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Abstract—The method of studying condensed matter based on X-ray standing waves is described. The
method’s advantages include its numerous modifications and the possibility to extract mutually complementing
specific information by using different channels of inelastic scattering. Various modifications of the method are
developed in detail, including measurement of the photoel ectron and fluorescent quanta yield and photoelec-
tromotive force. The possible use of Compton scattering and thermal diffuse scattering (TDS) in the studies of
electronic vibrational and optical properties of solids is analyzed and examined experimentally as well as the
possibilities of the structural studies under the conditions of multibeam diffraction. The method for studying
the structure of layer organic and inorganic nanostructures based on the use of long-period X-ray standing
waves is suggested. A unique apparatus for measuring inel astic-scattering channels under the conditions of X-
ray diffraction is designed and constructed. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The study of a large number of fundamental and
applied problems of physics of condensed matter by
X-ray methods was associated for quite a long time
with the bulk structure. However, in the last three
decades, ever increasing interest has been attracted to
samples of small dimensions, where the main role is
played by sample surface, i.e., to systems with arela-
tively small number of atoms. Such systems are studied
by various surface-insensitive X-ray methods, but all
these methods fail to localize certain atomic speciesin
the upper layers of perfect crystals from which the flu-
orescent quantaand Auger and photoel ectrons are emit-
ted. This situation gave rise to attempts to devel op sur-
face-sensitive X -ray diffraction methods. The combina-
tion of diffraction and spectroscopy of secondary
radiations which are characterized by a small escape
depth allows one to extract information on the surface
and develop structure-sensitive X-ray spectroscopy.
This method, which gives unique information on small
variations in the atomic structure of condensed matter,
is also applicable to problems of structural diagnostics
of subsurface layers of single crystals, multilayer inor-
ganic and organic systems, and localization of impurity
atomsin a crystal lattice. Below, we illustrate the pos-

sibilities of the method by the results obtained mainly
at the Institute of Crystallography of the Russian Acad-
emy of Sciences.

2. PHYSICAL FOUNDATIONS
OF THE METHOD

The idea underlying the method is rather simple.
One has to measure the angular intensity curves for
X-ray inelastic-scattering channels under the condi-
tions of strong elastic scattering. Under these condi-
tions, areflected wave with arelatively large amplitude
is generated in acrystal. The coherent superposition of
the incident and reflected waves givesrise to generation
of an X-ray standing wave (XRSW) whose properties
depend on the orientation of the incident beam relative
to asample and manifest themselvesin the formation of
inelastic-scattering channels. In fact, this signifies the
formation of a “scale ruler” in a crystal and above its
surface with the scale value of several angstroms. The
methods if often referred to as the method of X-ray
standing waves (XRSWSs) [1, 2].

Specific characteristics of a secondary-radiation
yield under the conditions of X-ray diffraction were
intensely studied in the 1960s [3-5, 7, 8]. The anoma
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lies of the fluorescence radiation yield [5] and thermal
diffuse and Compton scattering (CS) [7, 8] were
observed experimentally and explained by generation
of X-ray standing wavesin the course of X-ray diffrac-
tion. In the following studies [9, 10], the pronounced
anomalies of photoelectron yield under the conditions
of X-ray diffraction were recorded experimentaly,
which, obvioudly, reflected the formation of X-ray
standing waves and confirmed [11] their high sensitiv-
ity to very weak distortions of the crystal structure such
that the total displacement of the crystal surface pro-
duced by various externa factors (i.e., ion implanta-
tion) was of the order of asmall fraction of interatomic
spacings (Fig. 1). A similar situation is also possiblein
measurements of fluorescence signal from impurity
atoms located close to the surface [6]. Moreover, the
possibility of detecting the thinnest (tens of nanome-
ters) amorphous layers on the crystal surface was pre-
dicted [12].

The angular dependence of the secondary-radiation
yield is described by the general expression obtained in
[13], whichisvalid for photoemission and fluorescence
and describes the distortion of the crystal structure in
the most general form

00

K,(AB) = IdzP(z)Ka(z, AB), (1)
0

where

Ka(z A8) = C[Eq (2 AB)X;0(a)Eq(2 AB)
+Ey (2 08)Xi0(2) En(z 46)]
+ 2CRe{ E, (z, A0)Xi1(2)Ey(z A6)
x explid (2) —-W(2)] }.

Here, $(2) = hu(2); W(2) = [(hu)?[] A8 is the angular
deviation of the beam from the exact Bragg angle; P,(2)
is the probability of the secondary-radiation yield of
type a from the crystal layer located at the depth z
Eo. n(z. AB) are the amplitudes of the incident (0) and
diffracted (H) waves in the crystal; h is the reciprocal-
|attice vector; u(z) and W(2) are the mean displacement
of atoms and the mean-sguare factor, which describes
the weakening of interference because of deformation
of the crystal-lattice and atomic thermal vibrations; and
C is a constant multiplier. The specific form of the
angular dependence of the secondary radiation of type
a is determined by the contribution of the correspond-
ing processto theimaginary part of the Fourier compo-

nent of the polarizability tensor xi” . Simultaneous mea-

surements of diffraction reflection curves and photoe-
mission for crystals coated with a thin disturbed layer

)

CRYSTALLOGRAPHY REPORTS Vol. 48  Suppl. 1

1.8+
50 40' : +—
. | 16l I
& 20¢ /\/L S !
0 g 147 |
1(2)\//:\0 ¥ 12r | 4
| ! 1.0} |
1.0F L1 18F |
0.8‘\/\:/\ L6l |
L : 141 i
1.2-‘/\/\2 1.2F I
! 5
@ 10 | 10 | |
= T i : |
£ 147 ' 141 l
< 127 \ 3 1af :
1.0F : | 6
1.0
08t L . l .
-6 -4 =2 0 2 -2 0 2
B, arcs D, arcs

Fig. 1. Experimental angular curves of photoelectron yield
in the process of successive removal of the implanted layer.
Pr is the diffraction reflection coefficient before etching.
Figures on the curves indicate the number of removed
280-A-thick layers.

allow one to reconstruct the factor

Cexplio(z y)I0

00

-1 [dzP(2) explid (2) ~W(2) + 2iyzILo]
L 3)

00

L = .!'dzP(z),

which, in the limit L — 0, is transformed into
explip(0) — W(0)]. Here, P(2) is the probability of
escape of photoel ectrons from depth z, L isthe integral
probability of escape of photoelectrons, L., is the
extinction length, and y is the dimensionless parameter
of the deviation from the Bragg condition. To describe
the function P(2), one uses the well-known empirical
formulas of integral probabilitiesin the form

P(2) = 8(21 -2)(1-22l),

6,y “)

| = 3x10 AE'/pZ, y = 1.3-15,
where p is the material density (in g/cmd), Z is the
atomic number, A is the atomic weight, and E is the
energy (in keV). In this case, Eq. (3) allows one to
reconstruct the disturbance profile directly, i.e, to
reconstruct the functions u(z) and exp(-\(2)) over the
whole disturbed-layer depth by the method of inverse
Fourier transform.
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In order to analyze the experimental results, one
uses the computer simulation of the experiment for a
crystal with an arbitrarily deformed profile of the subsur-
face layer. The possibilities of this approach were demon-
strated in [14]. It was shown that computer simulation
drastically reduces the time necessary for the calculation
of unknown structural parameters by comparing the
experimenta results with a set of theoretical curves cor-
responding to various values of the parameter studied.

L ater, the theory was developed for al theinelastic-
scattering channels under the conditions of X-ray dif-
fraction [15-32]. It was shown that the Borrmann and
Pendell 6sung effects well known in the dynamical the-
ory of X-ray diffraction manifest themselvesdifferently
for different types of secondary radiations, diffraction
geometries, and coherence conditions.

Generation of XRSWs in X-ray diffraction influ-
ences the photoel ectromotive force (photo-emf) arising
in X-ray irradiated semiconductors with p— junctions.
This phenomenon was first studied in [16] and then, in
more detail, in [17]. It was demonstrated that the angu-
lar dependence of induced photo-emf is determined
mainly by the diffusion lengths L4 of minor carriersin
the p layer. Depending on the L, value, the photo-emf
curves are similar either to the photoemission curves or
the curves of fluorescence yield.

