing for beam steering and
correction for anode tip misalignment. Currents as large as |
nA at 150 eV have been routinely achieved. The beam size is
less than 5 zzm at a focal distance of 10 cm. The field emission
gun is easily tunable over a wide range of energies with no
beam motion or loss of response.?® The beam can be rastered,
making scanning LEED and scanning low-energy electron
microscopy possible.

B. Detectors

Signal detection in LEED requires the measurement of
an energy-and-angle-resolved current at a fixed energy E s
where E, may be as high as 1000 eV. The detector must be
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capable of (1) energy resolution, i.e., the separation of those
electrons at or very near £, from the inelastically scattered
electrons, and (2) angular resolution, i.e., the ability to sepa-
rate the current in one diffracted beam from all the others
and to measure the angular distribution of current in one
beam. Two types of detectors are in common use, a Faraday
cup that is mechanically driven and a set of hemispherical
grids with a fluorescent screen. Neither scheme, in its sim-
plest form, provides any gain. The most common detector is
the fluorescent screen with a set of nested grids, shown sche-
matically in Fig. 3. The inner grid is operated at the same
potential as the sample, to provide a field-free region around
the sample. The next grid (or two grids) is set at a negative
bias to filter inelastically scattered electrons. The difficulties
with this arrangement have already been discussed. The out-
ermost grid is again operated at ground potential but is not
needed for dc LEED operation. (If no intensities are to be
measured, actually only two grids are required.) The fluores-
cent screen is operated at several kV positive potential to give
the electrons sufficient energy to excite the phosphor. The
major advantage of this detector is that it provides a visual
display of essentially all the back-diffracted beams, making a
rapid determination of the size and shape of the surface or
overlayer unit mesh a possibility. On the other hand, the
ability to give a visual display makes the fluorescent screen
an inelegant detector from the point of view of signal pro-
cessing. In many applications beam currents must be mea-
sured. Because the fluorescent screen changes an electron
signal to an optical signal, a reconversion to an electron sig-
nal is required. The efficiency of phosphors in converting
electrons to photons depends, among other factors, on the
phosphor particle size, the size distribution, and the thick-
ness of the phosphor coating. Measurements on several flu-
orescent screens’’ indicate that the best resolution is ob-
tained from a thin layer of fine phosphor particles, with the
average layer thickness exceeding the mean particle diame-
ter. However, the conversion efficiency decreases as the par-
ticle size decreases. Hence, for optimum resolution, unifor-
mity, and efficiency, a distribution of particle sizes with a
layer thickness equal to the size of the largest particles is
most desirable.?’

Intensities in typical intensity versus energy profiles
vary over three orders of magnitude, requiring a similar dy-
namic range for the fluorescent screen/detector combina-
tion. The response of a phosphort screen can be assumed to be
linear over the ranges of beam currents used in LEED.?°
However, the dynamic range of the phosphor generally does
not match that of detectors used to measure the optical in-
tensity in a diffraction spot. Maxima in intensity versus ener-
gy profiles for typical incident-beam currents may thus satu-
rate the detector. If the incident-beam current is reduced, the
minima in intensity versus energy profiles become buried in
fluorescent-screen noise. A fluorescent screen is therefore
not ideal for measuring beam intensities quantitatively. In
some applications, absolute intensities are not required. For
example, angular distributions are independent of beam cur-
rent as long as the phosphor and the detector are not satu-
rated. For such measurements, the fluorescent screen repre-
sents a detector with a very good response. Because the
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average phosphor particle size is typically of the order of
micrometers, the phosphor acts like a detector with a con-
tinuously movable, several-um-wide aperture, which is so
small that it contributes essentially nothing to the total in-
strument response. Of course, this optical signal must still be
converted into electrons, and thus the aperture width of the
light-sensitive detector must be included in the instrument
response. The dynamic range must be high for this type of
measuremernt.

An additional negative aspect of most standard fluores-
cent screens is that they are viewed in reflection, 1.e., past the
sample and through the grids. Aside from the fact that the
sample blocks part of the field of view and that the gnds
cause a loss of more than half the light intensity from the
screen because of their limited transmission (each grid has
typically 0.8 to 0.9 transmission), viewing in reflection gener-
ally requires the detector to be 20 to 30 cm from the screen.
This causes a significant loss of intensity. Transparent flu-
orescent screens (glass coated with SnO, and phosphor) have
been used to avoid these problems. A light-sensitive detector
can then be placed directly behind the screen.”'

