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The physical nature, potentialities, and prospects of application of a new method of studying
the structure of crystals and thin surface layers is discussed. It is based on recording secondary
radiations such as external and internal photoelectron emission, as well as x-ray fluorescence,
under conditions of dynamic x-ray diffraction in single crystals, in which the intensity of the
radiation field in the crystal reproduces the periodicity of the crystal lattice in the form of a
standing wave along the diffraction vector. The method allows one to measure the absolute
displacements of atomic planes in the crystal in fractions of an Angstrom unit, and also to
determine the degree of order in the arrangement of atoms in the surface layer. In addition to
presenting the history of the problem and reviewing the most important studies published in
this field in the past twenty years, the problems of the theory and the experimental technique
of the method of standing x-ray waves are presented in considerable detail.
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The standing x-ray wave
Will responsively behave.
It offers immediate reply
On sites that atoms occupy,
And tests the facets of your jewels
For violations of the rules.

1. INTRODUCTION

A new field in the physics of diffraction of hard electro-
magnetic radiation has arisen and taken shape in the past 20
years. It is based on studying and using standing x-ray waves
that arise in a perfect crystal under conditions of dynamic
diffraction. Apart from general physical interest involving
the anomalously sharp change in the character of the inter-
action of x-rays with an atom in the crystal, this field, as has
now become clear, is highly promising for analyzing the
structure of crystals, also at the atomic level.

Actually a standing wave that has the same period as
the crystal lattice easily senses the slightest deviation of the
atomic planes (or individual atoms) from their correct posi-
tions in the ideal crystal. Thus, for example, one can deter-
mine the position of impurity atoms implanted in a crystal or
the length of a chemical bond for a monolayer of foreign
atoms adsorbed on the clear surface of a crystal.

What does a standing x-ray wave amount to? To answer
this question, let us examine the propagation of x-rays in a
sufficiently thick crystal. Let a plane wave with the wave

vector k0 be incident on the crystal. The propagation of this
wave in the crystal is described by Bloch waves, which take
into account the translational symmetry of the crystal and
amount to a coherent superposition of a refracted and a scat-
tered wave. Their wave vectors are equal to km = k0 + hm,
where the hm are the reciprocal-lattice vectors of the crystal
with the coefficient 2ir.

The amplitudes of the scattered waves are determined
directly from the Maxwell equations, and are, as a rule, very
small—considerably smaller than the amplitude of the re-
fracted wave. This involves the fact that in the x-ray frequen-
cy range the dielectric permittivity of the medium
£h (co) = 1 +x\, (<y) differs very little from unit
(X* ~ 10~5-10~6). Hence the Bloch waves that arise in the
crystal almost coincide with the incident plane wave.

However, when certain conditions are satisfied, the sit-
uation can change sharply. Thus, if (k<, + h)2 = k% (the
Wolf-Bragg condition) for some reciprocal-lattice vector,
then the amplitude of the scattered wave bcomes comparable
with the amplitude of the refracted wave (the two-wave ap-
proximation ). In this case, if we neglect the weak scattered
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waves, we have the following expression for the amplitude of
the electric field in the crystal:

Here we have kh = k0 + h. The field intensity is determined
by the square of the modulus of the amplitude £(r) and
equals

(2)

Here a is the phase of the ratio (Eh/E0).
As Eq. 2 implies, the intensity of the wave field in the

crystal in this case has a sharply marked spatial dependence
in the direction of the reciprocal-lattice vector h. This depen-
dence is periodic, with a period either exactly equal to or
smaller by an integer than the interplanar spacing for the
system of reflecting planes being studied (|h| =2irn/d),
while the field intensity is identical on the planes parallel to
the reflecting plane of the crystal.

The structure of the standing wave of ( 2 ) is determined
by two parameters: the ratio \Eh \/\E0 and the phase a. De-
pending on the concrete conditions of the experiment, i.e.,
the deviation of the angle of incidence from the Bragg angle,
the geometry of diffraction, the stated parameters can take
on different values. For example, let us study the situation in
which Eh\ = \E0\, while the phase a varies. Here the maxi-
mum value of the intensity exceeds fourfold the field intensi-
ty of the reflected wave E0

 2, while the minimal value is
exactly zero.

The mutual arrangement of the atomic planes, i.e., of
the maxima of the electron density distribution in the crystal
and of the planes of maximum intensity of the wave field, is
determined by the value of a. Thus for a = 0 the intensity
maxima of the field fall on the atom planes, while for
a = — TT the atomic planes coincide with the nodes of the
field (Fig. I ). It is quite obvious that in these two limiting
cases the nature of the interaction of the field of the x-ray
wave with the crystal is sharply different. As will be shown
below the situation being discussed is realized in the case of
diffraction in the Bragg geometry in the so-called phase-sen-
sitive region of angles of incidence, which corresponds to the
region of total reflection of x-rays.

Besides the studied situation, another one exists in
which |£h < E0\ . In this case a standing wave arises in the
crystal as before, but its amplitude, just like its mean value, is

FIG. I. Intensity distribution of the wave field in a crystal with respect to
the atomic planes for different values of |£h \/\E0 and the phase a.

smaller than in the previous case. In the limit as |£h | -»0,
which corresponds to a large deviation from the Bragg angle,
the amplitude of the oscillations of the standing wave ap-
proaches zero, while the mean value becomes equal to the
intensity of the plane incident wave (see Fig. 1). In other
words a transition occurs from the two-wave to the one-wave
approximation.

Thus it becomes clear from what we have said that the
character of the interaction of the electromagnetic radiation
with the crystal under conditions of dynamic diffraction var-
ies sharply.

An effect involving the existence of a standing wave and
the variation of the total field at the atoms forming the crys-
tal lattice has been known for a long time. However, under
the conditions of a classical x-ray diffraction experiment
that measures separately the intensity of the reflected and
the transmitted waves, it is manifested very weakly. This
involves the fact that the amplitude of the inelastic scattering
channels is considerably smaller than the amplitude of elas-
tic scattering. The standing wave in the crystal manifests
itself in a traditional x-ray experiment only in the form of an
anomalous angular dependence of the absorption (the
anomalous transmission effect in the Laue case, as discov-
ered by Borrmann,1 and also the weak asymmetry of the
diffractive reflection curve in the Bragg case2'3).

The most direct and natural method of studying stand-
ing x-ray waves and applying them in practice is to record
the secondary radiations that arise upon absorption of x-ray
quanta. These are primarily photoelectrons and Auger elec-
trons, fluorescence quanta, and thermal diffuse and Comp-
ton scattering.

The first step in this direction was taken in 1962 by
Batterman,4 who measured the GeKa fluorescent radiation
in diffraction of MoKa radiation in a germanium crystal. He
used the Bragg diffraction geometry in a two-crystal
spectrometer and studied the angular dependence of the flu-
orescence yield. Despite expectations, the measured curve of
the angular dependence proved similar to the inverted re-
flection curve of the x-rays, and the structure of the wave
field manifested itself very weakly only at the edges of the
total-reflection region. As will be shown below, the angular
dependence of the yield of secondary radiations is deter-
mined by the intensity of the wave field at the atoms only
when certain conditions are satisfied. Namely, the thickness
of the layer emitting the secondary quanta (the escape depth
Ly i ) must be smaller than the minimum depth of penetration
of the x-ray radiation (the extinction length Lm ). This con-
dition (Lyi < Le x) specifically was not satisfied in Batter-
man's experiment.

A completely different situation exists in the case of the
external x-ray photoeffect. If fluorescent radiation with the
small absorption coefficient fiyi emerges from a sufficiently
thick layer of a crystal having the thickness Lyi s l/^yi, then
the photoelectrons emerge from a very thin surface layer
having a thickness of the order of fractions of a micrometer,
which is considerably smaller than the extinction length un-
der ordinary conditions. Even in the first experiments to
measure the external photoeffect performed at the beginning
of the 1970s at Leningrad University by Efimov, Kruglov,
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and Shchemelev,5"7 it was clearly shown that the angular
dependence of the photoemission yield is determined unam-
biguously by the position of the standing x-ray wave with
respect to the atomic planes. Later Golovchenko, Batter-
man, and Brown8 found a method for revealing the structure
of the wave field by measuring the fluorescence from impuri-
ty atoms introduced into the lattice of the crystal matrix at a
very small depth. Evidently the condition Lyi <LeK is also
satisfied here.

In addition to the studies indicated above, studies were
conducted as early as the mid-sixties of the angular depen-
dences of the yield of such secondary radiations as thermal
diffuse and Compton scattering.9"1' We note also that the
appearance of a standing wave in a crystal gives rise to an
anomalous angular dependence of the photo-emf12-13 and
the photoconductivity14'15 in semiconductor barrier struc-
tures.

In the following years the interest in studying the exam-
ined processes has grown and expanded. This has led to the
rapid development of a fundamentally new experimental
technique that considerably simplifies experimentation and
makes it faster and more informative. The use of new, power-
ful radiation sources, such as synchrotron radiation and ro-
tating-anode generators and of fundamentally new systems
for stabilizing the angular positioning and rotation of crys-
tals, and computers for processing and accumulating experi-
mental data has converted this field of solid-state physics
and surface physics into one of the most current and promis-
ing fields.

2. HOW TO SEE AND USE A STANDING X-RAY WAVE

As an introduction to the problem, let us examine the
simple situation in which a layer of atoms of a different type
exists on the surface of a perfect crystal. For simplicity let us
restrict the treatment to the case of symmetrical diffraction
in the Bragg geometry, in which the reflected wave emerges
from the crystal at the same surface through which the radi-
ation enters the crystal. Evidently such a geometry is prefer-
able for studying the structure of a surface and surface lay-
ers, since in this case the x-rays in the range of angles
corresponding to total reflection (the so-called phase-sensi-
tive part of the curve) penetrate into the crystal to a small
depth, and the thickness of the specimen (contrary to the
Laue case) does not affect the structure of the wave field
(Fig. 2).

Detector of
secondary radiation ?<. ̂

FIG. 2. Diagram of the formation of a standing wave and the escape of
secondary radiation from impurity atoms in x-ray diffraction in the Bragg
geometry.