One of the most important problems here is the
reconstruction of the profiles of the thinnest (up to
atomic layers) disturbed subsurface layers. As follows
from the results obtained in [13], the knowledge of the
exact vaue of the function P(2) is necessary for the reli-
able determination of the parameters of disturbed layers.
Empirical Eq. (4) described P(2) only approximately.
Therefore, later, a more convenient modification of
Eq. (4) for the XRSW methods was suggested [33].

The most appropriate solution of this problem was
found in [34]. It was suggested to determine P(2) not in
the Bragg geometry conventional for XRSW experi-
ments but in the grazing diffraction scheme of the Laue
geometry. The latter scheme does not use samples with
disturbed subsurface layers. one determines P(2) in
experiments with only one ideal crystal. Thus, the P(2)
functions were reconstructed for Si and Ge crystals
with photoelectrons from different energy groups
[34, 35]. These experiments form the basis for numer-
ous experiments on reconstruction of the profilesof dis-
turbed subsurface layers of crystals.

An important role in the interpretation of physical
foundations underlying the method and establishment
of its possibilities was played by studies [36—38]. For
the first time, the necessity of taking into account the
so-called indirect scattering processeswasindicated. In
this case, the recorded secondary radiation is generated
not directly inthefield of the standing wave but in more
complex cascade processes. Indirect scattering pro-
cesses do not alow one to use soft Auger electrons in
diagnostics of atomic layers on the crystal surface[39].
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The possihilities of the method considerably
increase if one uses the so-called grazing diffraction
scheme. Since the extinction length in this scheme is
very small compared to the extinction length in the
standard symmetric Bragg scheme, the sensitivity of
the method to the thinnest disturbed layers becomes
much higher, so that one can readily record disturbed
layers as thin as several nanometers. Moreover, the use
of the grazing diffraction scheme facilitates the experi-
ment on Compton scattering under the conditions of
XRSW formation [19, 20, 22]. In the grazing diffrac-
tion scheme, the incoherent part of Compton scattering
dramatically increases (Fig. 2), and its separation con-
siderably facilitates the further analysis of the experi-
mental data and gives an absolute point for measure-
ments on the angular scale, which is extremely impor-
tant for X-ray diffraction measurements [40].

The next step in the devel opment of the method was
made in [41]. For the first time, it was suggested to
measure the photoemission and fluorescence yield
using the coincidence scheme, i.e., to use the two-chan-
nel principle. This approach combined the high-resolu-
tion photoemission curves (over the depth) and
extremely high fluorescence sel ectivity to the elemental
composition of the material.

Unfortunately, the practical development of this
approach is hindered by a low transmission of this
experimental scheme with respect to the standard vari-
ants. We believe that the use of powerful X-ray radia-
tion sources (e.g., synchrotron source) would promote
the use of the method in the solution of complex phys-
ical problems.

The additional possibilitiesfor localization of atoms
in crystals are ensured by measuring the yield of sec-
ondary radiationsin the multibeam diffraction. The cor-
responding theoretical analysis was made in [21, 23];
the idea to use the XRSW method without recording
inel astic-scattering channels was formulated in [42]. It
was suggested to use three-beam diffraction under spe-
cific conditions—one of the diffracted beams should
have a low intensity. This beam does not affect the
interference of strong waves and plays the role of a
detector of astanding wave. An attractive feature of this
technique is the possibility of changing the effective
depth of escape of the secondary process by rotating the
crystal.

It should be emphasized that the theoretical and
methodological studies resulted not only in deeper
understanding of the physical foundations of secondary
processes but also in the design of a package of com-
puter programs for numerical simulation of experi-
ments, which, in turn, allowed one to analyze the pos-
sibilities of various experimental schemes and deter-
mine the structural parameters of the deformed layers
by comparing the theoretical and experimenta curves
of various secondary processes.
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3. INSTRUMENTAL IMPLEMENTATION
OF THE METHOD

Measurements of various secondary processes
induced by an XRSW are rather complex, because the
instrument used should provide ahigh angular accuracy
(of the order of fractions of an angular second) and
record of various inelastic-scattering channels having
different characteristics. At the beginning of the study
of secondary processes, our country possessed only a
few highly specialized laboratory instruments with
rather limited possibilities for research. It was obvious
that, for further devel opment of the method and its suc-
cessful use in practice of physica and materials-sci-
ence research, it was necessary to design and construct
new instruments that could use both standard X-ray
tubes and sources of synchrotron radiation.

At the first stage, the most convenient basic instru-
ment proved to be a TRS-1 triple-crystal X-ray spec-
trometer designed at the Institute of Crystallography
[43-45] and manufactured industrially. Because of the
high angular sensitivity of this instrument, it was
widely used in X-ray diffraction studies.

Later, several precision instruments were designed.
They were equipped with collimation and monochro-
matization blocks, unified multi-circle goniometers,
and other devices [45]. These instruments allowed one
to use any radiation source and, at the same time, mea-
sure diffraction scattering and secondary radiation in
any scheme with ahigh precision. Secondary radiations
were measured with the aid of specia attachments. The
free path of an electronin air isvery small; therefore, to
record photoel ectrons, both crystal and detector should
be placed into an evacuated vessel. The genera view
and the details of the corresponding attachment sug-
gested in [46] are shown in Fig. 3. The attachment con-
sists of two main units—the positioning stage and the
working vacuum volume.

The positioning stage provides an arbitrary motion
of the crystal in order bring it to the reflection position.

The vacuum volume is an evacuated vertical cylin-
der closed with the upper and lover flanges. A crysta
holder and a photoelectron detector are fixed on the
lower flange inside the cylinder.

Along with the above attachment, a special model of
the vacuum chamber, which allowed the measurements
of photoemission from the entrance and exit surfaces of
the crystal in both Bragg and Laue geometries, was
designed [47].

Both vacuum attachments have a rather simple
design, can be readily constructed, exploited, and mod-
ified for work with any goniometer. Electrons are usu-
ally detected and integrated by a secondary-emission
multiplier. The intensity of electron counting in such
measurements is rather low and does not exceed 0.1—
0.5% of the intensity of the incident X-ray radiation in
different experimental geometries.
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Fig. 2. Angular curves of (1) diffraction reflection, (2) ther-
mal diffuse scattering, and (3) Compton scattering under the
conditions of (a) symmetric Bragg diffraction and (b) graz-
ing Bragg-L aue diffraction. The measurements were made
on aperfect Si crystal cut out along the [112] direction and
forming an angle of 4° with the (111) plane (MoK radia-

tion). The dashed line indicates the calculated curve at

sr(]A) = Xio = 0, where ;o and x;, are the imaginary parts
ih
of the Fourier components of crystal polarizability.

Photo- and Auger electrons may be recorded by a
gas-flow proportional counter [45, 48, 49]. There are
several modifications of such acounter, sothat itis pos-
sible to perform the energy analysis of photoelectrons
in the Bragg and Laue diffraction irrespectively of the
angle of incidence of X-ray radiation [49] and also
under the conditions of multibeam diffraction [45]. The
schematic of one such detector [48] isshownin Fig. 4.
A counter consists of a cylindrical chamber placed
directly onto a goniometer, which allows one to rotate
with high precision, which is necessary for measuring
diffraction reflection curves. The chamber has specia
entrance and exit mylar windows. Almost 100% effi-
ciency of photoelectron counting is ensured by a con-
tinuous flow of the gas mixture (30% He + 10% CH,)
under atmospheric pressure. The energy resolution of
the detector is 18% at the electron energy 8 keV. The
resolution was determined from the maximum of pho-
toelectrons formed in the gas as a result of absorption
of CuK, radiation (to exclude photoeffect in a crystal,
the incident X-ray beam was pardlel to the sam-
ple). The above energy resolution of a gas-flow propor-

2003



XRSW-BASED STRUCTURE-SENSITIVE S7

Fig. 3. Vacuum attachment for integra measurements of
photoemission induced by an X-ray standing wave. (1) Vac-
uum chamber, (2) adjusting stage, (3) axis, (4) screw,
(5) translation mechanism.

tional counter is considered to be rather high. Since the
record of photoelectrons by a proportional counter in a
gas flow depends on the angle of electron gjection from
acrystal, the detector apertureis practically 2rtand the
integral intensity of counting inthiscaseismuch higher
than the integral intensity of counting by a secondary-
electron multiplier (VEU) (from 1 to 5% of the inten-
sity of the X-ray radiation). Small dimensions, possibil-
ity of fast change of samples, high transmission, and the
use of the attachment irrespectively of an X-ray diffrac-
tometer make gas-flow proportional counters of photo-
electrons very convenient instruments for studies of
subsurface layers of single crystals by the XRSW
method.