Spot telephotometers have commonly been used for re-
cording the diffracted-beam intensity from fluorescent
screens. It is difficult to follow the motion of diffraction
spots on the screen with a photometer, and used in the dc
mode, it lacks sensitivity. As a result, other methods of mea-
suring the brightness of the fluorescent screen have been de-
veloped. To improve the sensitivity, Schrott ez a/.*? have
used a photodiode and synchronous detection, modulating
the suppressor grid at 100 Hz. Background light is thus ef-
fectively removed. Stair ef al.** recorded intensities by pho-
tographing the fluorescent screen at various diffraction con-
ditions, using high-speed 35-mm film. In this way the
intensities of all reflections are obtained at the same time
under identical conditions, a method far preferable, in terms
of data reliability, to measuring the intensity versus energy
profiles sequentially. The film is subsequently scanned me-
chanically and digitized wusing a computerized
microdensitometer. A computer program locates the dif-
fracted beams and provides an integrated intensity for each
reflection at each incident-beam energy. The time to develop
and digitize the film is long, resulting in considerable delay
between a measurement and the availability of the results of
this measurement. A modification of the scanning procedure
uses a vidicon camera interfaced to a minicomputer.** This
reduces the delay time between measurement and availabil-
ity of the results to about a day.

Photographing the screen leads to a reduction in total
measurement time by introducing parallel detection, rather
than the serial detection used in a telephotometer, but intro-
duces no detector gain. A reduction in total exposure of one
or two orders of magnitude {from 10'® electrons/mm? to 10"*
electrons/mm- for a set of intensity versus energy curves for
all observable beams} is achieved because of the parallel de-
tection. However, whether obtained simultaneously or se-
quentially, measurements of an intensity for any one reflec-
tion still require the same incident-beam current and
measurement time to achieve the same S/N ratio. Hence
incident-beam currents must be of the same order of magni-
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tude as for photometers in order to achieve a net gain in time.
The use of photography can be eliminated and the total sen-
sitivity increased by using a vidicon camera to view the flu-
orescent screen directly.'”*>3¢ Lang et al.® describe a com-
puterized system designed to measure intensity versus
energy profiles as efficiently as possible. In a direct applica-
tion, a vidicon can only measure diffracted-beam profiles
sequentially, but used in this manner, it is possible to make
real-time measurements. Despite the serial detection, the
greater sensitivity of the vidicon compared to film gives
about the same overall measurement time. For parallel de-
tection, Lang et a/.** introduced the use of a videorecorder to
replace the film, decreasing the total measurement time for
all observable reflections by about two orders of magnitude.
Real-time measurements are, of course, not possible using
the videorecorder.

Our system'” is optimized for angular-profile measure-
ments. Part of the image on the LEED screen is focused onto
the sensitive element of a commercial vidicon tube equipped
with an image intensifier. The detector is rastered over 500
channels per track and the signal is digitized at a rate of 1
conversion per 64 us. The intensity distribution in one track
is accumulated into a 500-channel memory array, with si-
multaneous subtraction of background light stored pre-
viously in a second array. This background light measure-
ment is made, for example, by biasing the electron gun so
that the beam cannot emerge or by turning off the voltage on
the phosphor screen. The height of the track as well as the
magnification of the optical system can be adjusted, effec-
tively allowing changes in the detector dimensions relative to
the intensity distribution on the screen. The contributions of
the vidicon detector and lens to the instrument response can
be defined in terms of an optical transfer function, which
represents the response of an optical system to an object
whose intensity varies sinusoidally in space.’” The modulus
of the optical transfer function, the modulation transfer
function (MTF), is analogous to the instrument response
function of a diffraction system. The resolution of the vidi-
con is 15 lines/mm at 50% MTF. This translates into a
FWHM of the point spread function, which is the image the
vidicon forms of a point source, of ~ 30 um. For the geome-
try of our system, this corresponds to a contribution to the
minimum angle of resolution #,,4,.,, = 0.025° at the center
of the screen, negligible, for all intents, compared to the total
minimum angle of resolution 0.2° < ¢, «<0.5°. The contri-
bution of the lens is of a similar magnitude, while that of the
fluorescent screen is even less. Thus this type of detector
scheme is excellent from the point of view of resolving pow-
er, although, as has been noted, the fact that grids are used
affects the sensitivity and achievable S/N ratios.