In this case the angular dependence of the ratio of the
amplitudes of the fields \Eh \/\E0\ and the phase a for nor-
mally polarized radiation (cr-field) has a special form (see,
e.g., Refs. 16-22):

_
|£ol

Here we have

x {y - iy0 +[(</- ij/o)2 -(l - W/2} •( 3)

y= — sin 20B

I X r h l
(e-e0), yo = T*V, j/h=^V, (4)

0 is the angle of incidence of the x-rays on the crystal, 0Q is
the angle corresponding to the middle of the phase-sensitive
region of the reflection curve (the "dynamic" Bragg angle),
8B is the Bragg angle (kinematic, without allowance for re-
fraction), and^rh ,x\o> and^ih are the Fourier components
of the real and imaginary parts of the polarizability of the
crystal (x = XT + 'Xi) • F°r the square root in Eq. (3) one
uses the branch having a positive imaginary part.

By using Eqs. (3) and (4), we can easily calculate the
angular dependence of the intensity of the wave field by Eq.
(2). Figure 3 shows this dependence at the atomic planes
(the phase is q> = hr = 2-rrn, where n is an integer) for the
(220) reflection of CuKa radiation from a silicon crystal.
This same diagram shows the coefficient of reflection for
x-rays, which is \Eh \

2/\E0\
2, the phase a, and the interfer-

ence absorption coefficient fi, which depends on the angle of
incidence B as follows:

Here
r X sin QB
"~

(5)

(6)

is the extinction length, while A is the wavelength of the
x-rays. As we see from the diagram, the intensity of the wave
field at the atoms varies sharply with varying angle of inci-
dence on the crystal in the central part of the reflection
curve, in contrast to the reflection coefficient, which is prac-
tically constant in this angular region.

Whereas the reflection amplitude E^/E0, being com-
plex, has the phase a, which sharply depends on the angle, as

1.0

o.s

-2 -1

FIG. 3. Angular dependences of the intensity of the wave field at the
atomic planes (x, solid line), the coefficient of reflection (PR, dotted
line), the interference absorption coefficient (ft, dot-dash line), and the
phase a (dash-double-dot line).
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we see from Fig. 3, we lose this phase information upon mea-
suring the intensity of the reflected beam, which is propor-
tional to the square of the modulus of the reflection ampli-
tude. On the other hand, the intensity of the wave field at an
atom, which is the square of the modulus of the sum of am-
plitudes of two coherent waves—the refracted wave E0 and
the reflected wave £h—fixes this phase.

The situation is fully analogous to that which occurs in
the holographic method of recording the phase of the scat-
tering amplitude, but here the role of the reference beam in
our case is played by the refracted wave. We note also that
this opens up a pathway for a direct solution of the phase
problem of structure analysis. However, we should recall
that we are speaking of a very small range of angles having a
magnitude of the order of seconds of angle (0.5 X10 ~5 radi-
an). This involves the very small scattering amplitude of
x-rays by the unit cell of the crystal, which equal |^rh |.

Thus we have established that the intensity of the wave
field at the atoms of the crystal contains a more complete
information. The question naturally arises of how to deter-
mine experimentally and use this information. One of the
methods of solving this problem consists in measuring the
intensity of the yield of secondary radiation, e.g., the charac-
teristic fluorescence from a layer of foreign atoms lying at
the surface of the single crystal, which is proportional to the
local intensity of the wave field. Let us turn to Fig. 4a. If all
the foreign atoms lie strictly in one plane and the position of
this plane coincides with the correct position of the reflect-
ing planes in the crystal, then the angular dependence of the
yield of fluorescence radiation from these atoms will match
the angular dependence of the field intensity shown in Fig. 3.

The actual situation, even as applied to monolayers of
atoms adsorbed on the surface of a perfect crystal, can be far
more complicated. First, this layer can have any position,
which is determined by the length of the chemical bond of
these atoms with the atoms of the matrix. Second, it can be
somewhat disordered. That is, the atoms forming the layer
can deviate randomly from the mean position. Here the
overall pattern of all the atoms of the layer are determined by
experiment.

Thus, in Fig. 4b the layer in which we are interested is
displaced by half the interplanar spacing of the crystal ma-

trix. In this case an additional phase appears in Eq. (2),
which equals Pc = TT in the first order of reflection. This
leads to a sharp change in the character of the angular depen-
dence of the fluorescence yield from the impurity atoms, as is
clearly shown in the diagram. Actually, whereas the maxima
of the field intensity (antinodes) coincide with the position
of the atoms in the reflecting planes of the crystal matrix, the
position of the layer of impurity atoms corresponds to the
field minima (nodes), and vice versa. Hence the curve of the
angular dependence (its phase-sensitive part) proves to be a
mirror image of the previously discussed ideal case shown in
Fig. 4a. Actually the shape of the curve is sensitive to a far
smaller displacement of the layers, amounting to small frac-
tions of the interplanar spacing. With a relative experimen-
tal accuracy of the order of 1%, one can establish a displace-
ment of the layer of thousandths of the period of the standing
wave, which is considerably less than the wavelength of the
employed radiation.

A completely different situation arises when the layer of
impurity atoms is strongly disordered (Fig. 4c). In this case
there are no preferential (coherent) positions of the atoms
with respect to the standing wave, and equal fractions of the
atoms simultaneously lie both at the antinodes and the nodes
of the wave field. Evidently the yield of fluorescence radi-
ation from such a layer is described by Eq. (2) without the
third (interference) term, which drops out owing to the
averaging over the coordinates of all the atoms of the layer.
Here the shape of the curve of the yield of secondary radi-
ation reproduces the shape of the reflection curve of the
x-rays and bears no phase information.

The actual pattern is intermediate between the limiting
cases that we have discussed. That is, the layer of atoms can
be partially disordered and displaced. By performing the sta-
tistical averaging of Eq. (2) over the coordinates of all the
atoms of the layer, one can easily derive the following
expression for the angular dependence of the fluorescence
radiation:

Here we have

: = hrc = (8)

(9)

FIG. 4. Diagram illustrating different positions of impurity atoms (cir-
cles ) with respect to the antinodes of the wave field and the corresponding
yield of secondary radiation.

Here two new parameters have appeared: zc — the co-
herent position, i.e., the position of the mean plane of the
impurity atoms with respect to the diffraction planes of the
crystal, and Fc — the coherent fraction (the Debye- Waller
factor) , which describes the rms static and thermal displace-
ments of the atoms from the mean position zc . For simpli-
city of presentation, below we shall also call the quantity Pc

the coherent position. The coordinate z is measured along
the normal to the surface of the crystal, which coincides in
direction with the diffraction vector h.

Thus, from the experiment discussed above, one can
directly measure with high accuracy the coherent position
Pc (i.e., the chemical-bond length) and the coherent frac-
tion Fc from the shape of the angular-dependence curve
alone.
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FIG. 5. Angular dependence of the yield of BrKa fluorescence radiation
from a monolayer of Br atoms chemosorbed on a Si surface under condi-
tions of (220) diffraction of MoK0 radiation in Si (curve 1)." Curves 2
and 3 correspond to the models of fully disordered and fully ordered lay-
ers, respectively.

The thought experiment that we have discussed has
been actually performed in the study of Cowan, Golov-
chenko, and Robbins,23 who studied the fluorescence of bro-
mine atoms chemosorbed on the surface of a single crystal of
silicon by using the (220) reflection of MoKa radiation.
Figure 5 shows the angular dependence of the fluorescence
yield obtained by the authors. They determined by process-
ing the experimental data by least squares using Eq. (4) that
Fc = 30%,andzc = 1.73 ±0.07 A. This value corresponds
to the length of the covalent Si-Br bond.

Actually, as we shall show below, all that we have said
in this section on fluorescent radiation is more general in
character and pertains to any secondary process having a
small escape depth.

3. THE PROBLEM OF EXTINCTION

Now let us examine the yield of secondary radiation
excited by a standing x-ray wave from the atoms of the crys-
tal itself. This case is more complicated than the situation
already treated for the reason that we must now perform a
summation, not only over the coordinates of the atoms lying
in one reflecting plane, but also over all reflecting planes that
contribute to the measured radiation. In this summation we
must take two factors into account. First, the contribution to
the overall yield of secondary radiation from atoms lying at
different depths in the crystal will differ. This factor is taken
into account by using the special function P(z) (the influ-
ence function), which determines the weight fraction of the
atoms lying at the depth z.

Second, we must take into account the change in the
amplitudes of the wave fields \E0 \ and |.Eh | in the volume of
the crystal. In a perfect crystal these amplitudes decline ex-
ponentially with increasing depth z, with the rate of decline
determined by the interference absorption coefficient //. In
turn, the latter depends on the angle of incidence of the radi-
ation on the crystal (see Fig. 3). Accordingly, we obtain the
following expression for the intensity of yield of secondary
radiation instead of Eq. (7):

X \ dzP(z)e-«. (10)
o

The concrete form of the influence function P(z) de-
pends on the type of secondary radiation being measured
and the conditions of measurement. We shall discuss this
function in greater detail below. Here we merely note that in
most cases the function P(z) has an exponential form to
sufficient accuracy. That is, we have P(z) = exp( — z/Lyi),
where the parameter Lyi characterizes the escape depth of
the secondary radiation. Upon substituting this function
into Eq. (10) and integrating, we directly obtain

7 = + 2 c cos l, (ID
J

where (Uyj = \/Lyi.

Equation (11) differs qualitatively from Eq. (7) . Actu-
ally, according to ( 1 1 ) , the angular dependence of the yield
of secondary radiation is now determined both by the magni-
tude of the local field at the atom and by the thickness of the
surface layer contribution to the measured intensity of sec-
ondary radiation, which equals Lef = (/u, + /zyi ) ~ '. The ef-
fective escape depth Lef takes into account also the attenu-
ation of the x-ray wave exciting the secondary radiation,
together with the attenuation of the secondary radiation in
passing from the depth to the surface of the crystal. Natural-
ly, the actual contribution of the layer at the depth z to the
overall radiation yields depends on each of these processes.

Let us again examine the fluorescence radiation, but
from the atoms constituting the crystal. As a rule, the escape
depth of the fluorescence is large, and often exceeds not only
the extinction length Lex , but also even the absorption length
L0 of x-rays far from the region of diffractive reflection. In
this case^iyj is considerably smaller than/*, and the effective
escape depth Lef is simply equal to the depth of penetration
of the x-ray field into the crystal L = p~ '.