In addition to the above gas-flow counter for elec-
tron spectrometry, we aso designed and constructed
energy analyzersof magnetic [50] and electrostatic [51]
types with an energy resolution of <4% in the vacuum
volume.

A higher energy resolution for electrons can be
attained by using ultrahigh-vacuum chambers. Using
the principle of modules, we designed a high vacuum
multicrystal X-ray photoelectron spectrometer [52].
The main module of the instrument is ablock of mono-
chromators with two crystals and avacuum (~10- torr)
chamber with a manipulator and alock device (Fig. 5).
The chamber is equipped with a goniometer with ator-
siona drive, which alows one to rotate the sample
without any clearance within the angular range of about
~10 arcsand asystem for energy analysis of photo- and
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Fig. 4. Schematic of agas-flow proportional counter of pho-
toelectrons excited by an X-ray standing wave. (1) Housing;
(2) high-voltage connector; (3) insulator; (4) gold-plated
fragment; (5) connection; (6) sample

Auger electrons supplied with a 127° cylindrical
deflector with aresolution of 1 eV.

The practical use of the XRSW method requiresthe
solution of a number of new problems. Thus, localiza-
tion of impurity atoms and the analysis of subsurface
layers of acrystal with the use of Auger photoelectrons
and fluorescence radiation require low-intensity mea-
surements. The time for collecting the necessary statis-
tics can exceed tens of hours with the simultaneous
constant precision control of the angular position of a
crystal (several hundredths of angular seconds). An
increase of the energy resolution of photoel ectrons with
the aid of magnetic or el ectrostatic energy analyzersaso
reduces the signa intensity, so that it is practicaly
impossible to measure the signal by the existing devices.
Therefore, in order to accumulate a determined signd,
we designed an automatic system of the dynamic control
of the angular position of a crystal [50].

The long accumulation (summation) of the signal
with averaging of random noise is ensured by multiple
scanning of a sample over a narrow angular range cor-
responding to the range of strong Bragg reflection
(from several angular secondsto several tens of angular
seconds). On the angular scale, the results obtained in
various scanning cycles should coincide with high
accuracy. The system has a piezoelectric drive and a
multichannel analyzer. A weak signal is accumulated
with the aid of two feedback loops. In the first loop, a
piezoelectric drive enables an automatic multiple rota-
tion of the samplein the vicinity of the Bragg angle. In
the course of the experiment, the drift of the angular
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F
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Fig. 5. Schematic of a vacuum spectrometer. (1) Block of a two-crystal monochromator, (2) vacuum chamber, (3) manipulator,
(4) lock device, (5) goniometer with a torsional driver, (6) system for energy analysis of photo-signals and Auger electrons,

(7) viewing window.

position of the crystal is often observed, which is asso-
ciated with the temperature variation and mechanical
instability. The second feedback loop compensates the
arising error—it determines the error value and fits the
curves after each scanning cycle. The system allows
one to accumulate during the experiment a signal with
the statistics sufficient for its further treatment.

In order to measure photo-emf from barrier semi-
conductor structures under the diffraction conditions, a
special attachment was designed (Fig. 6) [16] which
consists of a metallic base with an insulator plate rig-
idly fixed in its center and electric connectors for mea-
suring useful signals and supplying the voltage to the
p— junction of the crystal studied. The crystal—sample
with the ohmic contacts is mounted on an insulated
platform and is supplied with connectors to the measur-
ing system. The metal base is covered with a nontrans-
parent metal cap with mylar windows transparent to X-
rays. The baseisfixed in the head of a crystal-holder of
a TRS spectrometer, so that the sample has al the
degrees of freedom necessary for bringing it to the
reflecting position.

Aswasindicated in Section 2, the measurements of
the photoelectrons and fluorescence yield under the
conditions of dynamical X-ray diffraction allow one to
perform the layer-by-layer study of distortion of the
crystal structure. However, the study of both types of
secondary processes in  multicomponent crystals
encounters serious difficulties; in particular, it is rather
difficult to determine positions of the matrix and substi-
tute atoms in the crystal lattice. In order to be able to
combine the advantages of both types of radiation—
small escape depth of electrons and high spectral reso-
lution of the fluorescence—we measured the yield of
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both these secondary radiations simultaneously (with-
out allowance for the time of their propagation from the
site of their generation to the detector). This is the so-
called two-channel method [41]. Here, we used the fact
that a photoelectron and a fluorescent quantum gener-
ated in one event of photoeffect are related in time.
Recording photoemission and fluorescence from the
sample and selecting the pair events with the aid of the
coincidence scheme (Fig. 7), one can obtain the angular
curves of the fluorescence yield of selected atomic spe-
cies located within the escape depth of photoel ectrons.

4. STUDY OF SECONDARY PROCESSES

In this section, we consider the studies of phenom-
ena associated with various types of secondary radia-
tion from a crystal. Numerous examples showed the
great potentialities of the method for extracting the
information on the parameters of the surface structure
of single crystals and thin films and localization of
impurity atoms in the vicinity of the surface and in the
crystal bulk of variousinorganic and organic multilayer
nanostructures.

4.1. Electron Photoemission

Attempts to establish experimentally the main laws
of electron escape from crystals under the conditions of
X-ray dynamic diffraction in various geometries,
including several modifications of asymmetric grazing
schemes, were made in alarge number of studies[1, 2,
14, 26, 32, 38, 53-55]. The possihilities offered by this
type of secondary radiation were widely used to study
structura distortions of submicron levels in crystas
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Fig. 6. Schematic of an attachment to the spectrometer for
photoelectric measurements under the conditions of X-ray
diffraction. (1) Crystal holder, (2) baseinsulator for fixation
of the sample, (3) sample, (4, 5) joints for measuring elec-
tric signals, (6) light-opague cap, (7) guides for attachment
installation on the plate of the main goniometer of atriple-
crystal spectrometer.

whose surface was subjected to chemical—-mechanical
polishing, pulsed laser treatment, reactive ion etching,
and ion implantation [32, 49, 56-59].

The method of record of photoelectrons turned out
to be the most efficient method for studying distortions
of the structure subjected to the finishing treatment.
These distortions are observed in a thin subsurface
layer where the traditional X-ray methods are insensi-
tive. Thus, the curves of photoelectron yield were used
to study the structural distortions in the surface layers
of germanium polished by diamond ASM-1 and ASM-3
pastes and subjected to chemical—-mechanical polishing
[60, 61]. The analysis of the photoelectron yield
(Fig. 8) showed that the chemical-mechanical treat-
ment of the surface of a germanium crystal induces
small structural distortions in a surface layer whose
thickness does not exceed 0.1 um. Surface polishing by
diamond pasteswith 1- and 3-pm-large grainsresultsin
the formation of a distorted layer whose thickness
exceeds 0.3 um. The subsequent chemical etching to a
depth of 0.2 to 0.3 um changes the curves of photoelec-
tron yield unless their shape becomes similar to the
curves of perfect crystals, which indicates the complete
removal of the layer distorted by diamond polishing.