The addition of a channel electron multiplier array’® to
the detector improves the sensitivity by introducing gain
into the detector, but decreases the resolving power. The
mean gain of a chevron (dual) channel plate array is of the
order of 10°. Thus a reduction in primary-beam current of
10° gives in principle the same S/N at the same measurement
times. Because of the finite channel width, however, the use
of channel plates causes a spatial broadening of the input
signal. For chevron arrays this broadening is accentuated
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because the signal coming into one channel in the first plate
gets spread into several channels in the second. For a typical
channel size of 25 pm, this results in a FWHM of the point
spread function of about 75-100 um, at least double that of
the vidicon/optics/fluorescent-screen combination. If the
resolving power is of no concern (e.g., in intensity versus
energy profiles, where an integral over the diffraction spot is
in any case taken), this combination represents an excellent
detector scheme. In angular-profile measurements the limit-
ed resolving power that results with this detector becomes
important. Although the detector response can, of course, be
deconvoluted from the measured intensity distribution, it is
clear that the increased sensitivity of channel plates brings
with it a reduction of ultimate spatial resolution.

Because channel electron multiplier arrays are usually
flat, the distortion introduced in beams entering the plates at
angles away from the normal to the plates must be taken into
account.

The sensitivity of the detector can be further increased
by replacing the fluorescent screen with a position-sensitive
pulse detector. With a fluorescent screen biased at a typical
energy of 5 keV, the minimum measurable current (using a
vidicon) is estimated to be 1000 pulses/s. A position-sensi-
tive detector can measure individual pulses. The first such
detector that was constructed for LEED?® consists of a resis-
tive-anode encoder (RAE) preceded by a chevron channel
electron multiplier array. An RAE is a continuous resistive
film that acts as a current divider for an incoming pulse of
electrons, thus determining its spatial position. For example,
for a square film of dimension & X d, with current pickups at
the corners, the position of a pulse is given by

y loag +lya

- - . . . ’
d I +lgo +loa Fiay

(12)

where 0,d are the coordinates of the pickups. A similar
expression holds for the position x. Thus measuring the indi-
vidual pulse heights at the pickups determines the position of
the pulse impact. Although this type of detector determines
the centroid of the arriving pulse, the spatial resolution is
nevertheless not good. The spatial resolution is determined
by the extent to which the thermal noise perturbs the pulse
currents. Thus, a trade-off between detector area and maxi-
mum allowable thermal noise occurs. For a 75-mm-square
RAE, the lateral resolution is estimated to be between 300
and 400 um.***° The RAE can accommodate 50-kHz pulse
arrival rates. Data rates are therefore limited by the individ-
ual-channel dead time in the chevron channel plates and not
by the RAE.

The difficulty with loss of lateral resolution due to ther-
mal noise can possibly be avoided by using a wedge-and-strip
anode detector.*!*? The wedge-and-strip anode is a position-
sensitive pulse counting detector that was described some
time ago.*' Recently new anode geometries have been devel-
oped, and the characteristics of such devices investigated.**
The principle of operation, like that of the RAE, is the divi-
sion of the charge in a pulse incident on the anode among
several output terminals, but the wedge and strip is a con-
ductive sheet rather than a resistor. Figure 14 shows a
wedge-and-strip anode schematically. The equations for the
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X= _2ia
la+ls+ic

Y= 2is
lat+ls+ic

FIG. 14. Schematic diagram of a wedge-and-strip anode. A, B, and C are
three sets of conductors. The positions x and y are given in terms of the
currents to collectors A, B, and C as indicated by the equations.