Since the depth of penetration of the field into the crys-
tal inside the phase-sensitive range of angles depends on the
angle of incidence (see Fig. 3), the angular dependence of
the fluorescence yield must acquire a completely different
character as compared with the previously discussed case of
the yield of radiation from a single plane. In the angular
range outside the diffraction region, the fluorescent radi-
ation will emerge from a large volume of the crystal deter-
mined by the absorption length L0. In approaching the cen-
ter of the angular range of total reflection, the depth of
penetration of the field sharply contracts and reaches its
minimum value equal to Lex , where Ln is tens of times
smaller than L0. Hence the number of measured quanta of
fluorescence radiation declines by a factor of several tens.
Against the background of this effect, which is called the
extinction effect, the variation of the intensity of secondary
radiation owing to the interference character of the forma-
tion of the field at the atoms practically vanishes. In other
words, the extinction effect makes it impossible to observe
the interference behavior of the field, and this means, to ob-
tain phase information.
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Actually, one can show upon taking into account Eqs.
(3)-(5) that, if the coherent fraction Fc is determined only
by the thermal vibrations, i.e., Fc =yYl/y0, then we have

(12)

Hence the curve of the yield of secondary radiation has the
shape of the inverted reflection curve of the x-rays.

For example, this situation is realized in measuring the
fluorescent radiation of GeKa in a Ge crystal in (220) dif-
fraction of MoKa radiation. This case has been studied in
the pioneer work of Batterman4 (see also Refs. 24-26). The
experimentally measured curve of the angular dependence
of the fluorescence yield shown in Fig. 6a practically com-
pletely matches the inverted reflection curve, and differs
from it only to a very small degree in the "tails" where Lef is
not exactly equal to L.

Thus, in the case of secondary radiation with a large
escape depth, we face the very serious problem of extinction,
which interferes with measuring the standing x-ray wave. To
solve this problem one must, on the one hand, decrease the
escape depth of the secondary radiation, and on the other
hand, increase the depth of penetration of the field into the
crystal. However, even for secondary radiation with a large
escape depth Lyi >Z.ex, one can observe the structure of the
wave field under the condition Lyi < L0 at the edges of the
phase-sensitive range of angles. Here, at the edges of this
region the effective escape depth Lef is close to Lyi and ceases
to depend on the angle.

For example, such a case is realized in measuring SiKa

fluorescent radiation under the (220) diffraction conditions

>
a & seconds of angle

o ~
=> c

b 0 seconds of angle

FIG. 6. Experimental curves of the fluorescence yield and reflection under
conditions of (220) diffraction of MoKa radiation for crystals of Ge (a)
and Si (b).26

of MoKa radiation in silicon studied in Ref. 26. The experi-
mental curve obtained here is shown in Fig. 6b. We note that
all that we have said above holds not only for fluorescence
radiation, but also for any other secondary radiation with a
large escape depth.

We proceed to analyze the case in which the escape
depth of the secondary radiation Lyi is smaller than the mini-
mum depth Lex of penetration of the field into the crystal.
Naturally, here the effective escape depth Le{ practically
equals the physical escape depth Lyi of the given secondary
process, since at the depth Lyi the field of the x-ray wave is
practically not attenuated. Instead of Eq. (11), we have

(13)X I — -

Now the angular dependence of the yield of secondary radi-
ation is mainly determined by the motion of the standing
wave through the atomic planes, exactly as in the case with
an impurity monolayer, and the effect of extinction plays
practically no role.

Equation (13) implies that the maximum change in the
shape of the curve owing to extinction arises in this case in
the central region. It leads to a weak variation in the slope of
the linear region, i.e., to a weak decline in the intensity of the
yield at angles 0 close to 90. We note that in this form the
extinction, while actually not distorting the observation of
the standing x-ray wave, bears information on the real es-
cape depth of the secondary radiation that can be used in
practice.27'28

The case being discussed is realized when one measures
the external x-ray photoeffect. Precisely because of this cir-
cumstance, the external photoeffect has become widely used
in studying the structure of surface layers using standing
x-ray waves 29,30

4. EXPERIMENTAL TECHNIQUE

The experimental measurement of the secondary pro-
cesses excited by a standing x-ray wave is a relatively com-
plex problem, since one must combine in one instrument the
high angular accuracy intrinsic to x-ray diffraction experi-
mentation with the possibility of measuring different inelas-
tic processes, each of which has its own specifics. Naturally,
the common feature for all secondary radiations is the use of
a multicrystal x-ray spectrometer designed to create the
standing x-ray wave in the crystal by realizing the diffraction
conditions and to move it over the atomic planes by rotating
the crystal past the reflection peak. We note that the problem
is that of the high angular accuracy (sO. 1 second of angle)
required for setting the specimen in the reflecting position,
and of the very small angular range (10-100 seconds of an-
gle) corresponding to the region of total reflection of the
x-rays. To create a plane x-ray wave experimentally, one
uses an asymmetric reflection from one or two crystal mono-
chromators (for more details, see Ref. 31). This is illustrated
by Fig. 7, in which the curves are drawn of the yield of photo-
electrons from a germanium crystal under conditions of
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Monochromator gj(Li) detector
crystal

FIG. 7. Angular dependence of photoemission in the case of (111) dif-
fraction of CuKa radiation in Ge with symmetric (a) and asymmetric (b)
monochromators.33

( I l l ) reflection of CuKa radiation with symmetric (a) and
asymmetric (b) reflection from the monochromator.

Thus the instrumental basis for realizing the standing-
wave method is the x-ray spectrometer, which consists of a
block of monochromators designed to create the plane inci-
dent wave and the precision goniometer employed for ad-
justment and rotation of the crystal under study. In our
country this instrument has been the three-crystal x-ray
spectrometer (TXS)32 developed in the A. V. Shubnikov
Institute of Crystallography of the Academy of Sciences of
the USSR. The spectrometer must enable making measure-
ments using high orders of reflection (with high values of the
Miller indices hkl). This is because the extinction length is
increases here (this is important for fulfilling the relation-
ship Lyi <Lex) and the period of the standing wave is de-
creased, which means that the phase sensitivity of the meth-
od is increased.

As regards the specifics of employing high-intensity
synchrotron radiation (SR) over a broad energy range,33 all
that we have said above is valid on the whole in this case as
well, yet with the difference that the diffraction plane is per-
pendicular to the plane in which diffraction takes place when
one uses ordinary x-ray tubes. Naturally this has required
special design solutions—creation of goniometers with hori-
zontally arranged axes of rotation of the crystals. As will be
shown below, the use of synchrotron radiation has radically
expanded the potentialities of the method of standing x-ray
waves by increasing its sensitivity and accuracy, and also by
enabling measurements near the absorption edges of the
atoms constituting the crystal under study.

We proceed to discuss the experimental aspects of mea-
suring the secondary radiations themselves. To do this one
must combine the x-ray spectrometer described above with
special attachments that make it possible to measure the sec-
ondary radiation with allowance for its concrete specifics.

The situation is simplest of all in which one measures
the characteristic fluorescent radiation in the nonvacuum
range (wavelength/I < 3 A). This requires introducing into
the spectrometer only an additional detector besides the
scintillation x-ray counter. This detector is set up in the im-
mediate vicinity of the surface of the specimen, and makes it
possible to measure fluorescence quanta of the given energy

Nal
detector

FIG. 8. Diagram of an experiment for measuring fluorescence radiation
under diffraction conditions.

(Fig. 8). For example, it can be a Si (Li) solid-state detector
(p-i-n structure), which has an energy resolution of 150-400
eV, and which is used in a complex with a multichannel
analyzer.34

Apparently this is precisely why the history of employ-
ment of standing x-ray waves began with the already men-
tioned experiment to measure the fluorescence from germa-
nium atoms.4 We note in passing that, practically
immediately after publication of Batterman's study, several
articles by Japanese authors9"11 appeared on the study of
Compton and thermal diffuse scattering under diffraction
conditions. This is natural, since their measurement requires
the same experimental technique as for fluorescence.

The mean free path of photoelectrons in air is very
small. Hence their measurement necessarily requires setting
up the crystal under study and the detector in a vacuum
space. This can be solved in design, either by putting the
entire spectrometer in vacuum, as has been done in Refs. 6,
35, and 36, or the specimen under study alone.37"*0 We note
that the first experiments to measure photoemission were
performed with a total vacuum spectrometer6 in which even
the demountable x-ray tube was situated. This enabled using
different wavelengths, including relatively long-wavelength
radiation, e.g., CaKa (/l~3.36 A). Owing to their simpli-
city of design, instruments have become most widespread in
which only the crystal and the detector are situated in the
vacuum.

The overwhelming majority of the experiments to mea-
sure the angular dependence of the yield of photoelectrons
performed up to 1980 (apart from several studies by Japa-
nese scientists,35' 4lJ*4 which will be discussed in detail be-
low) has been integral in type. That is, all the electrons
emerging from the crystal were detected, regardless of their
energy. In this system of measurements, the SEM (second-
ary-electron multiplier) detector of photoelectrons in order
to increase the number of detected particles was set as close
as possible to the surface of the specimen. For the same rea-
son an attractive potential was applied between the specimen
and the input of the detector (s200 V). For practical real-
ization of the standing x-ray wave method in the case of
integral photoemission, a special vacuum volume has been
developed in the form of an attachment to a standard TRS
x-ray spectrometer.45

The next milestone on the path of development and use
of photoemission excited by a standing x-ray wave was the
invention of a new vacuum-free method of measurement
based on a gas proportional flow-through counter.46-47 The
method is extremely simple and reduces to the idea (by anal-
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FIG. 9. Schematic diagram of a gas proportional counter.

ogy with the Mossbauer spectroscopy of conversion elec-
trons48 ) that the crystal under study is placed directly inside
a gas proportional counter (Fig. 9). The incident x-ray beam
enters the counter through a special window covered with a
thin organic film (Mylar). On being reflected by the crystal,
it exists from the chamber, where it is measured with an
ordinary scintillation detector. The electrons excited by the
standing x-ray wave in the specimen emerge directly into the
gas mixture filling the counter, are accelerated by an electric
field created by a high voltage applied between the crystal
and a thin filament (electrode), ionize the gas, and are re-
corded as an electric pulse using a charge-sensitive preampli-
fier. The gas mixture 90% He + 10% CH4 has 100% effi-
ciency in detecting electrons and is practically not ionized by
x-rays.

The described method has a number of undoubted ad-
vantages: simplicity, speed, and the possibility of being real-
ized in any x-ray spectrometer. One can find a detailed de-
scription of the operation of the counter and its varieties of
design in Refs. 46 and 49-51. Yet the chief merit of the new
method is the possibility of distinguishing electrons of a cer-
tain energy range (energy analysis). Energy analysis of
photo- and Auger electrons excited by a standing wave was
first performed35 by using the already mentioned total-vacu-
um spectrometer35'36 fitted with an electrostatic analyzer.
This instrument enabled obtaining a number of interesting
results with ideal crystals.41"^14 However, it did not become
widespread for studying the structure of disturbed layers,
apparently because of the small detectable electron yield and
certain design features. In a certain sense, it was ahead of its
time.