The curves of photoelectron yield were al so used for
studying the process of laser amorphization of gallium
arsenide [59]. The curves obtained indicated the pres-
ence of a ~300-A-thick amorphous layer on the laser-
irradiated (density of the laser radiation ~0.3 Jcm?)
gallium arsenide surface.
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High sensitivity of photoemission curves to defor-
mations in autoepitaxial GaAs, Ge, and Si layers at the
initial stages of their growth (where the layer thickness
is much less than the extinction length) was demon-
strated in [62, 63]. To determine small deformationsin
thin epitaxial silicon films, the curves of photoelectron
yield were recorded from the 444 reflection (CuK, radi-
ation) [64]. Thus, the problem of increasing the extinc-
tion lengths with the aim to satisfy the necessary condi-
tionsL, < L; < L., (where L, is the escape depth of
photoelectrons, L; is the film thickness, and L., is the
extinction length) was solved, which allowed one to
determine the complete deformation profile of a dis-
turbed layer. The samples studied were Si single crys-
tals doped with Sb up to the concentration 3.7 x
10*° atom/cm? and coated with a autoepitaxia silicon
film doped with boron up to the concentration
106 atom/cm®. One film was used as a standard,
whereas all the other films were homogeneously doped
with germanium to concentrations ranging from 3.7 x
10%° atom/cm?® to 1.5 x 10%° atom/cm?. The film thick-
ness was 1.5 pm, whereas the extinction length was
L. = 10.5 pm and L., = 0.35 um. The experimental
curve of photoelectron yield (Fig. 9) showed the dis-
placement of the surface dueto relaxation of the crystal
lattice for small fractions of the interplanar spacing.
The minimum deformation takes place in the sample
described by curve c similar to the ideal curve. On the
other hand, although curves a and e are smilar, their
shapes are inverse with respect to curve c. Curvesb and d
are characterized by intermediate values. Thus, the shape
of photoemission curves alows one to qualitatively deter-
mine the degree of deformation in an epitaxial Si film.

The unique information can be obtained by record-
ing photoemission under the conditions of dynamic
X-ray diffraction in more complicated multicomponent
crystals [57, 65]. Figure 10 shows the experimental
photoemission curves for Bragg X-ray diffraction from
differently treated gadolinium—gallium garnet (GGG).
The analysis of the experimental data shows that the
minimum structural distortion of the subsurface layer
of a GGG crysta is induced by finishing chemical—
mechanical polishing with sol-based silica etchants.

The angular curves of photoemission recorded in
the integral mode were used to extract the information
on the upper-layer structure of the GaAs/Ga, _,ALAs
superlattice on a perfect GaAs substrate [66]. The
anomalies of the yield characteristic of photoemission
allowed us to evaluate the degree of disorder in GaAs
and Ga, _,ALAs layers.

The possibilities of electron photoemission for diag-
nostics of subsurface layers of single crystals and films
considered above are characteristic of X-ray diffraction
in the Bragg geometry and, moreover, of its symmetric
variant and the record of the intensity of integral yield
of photoelectrons. This is somewhat advantageous for
solving applied problems because the method is char-
acterized by high statistics of pulse counting and rather
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high sensitivity to the thickness of a disturbed subsur-
face layer of the crystal.

In fact, the distortions in the subsurface layers of
single crystals can also be analyzed rather efficiently
using the curves of photoelectron yield obtained in
other diffraction geometries. The characteristics of the
curves of photoelectron yield in the grazing Laue
geometry were first studied in [67]. Rotating a crystal
about the reciprocal-lattice vector, we managed to
decrease the extinction lengths L., severafold and
obtain the curves of photoelectron yield from the
entrance surface of the crystal. The latter curve had a
pronouncedly anomalous shape. High sensitivity of
these yield curves obtained in the integral mode to the
structural distortions of epitaxial Ge films grown on
GaAs substrates and the subsurface GaAs layers was
demonstrated el sewhere [68].

The transition to diffraction in the grazing Bragg—
Laue geometry [69, 70] increases the possibilities of
photoemission of electrons. In this diffraction scheme,
the sensitivity of photoemission curves to thin dis-
turbed layersis much higher than in the standard Bragg
geometry. Thus, it becomes possible to record amor-
phous layers as thick as 10 nm or more. Varying the
angle of incidence in this scheme, one can implement
both symmetric and asymmetric diffraction schemes
using only one crystal and also pass from the Bragg to
the Laue geometry. The specific characteristic of this
scheme is that the extinction length L, is much less
than in the conventional scheme and, therefore, varying
the angle of exit of the diffracted beam and the electron
energy, one can readily vary the ratio of L, to Lg.

The experiments with the separation of escaped
electrons according to their energies allow one to study
the structure of the subsurface layer located at a certain
depth from the surface [53, 55, 71, 72]. Thisis illus-
trated by Fig. 11a, which shows the energy spectrum of
photoelectrons from a Si single crystal recorded by a
proportional gas-flow counter [71]. The separation of
signals from certain energy ranges corresponding to
different energy losses of electrons allows oneto obtain
information on the regions of subsurface layer located
at different depths. As was indicated in Section 2, the
knowledge of the probability function of escape of pho-
toelectrons, P(2), is desirable for the direct analysis of
the structural perfection of surface layers in the range
from 0.05 to 1 pum. Figure 11b shows the probability
functions P(z, E) for various energy ranges which were
determined experimentally by the XRSW method inthe
scheme of grazing Laue diffraction [34]. The P(z E)
functions thus obtained were used for studying the
structural distortions in silicon crystals subjected to
multistage ion implantation [73]. As aresult, the defor-
mation and amorphization profiles were reconstructed
over the whole depth of the disturbed layer.

The above example illustrates the practical solution
of the problem of nondestructive layer-by-layer analy-
sisof the structural perfection of the subsurface regions
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Fig. 8. Simultaneously recorded curves of the angular
dependence of photoemission k and diffraction reflection of
differently treated Pk of Ge samples. (220) reflection, CuK
radiation. (1) Chemical-mechanical treatment, (2) polish-
ing by ACM-1 diamond paste, (3) polishing by the ACM-3
diamond paste.

of crystals. The longer accumulation of experimental
data or the use of powerful sources of X-ray radiation
(e.g., synchrotron radiation) would allow one to mea-
sure a larger number of energy ranges, which, in turn,
would allow one to increase the number of layersto be
studied by a more “dense division” of the subsurface
region of the crystal.

In [74], it was first demonstrated that the simulta-
neous measurement of the angular dependence of
X-ray reflection and photoelectron yield over large
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Fig. 9. Angular curves of photoemission from B- and Ge-
doped Si single crystals coated with an autoepitaxia Si film
at several Ge concentrations. (a) Standard, (b)—(e) samples
doped with Ge to the connection from 3.7 x 101 to 1.5 x

102 atom/cm?.

K, arb. units

14}

1.2+

0.8

1 1 1 1 1 1
-16 -8 0 8 16 24
B, arcs

Fig. 10. Experimental angular curves of photoemission
from Gd;Gas0,, crystals subjected to different surface
treatment. 888 reflection, CuK, radiation. (1) Calculation,
(2) chemical-mechanical polishing by silicasal, (3) chem-
ical—-mechanical polishing by aerosil, (4) chemica-—
mechanical polishing by aerosil with addition of adiamond
powder (soft polisher), (5) chemical—mechanical polishing
by aerosil with addition of a diamond micropowder (hard
polisher).
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ranges, including the range of the kinematical diffrac-
tion, allows one to measure not only the amplitude but
aso the phase of the reflected wave. In this case, the
structural distortions in the subsurface layer are deter-
mined by the method of Fourier transform.

4.2. Record of Fluorescent Radiation
under the Conditions of X-ray Diffraction

Theyield of fluorescent radiation, K (A8), under the
conditions of X-ray diffraction from a one-component
perfect crystal in the Bragg geometry gives no new
structural information in comparison with the measure-
ments of the X-ray reflection coefficient. Thisis associ-
ated with the fact that, in most instances, the depth of
theyield of the fluorescence radiation L,= 1/, exceeds
the depth of X-ray penetration into a crystal L(AB) =
1/u(AB), which is equa to the extinction length L., in
the center of the angular range of reflection and the
absorption length L, = 1/y, a the periphery of the
region. Thisfollows from the relationship K (A8) = [1 —
Pr(AB)JM(AB)/[U(AB) + Wyl, Where Pg(AB) is the X-ray
reflectivity. Photoel ectron emission is characterized by
the relationship p(AB) < ., whereas fluorescence
under the conventional conditions is characterized by
the inverse relationship pu(A6) > W, and the curve of
the fluorescence yield coincides with the inverse dif-
fraction reflectivity curve. This fact was confirmed in
[75]. However, it was established that an XRSW pene-
trates the crystal at a certain angle, which resultsin the
local decrease of the fluorescenceyield. In the symmet-
ric case, thiseffect israther weak, because the region of
the lower fluorescence yield coincides with the region
of the minimum yield of the secondary signal. In the
asymmetric case, these regions are separated, and the
above effect is observed quite clearly [19]. The addi-
tional characteristics of the fluorescence yield were
studied for the case of asymmetric grazing geometry,
which allowsthe easy transition from the Bragg to Laue
geometry [20].