determination of the x and y positions of the pulse centroid
are

x=2,/liy +ip+ic)

y=2ip/liy +ig +ic), (13)
wherei,, iy, and i, are the electrical charge signals collected
by the three groups of conductors shown. Note that the di-
mensions of the respective conductors change away from the
center of the anode. It is this feature that makes the device
position sensitive.*'** The spatial resolution of the device is
limited by the uncertainty in determining the position of the
centroid of the incident pulse, and this is a function of the
conductor size and density. Reference 42 shows spatial reso-
lution of better than 100 zm for a 3.5 X 3.5-cm anode, and
better than 50 um for a 2.5 X 2.5-cm anode, with conductor
dimensions in both of the order of 1 mm. The spatial resolu-
tion is constant over the entire detecting area. Amplifier in-
put noise introduced by the interelectrode capacitance of the
array is the primary source of centroid-position uncertainty
and thus loss of spatial resolution. As in the case of the RAE,
the anode is the component that limits the resolving power.
The maximum pulse rate that can be handled by the anode is
similar to that of the RAE, of the order of 10* to 10° Hz.*?
Thus the channel plates limit the ultimate sensitivity of a
grid/channel plate/position-sensitive anode detector.

The ultimate presently attainable sensitivity and angu-
lar resolution are provided by a Faraday cup detector
equipped with a channel electron multiplier. With this ar-
rangement individual pulses can be counted, and by making
the aperture of the detector arbitrarily small, any degree of
angular resolution can be obtained. Such detectors are in
common use in a variety of spectroscopic techniques, includ-
ing LEED. Gronwald and Henzler** have described a Fara-
day cup detector that includes deflection plates in front of
the aperture so that the beam profile can be measured with-
out mechanical motion of the detector. Some Faraday cup
detector designs contain no retarding grids but nevertheless
provide much better energy resolution than is obtained with
detectors incorporating grids. Such detectors consist of a
deep cup in close proximity to but electrically isolated from
an aperture plate. The diameter of the cup is several times
the diameter of the aperture, and the depth of the cup is
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several times its diameter. The cup is biased negatively to
within 1 to 2 eV of the energy of the elastically scattered
electrons. This detector provides excellent energy resolution
(of the order of the thermal spread in the incident beam)
without significant loss of secondary electrons from the cup.
Because the field outside the aperture is negligible the angu-
lar distribution of electrons in the diffracted beam being
measured is not disturbed. The advantage of good energy
resolution is that inelastically scattered electrons can be eli-
minated to a much greater degree, making the background
in angular-profile measurements less of a problem. Finally, a
Faraday cup detector is the only means to measure analog
signals quantitatively. Hence it is preferable for every LEED
instrument to have two detectors, the Faraday cup for quan-
titative current and ultimate angular resolution measure-
ments, and some form of position-sensitive detector for the
rapid data acquisition required for accurate structural deter-
mination within the time or electron dose constraints of a
typical surface crystallography experiment.

C. Goniometers

The function of a goniometer is to position the crystal
accurately with respect to the incident beam of electrons. As
mentioned, the importance of such accuracy depends on the
experiment being performed. For intensity versus energy
profiles, it is critical that the absolute angle be well known
and that the repeatability of setting these angles be excellent.
For angular-profile measurements, absolute angles are not
important. Standard UHV manipulators are commonly
used. Although they are not very precise, it is possible to set
normal incidence of the beam by comparison of intensities in
symmetrically positioned beams. Deviations from normal
incidence are then usually made only in one plane, the colati-
tude. More precise goniometers also include an azimuthal
motion.

Goniometers for special purposes have been built. An
exceedingly precise one** was constructed to perform auto-
matically constant-momentum-transfer-averaging®* of in-
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FIG. 15. Schematic diagram of the diffractometer of Wulfert and Henzler,”’

incorporating a magnetically focused gun.
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FIG. 16. Schematic diagram of the diffractometer of Dennis and Webb?®
using magnetic deflection through 180°. A: electron gun; B: magnetic
shielding; C: probe for measuring beam intensity and profile; D: sample; E:
fluorescent screen; F: Faraday cup detector.

tensities. In this technique, the momentum transfer vector
must remain constant as the angle of incidence and the scat-
tering angle are changed. To provide this condition automat-
ically, the goniometer is constructed to couple the motions of
the Faraday cup and the crystal in colatitude. Uncoupling of
the motions is also possible to permit arbitrary angles of inci-
dence and diffraction.

For fine-beam or scanning LEED applications it is also
necessary that the goniometer be stable against vibrations.
For such applications, which will become possible in the
near future, modified versions of manipulators used for scan-
ning Auger spectroscopy or similar techniques can be used.
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FiG. 17. Schematic diagram of a diffractometer using a vidicon camera as a
detector (Ref. 17).
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F1G. 18. Schematic diagram of the diffractometer of Gronwald and
Henzler,*? incorporating a Faraday cup detector with channeltron and de-
flection plates.