The gas proportional counter as an electron spectrom-
eter of low resolution (^ 16-20%) has served as the basis
for creating a new approach in applying the technique of
standing x-ray waves—a depth-selective standing-wave
technique intended for layer-wise nondestructive structure
analysis based on measuring the angular dependence of the
yield of photoelectrons with different energy losses. The idea
of layer-wise analysis was first formulated in Ref. 47, while
energy-dispersive experiments using a counter were first
performed in Refs. 47 and 50-54.

In closing the discussion of the experimental technique
of measuring photoelectron emission, we note the recently
realized potentiality55 of performing energy-dispersive mea-
surements by using a magnetic (solenoidal) analyzer. The
analyzer amount to a vacuum cylinder arranged horizontal-
ly inside the solenoid. The crystal under study, a ring dia-
phragm, and a secondary-electron multiplier are placed in

the cylinder. By varying the current passed through the sole-
noid, we vary the magnitude of the magnetic field and thus
focus electrons of a certain energy in the detector with a
resolution of several percent.

As regards measuring a secondary process such as the
internal photoeffect, everything here depends on the choice
of method of observing it. For example, in measuring photo-
conductivity, it suffices to apply to the surface of the studied
crystal a thin contact layer of a metal and to connect it to the
measuring instrument (electrometer), as was done in the
first study of Briimmer and Stephanik to measure photocon-
ductivity in a CdS crystal.14

Another method of observing the change in the number
of charge carriers (electrons and holes) caused by a standing
x-ray wave reduces to measuring the photo-emf that arises in
the crystal owing to separation of carriers by the field of a
potential barrier in the form ofap-n junction or a Schottky
barrier. Actually the potential barrier in this case serves only
as an "instrument" that enables seeing the behavior of the
wave field. The possibility of measuring the photo-emf was
first demonstrated in Ref. 12, while a detailed description of
the measurement procedure is given in Ref. 56. To measure
the photo-emf, the crystal containing the potential barrier
and ohmic contacts is set on a special base having contact
joints through an insulating substrate. On the one side,
ohmic contacts deposited on regions of the crystal having
different types of conduction are connected to these joints,
and the measuring instrument on the other side. As one of
the variants, one can use a synchronous detector (lock-in
amplifier). The entire base is placed in a lightproof cover and
is set up in the crystal holder of the x-ray spectrometer. Since
the electric signal to be measured is very small (1-100//V),
in order to separate it from various parasitic signals, e.g.,
noise from the contacts, the incident x-rays are modulated
with a special modulator rotating with a frequency of several
hundred hertz (for more details see Ref. 56).

The entire twenty-year development of the technology
of standing x-ray waves, which has been directed toward
increasing the sensitivity and accuracy of the method and
expanding its potentialities has somehow led to a catastroph-
ic decrease in the measured signal, making it impossible in a
number of cases to measure it. For example, the solution of
the problem of extinction, which is necessary for isolating
the phase-sensitive part of the curve of the angular depen-
dence of the intensity of secondary radiations having a great
escape depth (Lyi > Lex), such as fluorescence and the inter-
nal photoeffect (see below) required measuring the weak
signal formed by a very thin layer. The same problem arose
upon increasing the energy resolution of energy-dispersive
measurements of photoemission in the method of the depth-
selective technique of standing x-ray waves.

It seemed that the most direct and simple way to solve
this problem was to use powerful x-ray sources such as rotat-
ing-anode generators and synchrotrons.57 However, this
pathway yields no fundamental solution of the problem,
since the application of high-intensity radiation only some-
what shifts the "horizon line". For example, while in an ex-
periment with an ordinary source we can distinguish the flu-
orescence signal from a certain number of atoms, by using
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synchrotron radiation we can decrease this number. How-
ever, the next step again requires a new increase in the inten-
sity of the source being used.

The pathway that completely solves the problem of
measuring weak signals consists in inventing and using ex-
perimentally special accumulation systems, both with ordi-
nary and high-intensity sources.55- 58~61 We note that the
long-time accumulation of a signal under the conditions of
x-ray experimentation having high angular accuracy is a
very complex problem. The trouble is that one must continu-
ously rotate the studied crystal throughout the entire experi-
ment over a small angular interval (the phase-sensitive re-
gion of the curve) in the forward and backward directions so
that the angular ranges of each scan coincide to an accuracy
of 0.01 seconds of angle.

This is realized by using a piezodrive controlled by dy-
namic feedback having two loops. One of them serves for
linearizing the characteristics of the piezodrive itself by
compensating the hysteresis of the piezocrystal by instanta-
neous measurement of its true elongation (when the control
potential has been applied) by using an inductive55'58 or ca-
pacitive59"61 displacement measuring device. The second
loop is intended to enable long-term stability and serves to
maintain the curve being measured in the center of the scan-
ning region. This can be easily done, despite the practical
lack of the repeated signal of interest to us after one scanning
cycle (e.g., in measuring the intensity of the fluorescence
yield from a small concentration of impurity atoms) , since at
the same time we always have a high-intensity reference sig-
nal in the form of the diffractive reflection curve of the
x-rays.

Using systems of this type enables one to measure with
good statistics the signal from a small amount of atoms ad-
sorbed on the surface of a crystal or implanted into its lattice
with an ordinary x-ray source.62 The employment of stabili-
zation systems and synchrotron radiation enables one to re-
duce the time required for such an experiment from tens of
hours to tens of minutes and to reduce the concentration of
atoms accessible to study.63

(14)
t

Here e0s and ebs are the polarization unit vectors, and
s = ir,a.

The scalar amplitudes E0s (z) and£'hj(z) satisfy the Ta-
kagi-Taupin equations,65'66 which are derived directly from
the Maxwell equations and have the following form in the
general case of asymmetric diffraction:

" =

Here we have <p(z) = h«u(z), and y0 and yh are the cosines
of the angles between the vectors k0 and kh and the internal
normal to the entrance surface of the crystal n0. The param-
eter a characterizes the deviation of the wave vector k0 from
the exact Bragg direction corresponding to the crystal-
lattice parameter of the substrate

*!-*!
— 2sin*eB-(0 — 8B). (16)

The Fourier component of the polarizability tensor of the
crystal Xo< x* , and fa =x - n > being complex, describe both
the elastic and the inelastic scattering of x-rays, with
*BJ> = e^bCo, and x^ = e0^Hehs. The imaginary part of
the polarizability tensor %, contains contributions from all
the inelastic processes: the photoeffect and thermal diffuse
and Compton scattering.

To find the intensity of the yield of secondary radiation
at the depth z in the crystal, one must determine the number
of absorbed quanta in a layer dz thick per unit area and unit
time. This can be done most simply by calculating the differ-
ence between the input and output fluxes of energy of the
x-ray wave in the layer and dividing it by the energy of a
quantum of the radiation. This approach was proposed in
the study by Afanas'ev and Kon67 (see also Ref. 68). The
corresponding calculation yields the following result:

5. THEORY

Let us proceed to a more systematic presentation of the
theoretical foundations of the technique of standing x-ray
waves. As the object of study we shall examine a perfect
crystal on which a surface layer of thickness L d has a distort-
ed structure. These distortions actually can arise upon ion
implantation, diffusion of impurity atoms, epitaxial growth,
etc., and they vary rather slowly along the surface of the
crystal. While neglecting this variation, we shall assume that
the distortions are homogeneous along the surface and are
characterized by only two parameters: the mean displace-
ment of the atomic planes from their positions in the undis-
turbed crystal u(z) and the static Debye- Waller factor
exp( — w(z)), which depend on the coordinate z along the
normal to the surface of the crystal.64 The amplitude of the
overall electric field of the x-rays in the crystal in the two-
wave approximation is described by Eq. (1), but with the
variable amplitudes E0 and Ek :

+ 2 Re {BJ((«)5iu(*)-j^-exp[i(p («)_»(«)]}]. (17)

Here we have introduced the index m, which characterizes
the contribution of a certain (studied) secondary process to
the overall amplitudes of inelastic scattering XK> and %$,
while we have/i0m = ITTX i0 (m)/A. We recall that the quan-
tities E0s and Ehs , being solutions of Eq. ( 1 5 ) , depend on the
angle of incidence of the x-rays on the crystal.

We obtain the total number of quanta of secondary ra-
diation measured experimentally after integrating Eq. (17)
over the coordinate z while taking into account the influence
function P(z) introduced in Sec. 3:

*. 6)
dz

(18)

The presented formulas are general. They are valid for
any type of secondary radiation including, besides the
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photoeffect, fluorescence, thermal diffuse and Compton ra-
diations, also secondary electrons, i.e., Auger electrons and
electrons ejected owing to absorption of fluorescence radi-
ation. One must only define appropriately the amplitudes
X^ and^i,,"", as well as the influence function Pm (z).

The Fourier components of the polarizability of a crys-
tal have been calculated in a number of studies in connection
with analyzing the anomalous-transmission effect (see, e.g.,
Refs. 69 and 70). The dielectric permittivity in the x-ray
range of frequencies is discussed also in the review of Ref. 71.

According to (17), the number of quanta of secondary
radiation is not determined in the general case by the intensi-
ty of the wave field at the atoms. Nevertheless, one can write
Eq. (17) in a form analogous to Eq. (7):

dz

Here we have introduced the notation
(19)

(20)

and have omitted the proportionality coefficient.
As Eq. (19) implies, in the most general case the yield

of secondary radiation occurs under conditions of formation
of the standing x-ray wave in the crystal, while here the co-
herent fraction

Xffi (TO) g-tt(Z)

XlO (TO)

and the coherent position

(21)

(22)

in the disturbed surface layer can depend on the coordinate
z.

The simplest case arises in the dipole approximation for
the photoefFect and fluorescence in crystals having one type
of atoms. For example, for Ge and Si crystals and with re-
flections with even-even Miller indices, we have

tf?(z) = Cexp[-Ar-w(«)], P0(z) = (p(z). (23)

Here C is a polarization coefficient, which equals unity
for cr-polarization and cos 20B for w-polarization, and
exp ( — M) is the Debye-Waller temperature factor. This
case as applied to a perfect crystal and a polarized radiation
has been treated in the previous sections.