The use of a detector of fluorescence radiation with
high energy resolution allows oneto distinguish the sig-
nals from various atomic species, e.g., to single out the
signal from impurity atoms incorporated into a perfect
crystal. Thus, measuring the signal from As atoms
implanted into a silicon crystal [76], we managed to
establish that the intensity of the fluorescence yield
fromAsatomsisk(AB) = 1 + Pr(AB), which indicated
the complete disorder in the arrangement of As atoms.
This is consistent with the fact that, in this case, the
implantation dose exceeded the amorphization limit.

Measuring the fluorescence signal from impurity
atoms in X-ray diffraction in the Laue geometry, one
can study the correlation in the arrangement of impurity
atoms distributed over the whole crystal volume. Such
a study was made on a silicon crystal doped with ger-
manium at a dose of 7.5 x 10° atom/cm?® [77]. The
experimental curve obtained was compared with the
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Fig. 11. (a) Energy spectrum of photoelectron yield from Si crystals (CuK, radiation), schematic of the experiment, and (b) proba-
bility function of yield P(z E) for (1)—(6) different energy ranges. (1)—(6) Different ranges of electron energies.

curves calcul ated under the assumption of the existence
or absence of correlationsin the arrangements of impu-
rity atoms. It turned out that germanium atoms in this
sample occupied the same positions as silicon atoms.
The study along this line was continued in [24, 25].

Interesting objects for structure-sensitive fluores-
cence spectroscopy are garnet crystals with a large
number of atomsin their unit cells. The possibilities of
the method were studied using the example of gallium—
neodymium garnet (GNG) (symmetric (444) reflection,
MoK, radiation) [78]. We measured GaK, and NdK,
fluorescence yield (Fig. 12). The tails of the fluores-
cence-yield curves are characterized by different asym-
metries, which indicates different arrangements of
atoms in the lattice with respect to the XRSW. In this
case, the coherent positions of atoms remained
unchanged, but their effective coherent fractions were
different.

A very promising technique for studying multicom-
ponent crystals (including garnets) isthe so-called two-
channel method [41], in which the fluorescent signal is
measured simultaneously with the photoelectron yield
and only the events occurring simultaneously are ana-
lyzed. The simultaneous record of a photoelectron and
a fluorescent quantum indicated that the atom which
emitted the fluorescent quantum was located at a small
depth. Despite the low count rate of such quanta, their
angular dependence had a structure-sensitive shape.
With due regard for selectivity with respect to energy,
this fact allowed one to determine the positions of cer-
tain atomic species in multicomponent crystals. The
method was used to study a single crystal of yttrium—
aluminum garnet Y;Als0,, (YAG) containing about 5%
terbium impurity [79]. Figure 13a shows the experi-
mental curve of the TbL,, s radiation yield obtained by
the conventional method. Because of the considerable
escape depth of the TbL, 5 radiation (L, = 17 um), the
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curve obtained was, in fact, the inverse diffraction
reflection curve and gave no information about the
arrangement of atomsin the unit cell. Figure 13b shows
the curves of the TbL,g and YK, radiation yield
obtained by the two-channel method. The dashed line
shows the curve calculated for terbium atoms in the
replacement model, which takes into account indirect
excitation [38]. The good agreement of this and exper-
imental curves shows that terbium atoms replace
(within the experimental error) yttrium atoms in the
unit cell of aYAG crystal.

The arrangement of impurity atoms implanted into
aperfect silicon crystal was studied in [80] on asample
doped with iron and nickel atoms ((111) reflection,
CuK, radiation). The diffraction reflection curves and
the curves of K, fluorescence from silicon, iron, and
nickel were measured. Likein [76], theimpurity atoms
in the initial sample turned out to be completely disor-
dered. After sample annealing, the impurity iron atoms
had a nonzero coherent fraction f, = 0.2, whereas the
variation in theinterplanar spacing amounted to Ad/d =
-3.8 x 10,

Similar to the analysis of fluorescence measure-
ments and measurements along other channels of sec-
ondary radiation, it is important to know the structure
of XRSWsin a bent crystal [81-83]. The calculations
showed that the diffraction regions of the angular
curves of both reflected X rays and secondary-radiation
yield are somewhat broadened, because the wave
reflected from the surface may also be reflected from a
layer located at acertain depth in the crystal. The inter-
ference of the wave reflected at different depths results
in noticeable oscillations of the diffraction reflection
curves and the curves of the secondary-radiation yield.

The curves of the fluorescence yield were used to
identify atomic species in the crystal lattice of the
Cd, -Zn,Se,Te, _, solid solution [84]. The zinc and
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Fig. 12. (a) Diffraction reflection curves of the (444) reflec-
tionand (b, ¢) curvesof the of GaK and NdK, fluorescence
yield for a perfect neodymium-—gallium garnet.

selenium contents in the sample werex = 0.0l and y =
0.036, respectively. The experiments were performed
on asource of synchrotron radiation of Cornell Univer-
sity. The energy of X-ray quantawas E = 13 keV. The
diffraction reflection curves and the SeK, ZnK, TeL,,
and CdL,, fluorescence yield were measured. To reduce
the escape depth of fluorescence, the last was measured
by a siliconHithium detector at a grazing angle of ~2°
to the sample surface. The comparison of the measured
angular dependences and the results of the computer
simulation showed that zinc and selenium atoms
occupy the cationic and anionic sublattices, respec-
tively, and confirmed the high perfection of the sample
studied.

A more complicated multicomponent system, afilm
of iron—yttrium garnet with some yttrium atoms being
replaced by bismuth atoms, was studied in [85]. The
GGG substrates were used. The general chemical for-
mula of the sample was Y;_,Bi,Fes0,,//Gd;GasO,.
Bismuth atoms can replace yttrium atoms in two non-
equivalent positions. It turned out that the shape of the
diffraction reflection curve only weakly depends on the
vaue of fraction p, whereas the fluorescence curve from
bismuth atoms changes its asymmetry at p = 0 and 1. We
also measured the angular dependence of the fluores-
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Fig. 13. Curves of TbL (circles) and YK (dots) fluores-
cence yield obtained by the (a) standard and (b) two-chan-
nel XRSW methods for a YAG crystal (400 reflection,
MoK, radiation); dashed lineisthe calculation for Th atoms
in the replacement model with due regard for indirect exci-
tation by the YK, radiation.

cence yield from bismuth, yttrium, and iron atoms (in
the film) and gadolinium atoms (in the substrate). The
experimental results were in good agreement with the
calculated data. As was expected, p = 0.33 for yttrium
atoms, whereas for bismuth atoms, the curves calcu-
lated at p = 0.44 fitted the experimental curve much bet-
ter. Thus, it was shown for the first time that bismuth
atoms replace yttrium atoms nonuniformly.

These studies demonstrated high possibilities of the
structure-sensitive  fluorescence  spectroscopy  for
obtaining information on the arrangement of various
atomic speciesin the crystal lattice of a compound and
perfection of the sample structure.

4.3. Characteristics of Other Secondary Processes
under the Conditions of Generation
of an X-ray Sanding Wave

Generation of SXRWs under the conditions of
dynamic X-ray diffraction in a perfect crystal influ-
ences al the processes associated with excitation of
atoms by an X-ray radiation. Along with photoemission
and fluorescence discussed above, thisis also well seen
on photoelectromotive force (photo-emf). Photoel ec-
tron absorption of X-ray quanta is accompanied by
escape of electrons with certain energy from the atoms.
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Some electrons generated in the vicinity of the crystal
surface escape from the crystal and are recorded
directly by adetector. This process underlies the photo-
emission method. The other electronsthat remaininthe
crystal cannot be measured directly. Nevertheless, the
change in electron concentration affects many electro-
physical processes.