D. Complete systems

In the last three sections, the major components of a
LEED diffractometer were discussed in detail. In this sec-
tion several complete systems are shown schematically and
the performance of some of them illustrated. The magnetic-
deflection system of Dennis and Webb?® is shown in Fig. 15.
Wulfert’s magnetically-focused-gun system?®’ is shown in
Fig. 16. The system of Welkie'” incorporating a vidicon de-
tector is shown in Fig. 17. In addition to the components
already described, it includes computer-based data acquisi-
tion and instrument control. Results of angular profiles tak-
en with this system'® were shown in Fig. 7. The system of
Gronwald and Henzler,*® incorporating the Faraday cup de-
tector with deflection plates and computer control, is shown
in Fig. 18. An additional feature of this system is the oper-
ation at an angle of incidence of 45°. Operation at glancing
angles makes possible an increase in instrument response!'*'>

F16. 19. Contour plot of a diffracted beam from Si{111) taken with the sys-
tem of Fig. 18 (Ref. 43).

relative to operation at normal incidence. A detailed mea-
surement of a LEED spot using this system is shown in Fig.
19. A prototype system incorporating a wedge-and-strip an-
ode detector®? is shown schematically in Fig. 20. Figure 21
shows a comparison of the instrument response of typical
commercial systems and the newest high-resolving-power
diffractometers.

ili. COMPARISON TO OTHER TECHNIQUES GIVING
SURFACE CRYSTALLOGRAPHIC INFORMATION

A number of other techniques exist that provide surface
crystallographic information. Each of them has its own
strengths and weaknesses, but none is as well developed for
surface crystallography as is LEED. lons, x rays, and fast
electrons have been used. Low-energy ions are used in ion-
scattering spectroscopy (ISS), where the backscattered flux
of ~1000-eV ions in a particular direction is measured.*®
Structural information can be obtained by using the fact that
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F1G. 20. Schematic diagram of a design for a
diffractometer with a chevron multichannel
plate/wedge-and-strip-anode detector.
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F1G. 21. Relative angular widths of instrument response functions for three
LEED diffractometers. Dashed curve, typical commercial system; dotted
curve, system with magnetically focused gun and Faraday cup?®’; solid
curve, system with field emission gun and knife-edge Faraday cup.”®

an atom in the path of the incoming ions will shadow other
atoms behind it. Thus it is possible to determine, for exam-
ple, for an adsorbed overlayer on an fcc (110) surface,
whether the adsorbed atoms sit in the troughs or on top, by
comparing the strength of the overlayer scattering in two
perpendicular directions. Unfortunately, the cross sections
for scattering of ions at these low energies are not well known
and, as a result, it is difficult to extract accurate values for
equilibrium atom positions from such measurements. Phase
transition or disordering measurements are also possible
with ISS, by observing a decay of scattered flux in particular
directions as the temperature is raised.*’

Ions at energies of the order of 2 MeV can be used to
perform Rutherford ion backscattering spectroscopy (RIBS)
of surfaces. An excellent review comparing the capabilities
of RIBS and LEED has been written by Feldman.*® The
principle of RIBS is the same as that of low-energy ion scat-
tering, i.e., the shadowing of atoms in a line behind the sur-
face atom, but the cross sections are much more precisely
known. In some cases it should be possible to extract struc-
tural information using RIBS that is as accurate as or more
accurate than LEED. For example, the technique is quite
sensitive to lateral positions. The principal difference
between diffraction and ion scattering is the distance param-
eter for order that is probed by the technique. LEED is sensi-
tive to order over large distances, while ion scattering senses
the local position of surface atoms relative to their bulk posi-
tion. This implies that RIBS is not sensitive to defects. Addi-
tionally, ion scattering is “mass dispersive,”*® i.e., it can se-
parately determine the atomic coordinates of adsorbate and
substrate atoms. A difficulty with the technique is that the
shadow cone produced by an atom is so narrow that even
small uncertainties in vibrational amplitudes can produce
large uncertainties in position determinations. This problem
can in part be surmounted by operation at medium energies,
e.g., ~100 keV. This improves the surface sensitivity and
widens the shadow cone. However, cross sections for scatter-
ing are not as well known in this energy range.
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Several techniques also exist that provide surface struc-
tural information by using fast electrons. The major one is
reflection high-energy electron diffraction (RHEED), with
or without subsequent imaging. In RHEED, a high-energy
electron beam (5-100 keV) is incident on the sample at a
grazing angle, sufficiently small so that the penetration of
the beam is limited and a reasonable fraction of the diffracted
intensity comes from the surface layer. Transmission elec-
tron microscopes {TEM) with improved vacuum have re-
cently been used in this mode to perform surface crystallog-
raphy experiments.*” Both diffraction pictures**’ and
subsequent images*’ have been obtained. This method ap-
pears to be quite powerful because of the better control on
beam size and divergence at the high energies. The major
disadvantages at this stage appear to be the lack of flexibility
in sample positioning and in inclusion of other surface analy-
sis techniques, and the extreme foreshortening of features in
the image that results from the use of very small angles of
incidence (of the order of 1°). The fine beam size (tens of A)
makes possible the observation of individual structural fea-
tures of that order of magnitude. For example, individual
steps have been observed.’’ As a consequence it is, of course,
more difficult to observe average effects over a surface, such
as average size distributions of growing islands or average
step densities.