For reflections with odd-odd Miller indices the situa-
tion becomes somewhat more complicated. Here we have

/2
3xp[ — M — w ( z ) \ ,

(24)

The sign in front of ir/4 in the formula forPc depends on the
type of reflection. According to (19) and (24), the maxi-
mum and minimum yields of secondary radiation are close
to the quantity 70 (2 ± V2~), and are not equal to zero, even in
ideal crystals in diffraction of cr-polarized radiation. This
happens because the two sublattices of Ge and Si crystals are
projected on the direction of the reciprocal-lattice vector in
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FIG. 10. Diagram illustrating the position of the standing x-ray wave in
the case of diffraction at planes with odd-odd Miller indices.

such a way that the projections of the atoms form a periodic
chain with a complex basis (Fig. 10). A sinusoidal standing
wave cannot be "fitted" to such a chain. In the language of
coherent position and fraction this means that the coherent
position is found half-way between two close-lying planes
(see Fig. 10), while the coherent fraction Fc ^ l / ^ f 2 for-
mally describes the deviation of the atomic planes from the
coherent position.

An even more complicated situation occurs in noncen-
trosymmetric crystals, e.g., those consisting of atoms of two
types, such as GaAs and InSb, in reflection with odd-odd
indices. Here we have

Xio
= C — (25)

where exp( — Ma ) and exp( — Mb ) are the Debye- Waller
temperature factors for atoms of types a and b, while Fc and
Pc are found by the general formulas (21) and (22).

We note that an additional possibility appears in this
case of spectroscopically distinguishing the secondary radi-
ation from the atoms of only one type (a orb). Then, for the
atoms of type a, which lie on the principal sublattice of the
crystal, we have

F(
c
8)(2) = Cexp[-M0-^(z)], (26)

Pc(z) = cp(z).

For the atoms of type b in the sublattice shifted by one-
fourth of the cube diagonal, we obtain

PC(«) = « P ( « ) ± T . (27)

According to Eqs. (26) and (27), the atoms of the different
types have sharply different coherent positions Pc . Natural-
ly this will lead to a different form of the angular dependence
of any secondary radiation in a perfect crystal, under the
condition £,yi <£.„. Such a pattern regarding the crystal
GaP has been observed in Refs. 44 and 72, and in GaAs
crystals in Refs. 73 and 74 (Fig. 11).

Although the dipole term in the multipole expansion of
X\ is the major term, it is not the only one. As the calcula-
tions of Wagenfeld, Stephenson, and Hildebrandt75"77 have
shown, the contribution of the quadrupole term amounts to
several percent, and must be taken into account in a more
exact analysis of the experimental data. Here one must re-
place the polarization coefficient C in Eqs. (23), (24), (26),
and (27) by
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FIG. 11. Angular dependence of the intensity of the wave field in a GaAs
crystal at the Ga atoms (70.) and As atoms (/As) in (111) diffraction of
x-rays with an energy of 10.372 keV (solid line) and 11.868 keV (dotted
line) for cr-polarization.74 The energies of the radiation are chosen to be 5
eV higher than the K-edge of gallium and the K-edge of arsenic, respec-
tively.

CT = (1 - Q)C + QC,. (28)

Here we have Q = a° /(a° + <TQ ) a° and aQ are the cross-
sections for dipole and quadrupole photoabsorption, while
the parameter Cj equals cos20B for cr-polarization and
cos 4dB for ^--polarization. In Eq. (25) one must make this
substitution separately for the atoms of types a and b:

(29)
Xio

In calculating the dependence of the amplitudes E^ and Ehs

on z, one need not take into account the weak processes and
may restrict the treatment to the dipole approximation as is
usually done. The most important effect is diffraction in the
Bragg geometry. In this case the solution of Eqs. (15) must
satisfy the following boundary conditions: E0s (0)
= E j1"',̂  (?) = 0, where t is the thickness of the crystal.

Since the boundary conditions have a rather complicated
form, it is convenient to transform to a single nonlinear
equation68 for the quantity

(30)£h» /*5
" ( ' ~ EM (z) \ xh

>

The latter satisfies the equation

where we have
(31)

, l '

"°- IXr. ,1 2PV« ' -~

r(,)=,-fL«^=|.
| Xrh (32)

One can solve Eq. (31) taking into account only one
boundary condition withz = /. If the perfect substrate of the

crystal is thick enough, i.e.,fA0t^-y0, where//0 is the normal
absorption coefficient, then the solution in the perfect sub-
strate does not depend on the thickness of the crystal. That
is, we have dR /dz = 0. When we allow for this fact we obtain
directly

J_
c

(33)

Here we employ the branch of the square root having a posi-
tive imaginary component. One must solve the equation only
in the region 0<z<L d , where LA is the thickness of the
disturbed layer, with the boundary condition R(Ld) = R0.

We obtain the following expression directly from the
system (15) for the intensity of the refracted wave:

= exp[— M + -A. (34)

In turn, the curve for diffractive reflection of x-rays is deter-
mined by the function

^L \ R(r\\ 12. (35)

Equations (15) and (35) completely determine the scheme
of calculation of the angular dependence of the yield of sec-
ondary processes in the most general case under the condi-
tion that a plane wave is incident on the crystal. Actually the
experiment is performed in a two-crystal system with a first
crystal-monochromator. If one employs asymmetric reflec-
tion in both crystals, i.e., the parameter /? and the asymme-
try factor of the monochromator crystal 0, do not equal
unity, then we have

. (36)
i(°°)

J dft^it'(ft)

Here we have

I Xro I i+P. .
2P

(37)

and (p is the angle between the reflecting planes of the first
and second crystals (rocking angle). The function PR(<p)
is defined analogously.

The presented formalism allows one to analyze theoret-
ically the angular dependence of practically all secondary
processes excited by a standing x-ray wave including, besides
those mentioned above, the photo-emf and the photocurrent
in the Bragg diffraction geometry. The relatively simple sit-
uations were treated in the previous sections. In more com-
plex cases for crystals having a disturbed surface layer and
an arbitrary relationship between the parameters Lyi, Lex,
and L d , one must use a computer to perform the numerical
modeling of the experiment and to analyze the experimental
data. At present several variants of computation programs
have been developed to solve this problem.68'78-79 The most
systematic and universal program as applied to calculating
photoemission is described in Ref. 68. It has been effectively
used80 to analyze experimental angular dependences of the
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FIG. 12. Angular dependences of the yield of secondary radiation calcu-
lated for Si, (400) reflection and CuKa radiation for different values of
the ratio £„/!,,, equal to: 12 (7) , 7.2 (2), 3.6 ( 3 ) , 1.8 (4), 0.9 ( 5 ) , 0.45
(6), and 0.225 (7), in a system with a symmetric monochromator.

external x-ray photoeffect (EXP) from implanted layers on
silicon and from epitaxial layers on the surface of germani-
um and gallium arsenide.

Figures 12 and 13 show examples of the use of the pro-
gram. Figure 12 presents the calculated angular dependence
of the yield of secondary radiation from a perfect Si crystal in
the (400) diffraction of CuKa radiation (£,„ = 3.60/zm) in
a two-crystal system with a symmetrical monochromator for
different values of the parameter Lyl. One can see well how
the curve varies as the relationship between Lex and Ly{ var-
ies. Figure 13 shows the results of calculations of the "intrin-
sic" reflection curves and the EXP in the case of (111) dif-
fraction of CuKa radiation in a silicon crystal with a

disturbed surface layer. The series of curves corresponds to
both the entire layer (upper curves) and to parts of it. The
thickness L d of the layer is comparable with Lex. Hence the
change in the shape of the curves is caused both by the
change in the coherent position and by the change in the
amplitude of the wave fields in the distorted lattice.

A recent study81 has solved exactly the problem of the
angular dependence of secondary processes having an expo-
nential influence functionP(z) in a bicrystal, i.e., in a crystal
on whose surface a layer exists with an interplanar spacing
differing from the matrix and which is partly amorphized.
This solution is based on the multilayer algorithm of fast
calculation of the curve x (y). Combined with the method of
fast calculation of the convolution integral using spline in-
terpolation of the curves, a program was developed of auto-
matic processing of the experimental data by least squares
(^•2-fit) in rather complicated situations.

Already today the processing of experimental data ob-
tained by using the standing-wave technique is being per-
formed with computers in a number of studies. Here the
signals from the detectors are directly entered into the com-
puter and the output after processing is in the form of values
of the concrete parameters of the crystal structure of the
crystal under study.

The general theory developed above is valid also for
Laue geometry. However, up to now studies in the Laue
geometry, both experimental and theoretical, have been per-
formed only on perfect crystals and have been episodic in
type.12"106'82"84 The point is that, e.g., in the symmetric
Laue case the diffraction vector lies along the surface of the
crystal. Therefore the standing wave is also modulated along
the surface, and it does not allow one to study the variation
of the structure into the interior of the crystal. We note that
the study of atomic order in the surface layer along the sur-
face of the crystal is also a highly interesting problem from
the physical and applied standpoints, and apparently the

FIG. 13. Curves of the diffractive reflection of x-rays PR (y) (a)
and of photoemission x(y) (b) calculated for a Si crystal with a
perturbed surface layer under conditions of (111) diffraction of a
plane monochromatic wave of CuKa radiation, as well as the de-
pendence of A</ /</ in the layer on z ( c ) .
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scheme of diffraction in Laue geometry will be widely em-
ployed in the future in the standing-wave technique. The
combination of both diffraction geometries enables one to
obtain a two-dimensional pattern of structural distortions in
the crystal. The first interesting step in this direction was
taken in Ref. 85.

6. PHOTOELECTRIC EMISSION (THE EXTERNAL
PHOTOEFFECT)

Let us proceed to a more systematic discussion of the
results of studies on the measurement of the external x-ray
photoeffect. These studies became most widespread in the
first stage, since here the problem of extinction practically
does not exist, since the escape depth Lyi of the photoelec-
trons, which usually amounts to fractions of a micrometer, is
considerably smaller than the extinction length Z,ex, which is
of the order of several micrometers.