Thus, the angular dependence of photoconductivity
in semiconductor crystals is changed, and, in the crys-
tals with a p—n junction, an anomalous angular depen-
dence of photo-emf arises. The systematic study of
these processes under the conditions of the dynamic
X-ray diffraction, the so-called internal photoeffect,
was performed in [16, 17, 86-89]. According to the
general theory of the description of the angular curves
of various secondary processes (1), the experimentally
measured angular dependence is described by the
expression

N(s)(z £8)

U(AB) = Z J’dzP(z) (5)

where the superscript s indicates one of two possible
polarization states of an X-ray wave, integration is per-
formed aong the coordinate axis normal to the surface
of asample having the shape of aplate, andtisthe plate
thickness. Here, the function N®(z, AB) describes the
number of photons absorbed by the atomsin alayer of
thickness z in the vicinity of the surface at the given
angular position of an X-ray beam, A8, with respect to
the Bragg angle. In the case of photo-emf, the P(2)
function in the most completeform was derived in [17],
where it was shown that, in the particular case where
the depth d of the location of the p—n junction is much
less that the penetration depth of X-rays, the upper
layer of the p—n junction only dightly affectsthe signal
measured. Moreover, asarule, t > d, and for the lower
layer, the approximation P(2) = Pyexp[-H(z — d)] is
valid with agood accuracy. Thus, in this case, P(z) has
an approximately exponential form like for the two
main channels considered above. Therole of the escape
depth is played by the diffusion length of minor carri-
ers. This situation can take place both for diffraction in
the Bragg geometry, where the reflected beam does not
penetrate deeply into the sample, and for diffraction in
the Laue geometry, where both beams are transmitted
by the plate. In the latter case, the wave field is the
superposition of two XRSWSs, one of which is aso
weakly absorbed. This introduces specific featuresinto
the angular dependence of photo-emf measured. How-
ever, it should be noted that, in experiments, the sam-
ples with both thin and thick upper layers of the p—n
junction were studied. Both layers of the p—n junction
can give considerable contributions, thus making the
situation more complicated.

The main measurements were made on boron-
doped p-type silicon single crystals. The experiments
showed that, with an increase of the thickness of the
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Fig. 14. Theoretically calculated and experimentally mea-
sured angular curves of photo-emf under the conditions of
X-ray diffraction in the Bragg geometry at various thick-
nesses of the upper n layer in asilicon crystal with the p—n
junction, (A) 20, (B) 10, (C) 1 um.

upper layer of the p—n junction and the diffusion length
of minor carriers, the signal outside the angular range
of diffraction considerably increases, whereas the sig-
nal inside this range varies to alesser degree (Fig. 14).
As a result, the angular curve acquires a deep mini-
mum. In the opposite case, one can observe the asym-
metric curve against the background of aweaker signal.
Here, the angul ar dependence of the phase of thereflec-
tion amplitude manifests itself more pronouncedly. In
the case of the Laue geometry, the asymmetry of the
curve depends on the location of the p—n junction (in
the vicinity of the entrance or exit surface).

Although the main studies of photo-emf were made
on perfect crystals, one can a so use this secondary pro-
cessto record the variation of the scattering parameters
of the sample deformation experimentally. This was
demonstrated for a boron-doped (10% atom/cm?®) sili-
con sample, where diffusion of phosphorus
(10t atom/cmq) to adepth of 0.5 um [89] was observed.
Then, the diffusion layer of a part of the sample was
etched away. Thus, the sample was deformed in such a
way that its curvature continuously varied and
increased with an increase of the distance from the
boundary of the diffusion layer. The angular curves of
photo-emf measured from different exposed regions of
the sample surface under the conditions of (111) dif-
fraction of the CuK,, radiation are showninFig. 15. The
considerable variation of both background signal and
shape of the angular dependence are associated, first
and foremost, with the variation of the diffusion length
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Fig. 15. Angular curves of photo-emf under the conditions of X-ray diffraction measured at the exposure various points of the sam-
ple surface and the reflection coefficient of an X-ray beam, Pg. (1-7) Different regions of the sample

of minor carriers during deformation and also with the
change of nonuniform shift of the nodes and antinodes
of an SXRW with respect to the atomic planes.

For other secondary processes such as thermal dif-
fuse scattering and Compton scattering [15, 18, 22, 25,
31, 40, 90-92), the function P(2) has a rigorous expo-
nential form because the secondary processis emission
of X-ray radiation of different frequency. However, the
nature of the interaction of the electron density of the
crystal and the field of an XRSW substantially differs
from the case of photoelectron absorption. The main
contribution to the intensity of Compton scattering
comes from weakly bound val ence electrons distributed
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over the whole crystal, whereas the intengity of thermal
diffuse scattering is determined by scattering from elec-
trons vibrating together with atoms, with some part of the
energy and pulse of theincident photonsbeing giventothe
crystal lattice as awhole. At the same time, the common
features of the angular dependence are determined, first
and foremost, by the structure of the wave field which is
the samefor al the secondary processes.

Thus, the curves of the angular dependence of the
Compton effect in the case of Laue diffraction in thin
and thick samples measured in [91] change their asym-
metries similar to the angular curves of photo-emf mea-
sured in [17]. At the same time, fine details of these
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curves alow oneto reveal the specific parameters of the
interaction studied. In the Bragg geometry, the pro-
nounced extinction results in the formation of a deep
minimum in the center of the region of total reflection
similar to the fluorescent radiation, but at the periphery
of this region, one observes the asymmetry opposite to
that observed for fluorescence.

Thetheory of theyield of Compton and thermal dif-
fuse scattering devel oped in the studies reviewed above
describes the specific features of the processes quite
well. These processes are described by various yield
curves at different ratios of the matrix elements of the
susceptibility tensor, since their formation isinfluenced
by many different parameters.

4.4. Study of Inorganic and Organic Layer
Nanostructures Using Long-Period X-ray Standing
Waves (LPXRSW)

The development of planar nanotechnology allows
oneto grow variousinorganic and organic ultrathin lay-
ers and use them to create absolutely new systems pos-
sessing interesting physical properties. Thus, the Lang-
muir-Blodgett method alows one to obtain molecular
layers and nanostructures widely used in molecular eec-
tronics and biotechnology. The adequate characterization
of such objects required the search for new XRSW gener-
ators with a period commensurate with the characteristic
dimensions of the structures studied (tens of angstroms).
Long-period XRSWs are generated in layer structures
with a certain period under the conditions of Bragg dif-
fraction and above the surface of thereflectingmirror in
the region of total external reflection.

In the region of total externa reflection, the wave
field is an XRSW formed as a result of the coherent
superposition of two waves with equal intensities with
the period D, = A/28, where A is the wave length and
0 isthe angle of incidence of the primary beam. With an
increase of 8, adecrease in the XRSW period resultsin
its“compression” and its shift toward the surface.

The main advantages of artificial periodic multi-
layer structures (PMS) as generators of long-period
XRSWs in the range of Bragg diffraction are a rather
large controllable period, relatively pronounced reflec-
tion (%), considerable width of the diffraction maxi-
mum, and possibility of preparing periodic multilayer
structures with a given composition and surface. This,
in turn, allows one to generate an XRSW which, unlike
an XRSW in conventional crystals, has a period rang-
ing within 10-100 A.

Based on the recurrent relation, we considered the-
oreticaly the effects of dynamic diffraction in periodic
nanostructures and the specific features of formation of
wave fields in the region of total externa reflection in
layer systems, including waveguide ones[93]. We also
suggested the scheme for calculating the reflection
coefficients and the yield curves of secondary radia-
tions, which were then used to write acomplex of com-
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puter programs for numerical ssmulation and analysis
of experimental data.