Conventionally, RHEED is associated with lower-en-
ergy beams than TEM and no imaging, and is done in an
ultrahigh vacuum system along with several other surface
analysis techniques. In this mode, RHEED has been prac-
ticed for a number of years with some early quite interesting
results.”> RHEED has been used to study crystallographic
phenomena at high temperatures, such as epitaxial growth.
LEED measurements at angles far from normal will, in fact,
allow higher-temperature observations than RHEED be-
cause the Debye-Waller factor can be kept smaller. The ma-
jor advantage of RHEED is the much higher resolving pow-
er in the plane of incidence, a consequence of the grazing
angle of incidence and the resulting nearly tangential cut of
the Ewald sphere across a rod.™* This geometry leads to elon-
gated diffraction features, or “‘streaks.” The length of these
streaks represents the main uncertainty in the interpretation
of RHEED. The existence of streaks has been variously as-
cribed to a very good surface, a poor surface, a poor instru-
ment, and thermal diffuse scattering. It can easily be demon-
strated that the instrument response of even the worst
RHEED systems cannot cause the streaks that are observed.
Furthermore, a good surface does not produce streaks but
spots.”’***5 The most likely contributions to streak length
are defects, such as steps or long-range curvature of the sur-
face.”*>® At present, it is still considerably more difficult to
interpret RHEED profiles than LEED profiles, although
the prospect of much increased resolving power provides the
motivation for rapid progress in our understanding of the
technique.”*>*

X-ray diffraction at grazing incidence has recently been
used to study surfaces.’® This technique is insufficiently de-
veloped to evaluate its strengths and weaknesses. It appears
to be quite powerful because multiple-scattering effects are
probably much less important. On the other hand, low beam
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intensity could cause signal-to-noise problems. Additionally
there are difficulties associated with glancing incidence,
both in limiting observable diffraction space, and in causing
streaks, as discussed above.

A final technique that should be mentioned is low-ener-
gy mirror microscopy. In this technique, a high-energy beam
is decelerated just before reaching the surface, and reacceler-
ated after diffraction by the surface. A diffracted beam, after
acceleration, is then imaged in the traditional way.’” The
interpretation of mirror microscopy images is quite compli-
cated, and to our knowledge, no crystallography experi-
ments have been performed on single-crystal surfaces pre-
pared in ultrahigh vacuum.

IV. CONCLUSIONS

Low-energy electron diffraction is the most well-devel-
oped technique for surface crystallography studies. In this
review, we have discussed the types of measurements impor-
tant in surface crystallography and have described the major
advances in instrumentation that have been made in recent
years. It is apparent that there are still instrumental limita-
tions, especially in detectors. It is expected that further im-
provements in detector or electron beam technology, when
they occur, will be incorporated readily into LEED instru-
mentation. In particular, the progress that has been made in
instrumentation for high-energy electron beam techniques
will influence the development of electron sources at low
energies. Especially, one can look forward to imaging at low
energies, although it is unlikely that beam optics and detec-
tor sensitivities at low energies can ever be developed as well
as is the present standard in high-energy electron micros-

copy.
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