The first studies, which were performed by Shcheme-
lev, Kruglov, et al., were addressed to studying the overall
laws of formation of the external photoeffect under x-ray
diffraction conditions in perfect crystals. They studied the
angular dependence of the photoemission yield in germani-
um and silicon for different reflections and wavelengths of
x-rays.5-7'86"89

In analyzing the experimental results, the problem
arose directly of the form of the influence function P(z) and
the concrete magnitudes of the mean free path of electrons in
the crystal. A simple model was proposed87'88 for the func-
tion P(z) based on the following considerations. A photo-
electron ejected from an atom undergoes multiple inelastic
collisions and rapidly loses its initial direction of motion and
energy. This motion in the crystal occurs diffusively. De-
pending on the value of the initial energy, the electron can
pass through a certain distance Lyi in the crystal, whereafter
its energy has declined to such an extent that it becomes
smaller than the work function, and it cannot leave the crys-
tal. In this model the probability of finding the electron
above the surface of the crystal is proportional to the area of
the surface of a sphere of radius Lyi lying above the surface of
the crystal.

We can easily convince ourselves that the influence
function P(z) in this treatment has the following form:

The parameter Lyi is determined experimentally from ex-
periments on transmission of an electron beam of a definite
energy through thin films. The book of Bronshtem and
Fraiman90 presents an empirical formula that generalizes
the experimental results:

7=1,3-1.5.

Here/o is the density of the material in g/cm3, Z is the atomic
number of the element, A is the atomic weight, and E is the
initial energy of the electrons in keV. This formula is valid in
the energy range E from 0.1 to 10 keV. This model has be-
come widespread in analyzing experimental results in the
initial stage of studies.

It was clear practically from the outset that studies on

ideal crystals were purely academic in character, although
they allowed one to see explicitly the standing x-ray wave.
Naturally, the question arose of the practical application of
the method. Evidently, the most suitable object for study by
the new method is perfect crystals of semiconductors having
a surface layer disturbed by various agents used in the mod-
ern technology of solid-state microelectronics (ion implan-
tation, diffusion, laser action, epitaxial growth, and mechan-
ical treatment). The thickness of these layers lies in the
range from fractions of a micrometer to several microme-
ters. Here the study of the structure of these layers using
ordinary x-ray diffraction methods proves ineffective owing
to the lack of phase information (see, e.g., Refs. 91-94).
Moreover, the problem of reconstructing the structure of the
disturbed layer from x-ray data alone cannot always be
solved unambiguously.64'94

As regards the external photoeffect, since the escape
depth of the electrons is quite close in order of magnitude to
the thickness of these layers, it is most adapted for studying
them. Moreover, as we have already mentioned above, the
curve of the photoemission yield is highly sensitive to the
degree of amorphization (disordering) of these layers, in
contrast to the x-ray reflection curve. Therefore the next step
in the development involved studying crystals with a dis-
turbed surface layer.

One can provisionally classify these studies into two ap-
proaches. The first of these was devoted to studying the dis-
placements of the surface layer at the escape depth of the
electrons owing to relaxation of the crystal lattice involving
the presence of impurity atoms in the disturbed layer (coher-
ent position). The first study of this series95 found an anoma-
lous angular dependence of the yield of electrons that sharp-
ly differed in shape from the curve for an ideal crystal. A. M.
Afanas'ev explained this result on the basis of the hypothesis
that the disturbed layer emitting the photoelectrons has
atomic planes displaced with respect to their position in the
undisturbed part of the crystal by 3/4 interatomic distances.
Naturally, by etching part of the disturbed layer one can
obtain different displacements of the surface of the crystal,
which must explicitly affect the shape of the experimental
curves. This idea was fully confirmed in subsequent experi-
ments.96

As has already been shown, the phase sensitivity is man-
ifested in purest form when the condition Lyi <LA <Lex is
satisfied. The condition Ld <Ln is always satisfied in an
ion-doped layer. In order to realize the condition Lyi < Ld,
CaKa radiation was used in Refs. 95 and 96. As a rule, epi-
taxial films have a considerably greater thickness <Ld

>Lyi, In this case, to realise the condition LM >Ld, one
must use a reflection with high Miller indices. This approach
was used in Refs. 38 and 97 in studying epitaxial films of Ge
and GaAs [(440) reflection, CuKa radiation] and also in
Refs. 81 and 98 in studying epitaxial films of silicon [ (444)
reflection, CuKa radiation ].

The second approach involved studying partially or
completely disordered layers (coherent fraction).37'99'100 In
one of the studies of this series100 a simple model was pro-
posed for analyzing the experimental results, in which the
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curve of the angular dependence of the yield x(6) is repre-
sented as a superposition of two curves: the ideal xid (6) and
the curve xa (6) from a completely amorphous layer, which
have fundamentally different and well-known shapes (see
Fig. 4):

x(9) = Kxa(Q) + (1 - tfJxidW. (4°)
In the case in which the layer being studied is complete-

ly amorphized but its thickness Ld is smaller than the escape
depthLyi of the electrons, the parameter K evidently charac-
terizes the thickness of the disturbed layer. If, conversely,
the thickness of the amorphous layer is known, then one can
estimate the escape depth of the electrons by measuring the
parameter K experimentally. We note that crystals with an
amorphous film of known thickness are a convenient model
for studying the process of escape of photoelectrons also in
the more complex situation in which the energy loss of the
ejected electron is being measured (see below).

Studies have also been performed of photoemission in
crystals having the most varied types of disturbances and
with an arbitrary relationship between the parameters Lyi,
Ld, andLex.

37'80'97 A considerable fraction of these studies
has been performed by Zakharov and Sozontov.

The analysis of the experimental data in this case consti-
tutes a more complicated problem and requires introduction
of numerical calculations on a computer based on the theory
developed in Refs. 67 and 68 (see the previous section). Here
the problem can be formulated considerably more broadly,
namely, to determine the total profile of the distribution of
deformations through the depth of the disturbed layer. At-
tempts at such a determination based solely on x-ray experi-
mental data have been made by many investigators (see, e.g.,
Refs. 91-94). However, as the authors of this review have
shown,68 the use of data obtained through two channels,
photoemission and x-rays, makes this determination more
exact and reliable. A graphic example of this approach is
Ref. 80.

In recent years in the technology of microelectronics
and surface physics, the attention of investigators has been
drawn to ever thinner layers (of thicknesses of the order of
hundreds of Angstrom units). These layers have also been
studied successfully by the method being discussed,101'102

but natually the decreased thickness of the layer weakened
the contribution of this layer to the measured electron yield.
Hence the measurements were performed at the limit of sen-
sitivity. Evidently one can raise the sensitivity of the method
by diminishing the total escape depth of the photoelectrons.
One of the ways to carry out such a decrease consists in using
softer x-rays (as was done in the already mentioned studies
of Refs. 95, 96).

Another approach is based on recording the electrons in
a certain energy range. As we have already noted above, the
first studies along this line on ideal crystals were performed
by Japanese scientists, while the studies on specimens with a
disturbed layer were performed in the Institute of Crystal-
lography of the Academy of Sciences of the USSR with the
participation of one of the present authors (Koval'chuk). In
this approach the problem again arises of determining the
influence function P(z,kE), which depends on the magni-

tude of the energy losses of the electron as it moves to the
surface. This problem is very complicated owing to the com-
plexity of the mechanism of interaction of the electron with
the crystal lattice, which is statistical in character.

One of the ways to solve it, which is based on direct
numerical modeling by the Monte Carlo method, was devel-
oped by Liljequist.103 In his study the functions P(z,kE)
were calculated for different values of A£, and also in the
integral regime P(z ) . An approximation by a simple formula
was proposed for the function P(z) :

(41)
Here the escape depth L , is determined by the expression

/, =780^- . , * (A).y i p in (£>/£(})
(42)

Here the parameters E and p have the same meaning as in
Eq. (39), while £0;=:0.39 keV. Recently Liljequist jointly
with the authors of this review have tested Eqs. (41) and
(42) by direct calculation by the Monte Carlo method on Si,
Ge, and InSb, and have obtained good agreement.

As regards the form of the function P(z,kE) itself, it is
nonmonotonic and reaches its maximum value at a certain
depth zmax that depends on the magnitude of A£. Figure 14
shows the schematic form of this function for different val-
ues of A£. Naturally, the variation of the form of the func-
tion P(z,b.E) with varying energy of the measured photo-
electrons will lead to a variation of the form of the
photoemission curve only when the interaction of the stand-
ing x-ray wave with the atoms of the crytal is variable
(depth-dependent). Such a situation always exists owing to
the extinction effect, and also can arise in the presence of
distortions that vary at the escape depth. The simplest way
to detect this variation consists in using the already men-
tioned model crystals having an amorphous film of known
thickness. This approach was first used in Refs. 27, 28, 50,
52, and 53, and has been developed in Refs. 104 and 105.
Moreover, a method has been proposed and realized105 of
determining P(z) from experimental data.

Since the process of propagation of electrons in the crys-
tal described by the function P(z) is general in character for
solid-state physics and is employed both in research methods
and in technology, the development of methods of direct
experimental determination of this function appear impor-
tant. Apparently this is just why this problem has attracted
the attention of investigators in recent years.84'106'107

z./iim

FIG. 14. Schematic diagram of the probability-distribution profiles of
escape of electrons with respect to depth for electrons of different energies
(curves 1-3).
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Observation of a change in the shape of the curves of the
yield of photoelectrons caused by an extinction effect is con-
siderably more complicated and requires performing the ex-
periment with high accuracy, since the problem involves
very weak changes. Such a unique experiment using synch-
rotron radiation (with a photon energy of 15.1 keV) and the
stabilization system for the angular position of the specimen
and a gas proportional counter described above has been
performed in Refs. 27 and 28. Figure 15 illustrates the
change in the shape of the x (6) curve for an ideal crystal for
different electron energies. The processing of these curves
enabled determining the mean escape depths. As was expect-
ed, the latter increase with increasing magnitude of the ener-
gy losses of the electrons.

Actually the use of energy analysis marked the origin of
photoelectron spectroscopy excited by a standing x-ray
wave, which can be used, e.g., to distinguish the signals from
atoms of different types in noncentrosymmetric crystals.
The first experimental study of this type was performed by
Takahashi and Kikuta44 on the GaP crystal. They deter-
mined the polarity of the faces of the crystal by distinguish-
ing the signal from the GaL electrons with high resolution.
We note that measurements on noncentrosymmetric crys-
tals without energy analysis have been performed in Refs.
108-110. Additional potentialities for studies of this type are
offered by synchrotron radiation, which allows one to em-
ploy any energy range of incident photons of interest to us,
including ranges near the absorption edges of one of the ele-
ments, when the Fourier component of the polarizability %
(scattering amplitude) for the given element depends sharp-
ly on the energy of the incident photon. This leads to a sharp
energy dependence of the position of the diffraction planes in
the noncentrosymmetric crystal.

s-ea, mrad

FIG. 15. Angular dependence of the x-ray reflection and the yield of
photoelectrons in (111) diffraction of synchrotron radiation with energy
of 15.1 keV in a perfect Si crystal.28 Curves 1-3 correspond to electrons
with different energy losses A£(A£ = 0; 2.5; and 5 keV, respectively).
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FIG. 16. Diagram illustrating the position of the noncentrosymmetric
diffraction planes (111) in a GaAs crystal (dotted lines) with respect to
the Ga atoms and the As atoms.74 The parameter Pc defines the position
of the atomic layers in this structure in the (111) direction with respect to
the (111) diffraction planes, which are shifted by the amount A with
respect to the position of the (111) diffraction planes in a centrosymme-
tric crystal.