The specific features of the formation of an XRSW
in a periodic multilayer structure under the conditions
of Bragg diffraction and in Langmuir-Blodgett layers
were studied experimentally with the use of fluores-
cence and photoemission in [94, 95].

If a periodic structure is used as a generator of
XRSWs for studying the surface layers, a more stable
PMS is more preferable; it allows one to obtain a well
developed XRSW with the controllable parameters.
This was proved experimentally for an organic struc-
ture consisting of 11 PbSt, bilayers applied onto the
Rh/C periodic multilayer structure with a period close
to the period of PoSt, (~59 A) [96, 97], which isknown
to generate an XRSW. It was established that a small
mismatch of the periods of a Langmuir-Blodgett film
and aperiodic multilayer structure allows oneto extract
structural information on an organic layer. Thus, we
managed to experimentally determine the tilt of hydro-
carbon chains of organic molecules (~27°) and the
thickness of thetransition layer between the Langmuir—
Blodgett film and the MPC (of the order of several ang-
stroms, depending on the sample region considered).

Combining the measurements made by the XRSW
method under the conditions of Bragg diffraction in
PM S and fluorescence measurements of the film under
total external reflection, we developed a new method
for determining the thicknesses of ultrathinlayersinthe
case where the layer thickness is much less than the
XRSW period. This allowed usto use aPMS as a gen-
erator of along-period XRSW compared to that in an
ideal crystal. The role of the coherent fraction was
played by the film thickness, and the role of the coher-
ent position, by the parameter characterizing the dis-
placement of the film with respect to the surface of the
periodic multilayer structure. If the thicknessis known,
the film density is determined from the curves of fluo-
rescence yield in the region of total external reflection.

The method was also used to determine the thick-
nesses and densities of ultrathin iron films [7, 8]. The
sample was an iron film obtained by laser sputtering
onto the Rh/C periodic multilayer structure (D ~ 59 A,
dr, = 10 A, N = 20). The upper layer of the MPC con-
sisted of carbon. An iron film was deposited onto two
regions of the sample, (1) and (2); then, region (2) was
also coated with a carbon layer. The experimenta and
calculated data for the case where an XRSW isformed
inthe Rh/C PM S under the conditions of Bragg diffrac-
tion and modulates the fluorescence yield from the Fe
film are shown in Fig. 16. The shape of the angular
dependence of the fluorescence yield shows that both
open and protected iron films have different thick-
nesses. Processing of the experimental data gave the
thicknesses 36 + 3 A and 22 + 3 A, respectively. The
interaction of the iron film with the atmosphere results
in the formation of iron oxide and hydroxide and film
expansion. The measurements from region (1) in the
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Fig. 16. Angular curves of fluorescence yield from Fe film and the diffraction reflection curves for samples (a) and (b) in the range

of Bragg diffraction. Dots indicate the experimental results.

region of total external reflection showed that the best
agreement between the theory and experiment is
obtained at adensity of theiron film, p, of ~45 + 5% of
P, (atabulated value for abulk sample). For afilm coated
with carbon layer (2), the p value was (~85 £ 5%)p,.

Based on the record of the characteristic fluorescent
radiation in the region of total external reflection, the
method of determining the positions of heavy atomsin
molecular Langmuir—Blodgett films was developed.
The model experiments [99] showed how the compli-
cated distribution of wave field intensity varies in the
vacuum/film/substrate system. This variation resultsin
the modulation of the angular curves of the fluores-
cence yield from heavy atoms in the Langmuir—
Blodgett structure, which, in turn, allows one to deter-
mine the positions of such ions along the surface nor-
mal of the substrate. Here, the following situations can
be observed: the situation whereionsform acontinuous
layer on the surface (it is aso possible to evaluate its
thickness and the position with respect to the reflecting
mirror), the situation where these ions penetrate the
Langmuir-Blodgett film and occupy the heads of
organic molecules, and the situation where these ions
form clustersin the Langmuir—Blodgett films.

Thus, in the experiments on characterization of the
interface in a Langmuir—Blodgett heterostructure, the
sample was a Langmuir—Blodgett film consisting of
eight stearic acid monolayers (four ~50-A-thick peri-
ods) deposited onto a plane hydrophobic Si substrate.
Then, a lead stearate bilayer was deposited onto the
sample (Fig. 17a). For thismodel experiment illustrated
by Fig. 17a, the thickness of the Langmuir—Blodgett
films was selected to be ~50 x 6 ~ 300 A. At thisthick-
ness, the second antinode of an XRSW at B; liesin the
vicinity of the heads of the moleculesforming the upper
bilayer (Dyrgy ~ 200 A), which should lead to the pas-
sage of nodes | and |1 of the XRSW through the upper
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bilayer. Figure 17 shows the calculated angular depen-
dence of the fluorescence yield from Pb** ions located
in the heads of organic molecules of the upper bilayer
(curve 1). With an increase in the thickness of the part
of the sample that incorporated lead (curves 2-5),
which becomes comparable with the period of an
XRSW, the shape of the curve of fluorescence yield
becomes different. The dots in Fig. 17a correspond to
the experimental results which agree well with the
curve calculated for the case where the Pb** ions
occupy the heads of organic moleculesin all five bilay-
ers of the Langmuir—Blodgett film.

Using the method devel oped in [100-102], we stud-
ied the penetration of K* ions into a synthetic mem-
brane based on the mixture of the salt of afatty acid and
valinomicin (a membrane-active antibiotic) prepared
by the Langmuir—Blodgett method. It is shown that K*
ions form clusters by occupying channels whose num-
ber is determined by the valinomicin concentration.
The data obtained agree with the results obtained for a
similar system by other methods (Fig. 17b).

The study of X-ray waveguide layer structures by
the long-period XRSW method alowed one to deter-
mine parameters of individual layers forming the struc-
ture and reveal ed the existence of transition layersat the
interfaces [103-107]. We also managed to establish the
role of individual layers in the waveguide effects and
showed that the minimum thickness of the waveguide
cavity is determined by the period of an XRSW formed
in it under the conditions of total external reflection
when the incidence angle is equal to the critical one
[108]. We also studied the dynamics of the variation of
the shape of the diffraction reflection curve from the
complex multilayer system associated with the forma-
tion of the waveguide modes [109, 110] as a result of
the change in the resonance-cavity thickness.
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Fig. 17. (a) Caculated angular curvesof the Pb L, fluorescenceyield for various distribution of Pb*™* ionsin the Langmuir—Blodgett

structure. (1) Pb** ions are located in the heads of organic molecules in the upper bilayer of the sample; (2)—(5) are the curves for
samples with increasing thicknesses; (b) X-ray reflection (the lower curve) and K  fluorescence for three different distributions

of K* ions: (1) ionsform athin surface layer, (2) ions occupy at the heads of organic molecules, (3) ionsform clusters. Dotsindicate

experimental results.

Considering monolayers of salts of fatty acid and
phospholipids, we showed that the use of waveguide
layer structures as substrates for organic monolayers
enables one to increase the spatial resolution aong the
surface normal due to the modulation of an XRSW
amplitude in the formation of the waveguide modes. It
is proved experimentally that such an XRSW redly
exists above the surface of the structure consisting of
ultrathin metal—carbon—metal layers.

Thus, the methods considered above allow one to
extract valuable information on the structure and
parameters of artificial ordered systems. We aso sug-
gested the methods of obtaining the information on
individual layers of the multilayer structure, the varia-
tion of their parameters under the action of various
external factors, the interfaces in the objects used in
molecular el ectronics, etc.