This possibility was realized in Ref. 74, in which a
small, energy-dependent shift A of the diffraction planes
amounting to hundredths of an Angstrom unit was deter-
mined in the noncentrosymmetric crystal GaAs with respect
to their position in a centrosymmetric crystal (see Fig. 16).
We note in passing that the mean escape depths of electrons
in Ge and GaAs crystals and the polarity of the crystal were
determined in this same study.

7. FLUORESCENCE RADIATION

The history of the development of the standing-wave
technique based on measuring fluorescence radiation
amounted in the initial stage to solving the extinction prob-
lem. The first step in this direction involved using a detector
situated at a small angle to the surface.24

Fluorescence quanta emerging from the crystal in di-
rections making an angle of no more than 5° were measured.
This experimental geometry enabled a considerable increase
in the asymmetry of the "tails" of the phase-sensitive part of
the yield curve, but it did not solve the extinctive problem
fully.

The next step consisted in using an important specific
feature of fluorescence radiation, namely, the easily realiza-
ble possibility of high-resolution analysis of the spectral
composition of the quanta being detected. This opened up
the fundamentally new possibility of measuring the second-
ary radiation from the atoms of an impurity, either implant-
ed into the lattice of the crystal matrix or deposited on its
surface. The first study of this type was performed by Batter-
man,25 who measured the fluorescence radiation from ar-
senic atoms uniformly distributed throughout the bulk of a
silicon crystal.

Evidently the situation will be most information-rich in
which the impurity is distributed in a thin surface layer. In
this case the escape depth is not determined by the mean free
path of the fluorescence quanta, but by the thickness of the
layer in which the impurity is localized. This directly solves
the problem of extinction, and the yield curve has a sharply
marked phase-sensitive region. Such a situation has been re-
alized experimentally by Golovchenko et a/.8 by introducing
arsenic atoms into silicon to a small depth. This experiment
also automatically answered a very important question:
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where does the impurity lie in the lattice? The shape of the
phase-sensitive region of the yield curve obtained in Ref. 8
unambiguously indicated that the arsenic lies at the nodes of
the silicon crystal lattice (substitution impurity).

The logical next step was the goal-directed design of an
experiment for explicit demonstration of the unique phase
sensitivity of the new method. For this purpose Andersen,
Golovchenko, and Mair62 prepared a series of silicon speci-
mens in which arsenic atoms were introduced into a thin
surface layer 400-A thick. Then nitrogen ions were implant-
ed into these specimens to a depth of 2000 A, with the irra-
diation dose for different specimens varying from 0 to
5 X 1015 at/cm2. Owing to lattice relaxation, the surface lay-
er containing the arsenic atoms proved to be displaced along
the normal to the surface, with the magnitude of the dis-
placement depending on the irradiation dose. As was expect-
ed, the angular dependences of the yield of AsKa fluores-
cence radiation had shapes corresponding to the different
values of the coherent position.

This experiment is fully analogous to the experiment
that we have already discussed above to measure the external
photoeffect, with the sole difference that here the arsenic
atoms were used as a "transducer" of a secondary signal
with a small escape depth.

We note that, in the course of development of the ex-
perimental technique necessary for design of studies of this
type (measuring a weak signal), the system was first created
for long-term stabilization of the angular position of crystals
that was described in Sec. 4. Thus, in Ref. 62 the measure-
ment time amounted to 10 hours. Subsequently, based on the
experimental technique invented at Aarhus University
(Denmark), broad studies have been conducted on the lo-
calization of impurity atoms of different types in silicon sin-
gle crystals. Then these experiments were continued by Ma-
terlik, Hertel, and others by using synchrotron radiation
(SR) from the DESY synchrotron (Hamburg, West Ger-
many ). This enabled a considerable shortening of the time of
experiment (from tens of hours to tens of minutes) and
made accessible the measurement of fluorescence from a
very small number of impurity atoms (see Ref. 63).

The development of the experimental technique also en-
abled the start of studies of a fundamentally new type: study
of the structural aspects of physical adsorption, chemosorp-
tion, etc., i.e., monatomic layers of impurity atoms on the
surface of a perfect crystal. This approach was initiated by
the study of Cowan, Golovchenko, and Robbins,23 in which
the length of the Si-Br chemical bond was measured (this
study has already been discussed in Sec. 2). It was developed
in a series of studies using both ordinary sources111'112 and
also SR.85-113 Let us single out one of the experiments of this
type,'14 in which adsorbed layers of Tl and Cd deposited
electrolytically on the (111) and (100) surfaces of a single
crystal of Cu were studied.

To study the structure of a monatomic layer of Br over a
surface, Materlik, Frahm, and Bedzyk85 were the first to use
a standing x-ray wave created in a three-unit x-ray interfer-
ometer115 and varying along the surface (diffraction in the
Laue geometry). Instead of measuring the ordinary angular

dependence, as had been done in all the experiments that we
have discussed thus far, here measurements were simply
made of the variation of the fluorescence signal upon uni-
formly varying the phase in one of the arms of the interfer-
ometer, which moved the standing wave along the surface of
the crystal.

We return to discussing the studies on fluorescence
from atoms of the crystal matrix to note two points. First, for
observing an appreciable change in the shape of the curve
caused by the phase sensitivity of the yield, the condition Lyi

< Lex is not so rigid. Thus, for example, one can determine
the polarity of the faces of a noncentrosymmetric crystal
(GaP)72 and the siting of the layers of atoms of different
types in crystals with a more complex structure, e.g., in gal-
lium gadolinium garnets (GGG)! '6 with an escape depth 4—
5 times greater than the extinction length Z,ex.

Second, the relationship Ly, <Z,ex can be satisfied in the
case of fluorescence radiation from the atoms of the matrix
by a further development of the approach used by Batterman
in his first experiment.24'25 The point is to measure the sec-
ondary quanta emerging along the surface of the crystal in a
narrow angular range. Thus, Patel and Golovchenko73 re-
duced the angular range of collection of the radiation to a
magnitude of 7 mrad (as compared with 5° in Batterman's
experiment). This required painstaking processing of the
surface over a broad area. Figure 17 shows the change in the
shape of the curve of GeKa fluorescence upon a gradual
decrease in the collection angle from 34 to 7 mrad. This cor-
responds to a decrease in the ratio Lyi/Lex from 5 to 1 (the
escape depth varies here from 1.6 /zm to 3000 A). We see
that, even when Ly{ = 5Le!i, the shape of the curve is deter-
mined to a considerable extent by the motion of the standing
x-ray wave over the atomic planes, while upon a further de-
crease in Lyj the influence of the extinction effect practically
vanishes. The results being discussed is fully analogous to
the previously discussed result of Bedzyk, Koval'chuk, and
Materlik27'28 in which the escape depth was varied by mea-
suring photoelectrons of different energies.

8. THE INTERNAL PHOTOEFFECT

Fundamentally new potentialities are opened up by
studying a secondary process such as the internal x-ray
photoeffect. The point is to measure the photoconductivity
or photo-emf that arises in a semiconductor crystal under
x-irradiation under conditions in which a standing wave ex-
ists. In contrast to the secondary processes discussed before,
in experiments of this type one simultaneously measures
both the structural and the electrophysical characteristics of
the crystal. In principle this enables us to establish their in-
terconnection.

The history of the development of this approach began
in 1968 with the study of Briimmer and Stephanik14 to mea-
sure photoconductivity and the studies of Fokin12'13 to mea-
sure the photo-emf in a crystal having ap-n junction. These
studies demonstrated the possibility in principle of observ-
ing the anomalous angular dependence of the photocurrent
and the photo-emf under diffraction conditions, both in the
Bragg and the Laue geometries. The shape of the measured
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FIG. 17. Angular dependence of the yield of GeK0 fluorescence
and of x-ray reflection in (111) diffraction of MoKa radiation.73

The fluorescence curves are measured with a Si (Li) detector situat-
ed at a glancing angle to the surface, the value of which is indicated
in the diagram in milliradians.

curves practically matched the behavior of the angular de-
pendence of the fluorescence yield,4 which unequivocally in-
dicated the great depth of formation of this process. Starting
with this analogy, the statement was made in Ref. 117 that
the escape depth in this case is the diffusion length L D of the
minority carriers. These studies were continued in more de-
tail, both theoretically and experimentally, in Ref. 118, in
which the correctness of this conclusion was clearly shown.

The cited five studies are the only ones in the past 15
years, which actually indicates the lack of interest in em-
ploying this process. This partly involves its small informa-
tion content arising from the strong effect of extinction. The
complication that arises here is fully analogous to that which
we discussed in the previous section in treating fluorescence
radiation. However, while fluorescence "found its place" in
the first stage of solving the extinction problem in studying
the position of impurity atoms, no such possibility exists in
the case of the internal photoeffect.

Nevertheless, an intensive study has been made in re-
cent years of the specifics of the process, mainly in the Insti-
tute of Crystallography of the Academy of Sciences of the
USSR. An important study here is that of Zheludeva et a/.,56

where the influence function P(z) was calculated in crystals
having a p-n junction, with a thickness of the upper layer
L di >Lm. The upper layer of the p-n junction under these
conditions substantially affects the shaping of the angular
dependence of the photo-emf.'19 If we know its thickness,
this enables us to determine the diffusion length of the mi-
nority carriers in the lower, thicker layer. This conclusion
has been graphically confirmed by the results of experimen-
tal studies on a series of silicon specimens having different
depths of doping of the p-n junction. Detailed theoretical
and experimental studies were also performed36 in the Laue-
diffraction case. Here (in contrast to the Bragg case), one
must take into account the presence of two Bloch waves in
the crystal having different absorption coefficients.

All the studies discussed above were performed on sili-
con crystals having a large diffusion length (L D >Lex). Just
as in the fluorescence case, the natural solution of the extinc-
tion problem consists in decreasing L D. Here the signal of

interest to us decreases, but in contrast to the previous cases,
there is no possibility in principle of accumulating it. The use
of synchrotron radiation (SR) offers great advantages in
this situation.,

Thus, for example, as a rule the diffusion length in
GaAs crystals is rather small. In the study of Bedzik
et a/.,120 by using SR a photo-emf curve was first obtained in
a crystal of gallium55 arsenide having a Schottky potential
barrier with a sharply marked phase-sensitive region (Fig.
18). In addition to the way that we have pointed out, there
are other ways to decrease or partially attenuate the effect of
extinction. These possibilities have been analyzed by Zhelu-
deva and KovaFchuk121 with account taken of the specifics
of the internal photoeffect, e.g., the potential imparted to the
p-n junction. Moreover, as we have already mentioned in
analyzing the external photoeffect and fluorescence, in the
case in which the angular-dependence curve is only partially
distorted by the extinction effect, the effect plays a positive
role by bearing information on the specific characteristics of
the concrete secondary process. In this case such a charac-
teristic is the diffusion length of the minority carriers, as well
as the dimensions of the space-charge region.

A simple and reliable method of weakening the effect of
extinction on the shape of the curves is to use high orders of
reflection, which lead to increasing Lm, as well as going to

FIG. 18. Angular dependence of the x-ray reflection PR and the photo-
emf x, I2° as measured in the diffraction of synchrotron radiation of energy
of 7.74 keV for a Cu/GaAs Schottky barrier and (400) reflection.
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FIG. 19. Angular dependence of the photo-emf in a Si crystal with a
p-n junction created by diffusion of P (initial implantation) (a),
and also the curves for the same specimen after annealing for 10 min
(b) and 30min (c). CuK0 radiation, (111) reflection.

x-rays having a large absorption length, which leads to in-
creased asymmetry of the "tails" of the curve.

In closing this section, let us demonstrate the structural
sensitivity of the method with the example of measuring the
photo-emf in silicon crystals having ap-n junction created by
diffusional incorporation of phosphorus atoms in a thin sur-
face layer (thickness s 0.2/zm) (Fig. 19a). Then the speci-
men was annealed for 10 and 30 min, and the corresponding
photo-emf curves were recorded, as shown in Figs. 19b, c.
We see the sharp change in the shape of the curve. Let us call
attention to the appreciable change in the magnitude of the
signal in the angular region far from the center of the region
of total reflection. This unequivocally indicates an increase
in the diffusion length in the specimens being studied. Gen-
erally an important specific feature of this secondary process
is the information content of the "background" intensity.

In this regard it is of definite interest to study the angu-
lar dependence of the process over a broad range of angles of
incidence of the x-rays on the crystal (from 0 to 90°), i.e., the
so-called diffraction-free regime. Such a study has been per-
formed in Ref. 122. However, in this study both the experi-
mental results and their interpretation in the region of small
(glancing) angles of incidence proved unreliable. A study of
this type has been performed more correctly in the already
cited study.56

9. CONCLUSION

During the decades that have passed since the discovery
of x-rays, x-ray diffraction methods have been traditionally
employed to obtain structural information on rather large
volumes of crystalline solids. This involved the very large
depth of formation of the diffraction pattern. This review
pictorially reveals that, during the past 10-15 years, x-rays
diffraction has been converted into one of the most struc-
ture-sensitive methods of studying surfaces. Here we have
treated in detail the problems involved in studying standing
x-ray waves and using them in practice for analyzing surface
layers—a field that has become highly developed at present,
being restricted here only to cases of the external and inter-
nal photoeffects and also of fluorescence. Actually the po-
tentialities of using standing x-ray waves are somewhat
broader. They include the study of thermal diffuse9-'U23

and Compton124"127 scattering under conditions of diffrac-
tion of the incident radiation, which yields information of a
fundamentally new type. Thus, for example, the use of co-
herent Compton radiation opens a way to determine the
nondiagonal elements of the density matrix.127

The growing demands of practice, primarily in semi-
conductor and molecular electronics, and the increased sen-

sitivity of the experimental technique in use have predeter-
mined the intensive development of new x-ray diffraction
methods directed toward studying surface structure. They
include the so-called two dimensional diffraction, or Bragg
diffraction at glancing incidence128"135 (for more details see
the review of Ref. 136) and asymptotic diffraction.137'138

The increase in surface sensitivity in the first of the cited
methods consists in decreasing the thickness of the layer that
gives rise to the diffracted wave by decreasing the glancing
angle of the x-ray beam incident on the crystal (while main-
taining diffraction conditions). In the second case the sensi-
tivity to the surface is based on analyzing the intensity of
x-ray reflections separated from the reflection maximum by
hundreds of seconds of angle (i.e., the far "tails" of the re-
flection curve).

In delimiting the spheres the application of these meth-
ods and techniques of standing x-ray waves, we note the fol-
lowing. First, these are pure x-ray methods that yields only
structural information; for example, asymptotic diffraction
yields information only on the mean disorder of the studied
layers along the surface. Second, the problem of accumulat-
ing the experimental data is complicated in this case by the
need to measure a very weak diffracted x-ray beam, in con-
trast to the situation that arises in the technique of standing
waves, where one measures a weak signal of secondary radi-
ation under conditions in which an intense diffracted beam
exists. Nevertheless, the use of synchrotron radiation and
special high-vacuum apparatus converts glancing-angle dif-
fraction into a delicate method of studying various two-di-
mensional systems, including monolayers of biological mol-
ecules and liquid crystals.131

The technique of standing x-ray waves, which is based
on measuring the secondary radiations simultaneously with
the high-intensity diffracted x-ray beam, has its own specif-
ics and concomitant advantages, the essential one being the
possibility of studying thin layers that give rise to a second-
ary-radiation signal, simultaneously with obtaining struc-
tural information about the bulk phase in which diffraction
scattering is occurring and the standing x-ray wave is being
created. Since the standing wave amounts to a "scale ruler"
having a period corresponding to the crystal matrix, in the
case of the standing x-ray wave technique (in contrast to the
cited pure x-ray methods of surface analysis), there is a
unique possibility of determining the position of the surface
layer with respect to the crystal lattice of the substrate ma-
trix (e.g., one can determine the chemical-bond length).
Moreover, the possibility arises of establishing the interrela-
tionship of the structure with various solid-state properties,
in addition to obtaining pure structural information (again a
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merit of the standing-wave technique), owing to spectro-
scopic resolution of the signal from atoms of a certain type.

To a considerable extent, this predetermines the pros-
pects of the development and application of standing x-ray
waves.

Thus, in the case of photoelectron emission, the funda-
mental efforts of investigators in the forthcoming years will
be directed toward creating a fundamentally new method—
"diffraction x-ray-photoelectron spectroscopy", which
amounts to combining the classical high-resolution photo-
electron spectroscopy and the technique of standing x-ray
waves, as well as the apparatus for realizing it. The realiza-
tion of this method will enable one to establish the correla-
tion of the electronic properties and structural parameters
for atoms forming a surface layer on the basis of analyzing
the electron spectra obtained at high resolution and the
structural data yielded by the standing x-ray wave.

Marking out the lines of zero characteristic losses for
electrons of a certain energy group in a special high-vacuum
instrument fitted with means for surface cleaning will enable
using a standing x-ray wave for studying structures and var-
ious processes (adsorption, desorption, etc.) on atomically
clean surfaces of crystals, and also to study (on the atomic
level) the initial stages of epitaxial growth, primarily, in the
molecular-beam method. Analysis of the different regions of
the electrons spectrum lying below the zero-loss line in ener-
gy makes it possible to obtain structural information for lay-
ers lying at different depths below the surface.

In speaking of the prospects of the internal photoeffect,
we note that here one can establish a direct connection
between the structural perfection of a semiconductor crystal
and its electrophysical properties at depths equal to the dif-
fusion length of the minority carriers, and also can obtain
concrete information directly characterizing the space-
charge region.

As regards fluorescence radiation, it remains irre-
placeable in studying the behavior of impurity atoms, both
lying at the surface and implanted into the bulk of solids. We
note only the expansion of the number of objects of study
that can be had by using fluorescence to study the structure
of liquid crystals and Langmuir films.

Special prospects of the standing-wave technique in-
volve using x-ray interferometers.85 In all the cases that we
have treated in this paper, diffraction of x-rays by the crystal
(specimen) under study is necessary only as a means for
creating a standing wave. This circumstance restricts the
present method, since the objects accessible to study include
only single crystals or various structures created on their
surfaces. The sphere of application of standing waves might
be substantially extended by realizing the potentialities of
analyzing the structure of the surfaces of amorphous materi-
als, e.g., for studying the process of laser crystallization of
the surface of amorphous semiconductors. One can do this
by creating a standing wave in space and directing it onto the
studied object (like a ray in a microscope). To create the
standing x-ray wave one can use an x-ray interferometer,
more exactly, the first two blocks of a three-block Laue in-
terferometer. However, here one must solve the problem of

the mutual spatial alignment of the specimen under study
and the standing x-ray wave.

The further development of the technique of standing
x-ray waves doubtlessly involves deepening of our under-
standing of the features of the coherent interaction of radi-
ation with crystalline matter, the development of the experi-
mental technique, more intensive mastery of synchrotron
radiation, and design of physical experiments of a funda-
mental nature. Here the approach is of especial interest that
involves theoretical and experimental study of the specifics
of the yield of secondary radiations under conditions of
many-wave diffraction, in which the structure of the wave
field is substantially more complex than in the two-wave
case, since it is simultaneously periodic in two directions. It
also seems interesting to design experiments to study sec-
ondary radiations under conditions of total internal reflec-
tion and diffraction with grazing incidence,73'139'140 and also
with various agents acting on the specimen, e.g., mechanical
or thermal. We note that the measurement of the yield of
secondary processes over a broad temperature range of the
studied crystal is a direct path to determining the mean-
square amplitude of the thermal displacements based on
data from determining values of coherent fraction.

In perspective, it seems very important to create a new
experimental technique that must enable a complex ap-
proach to analyzing surface layer and surfaces. Only the em-
ployment of the entire set of secondary radiations excited by
a standing x-ray wave, combined with the analytical meth-
ods now traditional, such as diffraction of slow and fast elec-
trons (LEED and RHEED), electron photo- and Auger
spectroscopy, can yield exhaustive information on the struc-
ture, composition, and properties of surfaces and thin sur-
face layers of solids and fully solve the problem of character-
izing surfaces.
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