4.5. Two-Dimensional X-ray Sanding Waves
under Conditions of Multibeam Diffraction

Multibeam X-ray diffraction is a more complicated
method in both theoretical and experimental aspects. In
this case, diffraction of an incident plane wave occurs
simultaneously from a number of atomic planes and,
therefore, we have severa diffracted waves and, as a
result, a two- or even three-dimensionally periodic
XRSW is generated. The location of nodes and antin-
odes of this XRSW depends on the angular position of
the incident beam in two mutually perpendicular
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planes. Experimentally, one has to collimate an incident
beam along two mutually perpendicular planes with an
accuracy less than one angular second. The calculation
of the parameters of the diffracted waves also becomes
more complicated becauseit requiresthe diagonalization
of acomplex matrix of the sixth order in the three-beam
case and amatrix of ahigher order if there are more than
three beams (a problem that cannot be solved analyti-
caly). However, the genera principles of the theory of
the secondary-radiation yield remain the same and
should be generdized only formally. The foundations of
the theory of the yield of secondary radiations under the
conditions of multibeam diffraction were developed
elsawhere [111-114]. The number of secondary-radia-
tion quantais determined from the formula

dN(z, AB)
dz

K(AB) = CIdzP(z) (6)

where C is a constant multiplier, which characterizes
the value of the signal measured experimentally and,
thus, does not affect its angular dependence. The den-
sity of the number of the X-ray quanta absorbed in the
layer located at depth zis determined from amore com-
plicated expression:

dN(z, AB)
dz

= == S Enl@ A0 Ens(Z 80) (2,

mm, ss

)
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Fig. 18. Angular dependence of theyield of aweak 113 dif-
fracted reflection (Si crystal, CuK,, radiation, A¢ =—1").

where E,(z AB) are depth-dependent amplitudes of
diffracted waves in a certain polarization state, which
are calculated in terms of the normalized eigenvectors
of the scattering matrix; the subscript m enumerates the
diffracted waves, including the transmitted one, and the
subscript s indicates one of two possible polarization

states of each wave; and the matrix X, rim. isapart of the

full scattering matrix corresponding to absorption (the
components of thetensor of theimaginary part of polar-
izability convoluted with the polarization vector). Sim-

si(ll

2
T Si(111)

Source of synchrotron
radiation
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ilar to factor (3), the factor
fom(2) = exp[—i(hn—hy)u(2) —Wiw(2)],

Woi(2) = [Ny —helAu,) T
describes the phase multiplier.

This direction of the spectrum-sensitive spectros-
copy is at the very beginning of its development and,
therefore, the numerical simulation and experiments
were performed only for photoelectron emission. The
data calculated for a perfect crystal and a crystal whose
exit surface was coated with an amorphous film in the
Laue geometry showed the high sensitivity of the
method of two-dimensional XRSWs.

A new modification of the XRSW method with the
use of three-beam X-ray diffraction was suggested in
[113, 114]. In the angular range where one of the dif-
fracted beams has a low intensity, the effect produced
by this beam on other beamsis negligibly small. On the
other hand, this low-intensity diffracted beam is influ-
enced by two strong beams with due regard for their
interference. Thus, a weak diffracted beam plays the
role of a new channel of the XRSW method which is
independent of inelastic processes and does not require
any additional specially designed detector. It was
shown that the effective escape depth of this secondary
process depends on the angular deviation of a weak
beam from the exact Bragg condition [115-118]. The
more pronounced the angular deviation, the less its
effective escape depth and the higher the sensitivity to
deformations in the subsurface layer. Figure 18 shows
several curves of the angular dependence of the (113)
reflection in the case of three-beam (333, 113) diffrac-
tion of the CuK, radiation in a 1-um-thick silicon crys-
tal coated with an epitaxial film. The angular range cor-
responds to the strong (333) reflection in which the

Sample _

> Nal-111
Si(111) _ g
<
| - -
Counter | ‘F ] Nar20
of photoelectrons | ~
2

Six-wave
Si(111)
collimator

Fig. 19. X-ray optical scheme of a multibeam experiment with the use of a six-wave collimator.
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reciprocal-lattice vector is perpendicular to the crystal
surface. Different curves correspond to different values
of interplanar spacings in the film and in the substrate.
Asaresult, the crystal surfaceis displaced with respect
to nodes and antinodes of an XRSW by avalue ranging
from zero to the XRSW period (the phase of the
reflected wave varies from zero to 2m). Likein the case
of photoemission curve, the shape of the diffraction
reflection curve of aweak beam is also changed in sev-
eral stages.

Thefirst experiments based on the use of this modi-
fication of the XRSW method were performed on asyn-
chrotron radiation source at the Tsukuba Photon Fac-
tory Japan [115, 116]. The role of a two-dimensional
collimator was played by the effect of anomalous trans-
mission in six-beam X-ray diffraction (Fig. 19), which
was predicted theoretically and was studi ed experimen-
tally for thefirst timein the same series of experiments.
As a result of anomalous transmission, a thick silicon
crystal transmitted a true plane wave whose angular
position satisfied the Bragg conditions. A sample was
rotated about two mutually perpendicular axes, which
allowed one to record the two-dimensional (6 and ¢,
where ¢ is the deviation from the multibeam position)
angular dependence of the diffracted beams. The exper-
imental data on photoelectron yield from a perfect sili-
con crystal in the case of (111/220) three-beam diffrac-
tion (the radiation wave length A = 0.115 nm) were
compared with the results of numerical simulation
(Fig. 20) [115, 117-119]. These data were in good
agreement. This experiment opens a new research
direction. An important prerequisite of its development
isadramatic increase in computer power and the devel -
opment of new sources of synchrotron radiation.

We aso performed phase-sensitive measurements
corresponding to the XRSW method without secondary
radiations [116]. Using the same experimental scheme,
we recorded the intensity curves of the angular depen-
dence of aweak diffracted beam whose shape was sim-
ilar to the curves of photoelectron yield. The calculated
data were in good agreement with the experimental
results (Fig. 21). The next step was made in [120]. The
measurements were made on a silicon sample with the
deformed subsurface layer formed due to ion implanta-
tion made with the aim to study the four-beam case
(400/311/112, A = 0.11 nm) at the DRAL station of the
synchrotron radiation source (Daresbury, England).
The measured curve of the angular dependence of a
weak beam had a shape inverse to the shape of the curve
for an ideal crystal. This experiment clearly demon-
strated the possibilities of the new method for studying
deformed layers on the surface of single crystals.

The studies considered in this section are unique and
have no analogues abroad. These studies lay the foun-

Pp, arb. units

#2125
(a) x

L5

Q000

—_—
W

K, arb. units

e
W

N
n

0 loowotaooonanonshy, N,
-15 -5 5 15
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Fig. 20. Diffraction reflection curves and curves of photo-
electron yield for various Ad values: (8) 12.8", (b) 7",
(c) 05", (d) 5.3", (¢) 12". Squares correspond to the
111 reflection; triangles, to 220 reflection; and rhombuses,
to the photoelectron yield.
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Fig. 21. Angular dependence of the intensities of the tails of the diffraction reflection curves (111) and (220) in the angular region

of total external reflection (220) and (111), respectively.

dation for anew promising direction of development of
the method.

5. CONCLUSIONS

Thus, the foundations of the experimental study of
condensed media using the secondary radiation under
the conditions of generation of X-ray standing waves—
structure-sensitive  X-ray spectroscopy—have been
laid. In the course of our studies, a number of scientifi-
caly and technologicaly important results were
obtained. The most important ones are the devel opment
of the general theory of secondary radiation yield under
the conditions of dynamic X-ray diffraction and the
experimental measurements of this radiation; the devel-
opment and design of a hew generation of world class
precision X-ray equipment with various unique attach-
ments for observation of secondary processes (this
equipment isthe experimental basisfor studying inelas-
tic scattering channels); the design and development of
new methods of control of weak distortions of the crys-
tal structure in modern materials, which are important
for the solution of various fundamental and applied
problems; determination of the positions of impurity
atoms in multicomponent (including lasing) crystals,
development and practical implementation of a new
method of determining the thicknesses and densities of
nanodimensional films based on the use of amultilayer
periodic structure as a generator of long-period X-ray
standing waves; the detection of an amplitude-modu-
lated X -ray standing wave above the surface of aplanar
X-ray waveguide structure; and the use of this phenom-

CRYSTALLOGRAPHY REPORTS Vol. 48  Suppl. 1

enon for characterization of organic Langmuir—
Blodgett films. These results determine the modern
level of research of condensed matter by X-ray meth-
ods. These methods will be more important in this cen-
tury in connection with the further development of the
synchrotron radiation sources both in the world and, in
particular, in Russia and also in connection with the
necessity of obtaining structural information on new
materials.
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