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Energy-dispersive electron-emission yields were measured for (111) Bragg reflections of x rays
from Ge and GaAs crystals. The reflection angle was changed continuously over the Bragg reflec-
tion range, thus causing the internal x-ray-standing-wave pattern to move across the atomic planes.
With the use of synchrotron radiation, these measurements were performed at photon energies
below and above the Ga and As K absorption edges. This introduces an energy-dependent position
shift of the noncentrosymmetric diffraction planes relative to the atomic planes. It is shown how to
determine, from such measurements, (i) the dispersion parameters ' and f*’; (ii) lattice deviations,
including amorphous and crystalline surface layers; (iii) a mean electron escape depth; and (iv) crys-

tal polarity.

I. INTRODUCTION

The interpretation of dynamical x-ray diffraction in
perfect crystals in terms of x-ray standing waves is well
established since the discovery of the Borrmann effect.’
This picture, which relates the x-ray-standing-wave field
structure to the crystal structure, was at first applied to
explain the anomalous transmission of incident x rays.
Batterman® was the first to study a related emission pro-
cess, namely the case of K fluorescence from a Ge crystal
while Bragg reflecting incident Mo Ka radiation. Other
basic processes involved in x-ray scattering such as
thermal diffuse scattering,>* Compton scattering,>® and
electron emission”® were also investigated.

In 1974, Golovchenko, Batterman, and Brown® used x-
ray standing waves in combination with characteristic
fluorescence radiation to determine the position of impur-
ity atoms in a host lattice. Later, this technique was also
applied to locate chemisorbed atomic layers on crystal sur-
faces.!®!! Independently developed was a method to use
electron emission for studying distortion profiles of dis-
turbed surface layers’ and of epitaxially grown surface
layers with varying thicknesses.'?

Previous to our investigation, x-ray-standing-wave mea-
surements on noncentrosymmetric crystals have been used
to determine the polarity of GaP crystals orientated in the
(111) direction. Trucano'® monitored the phosphorus K
fluorescence as the nodal planes of the standing-wave field
moved across the phosphorus atomic planes when sweep-
ing through the (111) Bragg reflection and across the Ga
atomic planes for the (T11) case. Subsequently,
Takahashi and Kikuta,® performing a similar investiga-
tion, monitored the zero energy loss Ga L photoelectrons,
using a cylindrical energy analyzer in a high-vacuum
chamber.

Unlike the absorption length of the fluorescence radia-
tion, the photoelectron escape depth is small in compar-
ison to the extinction length of the incident x rays. This
feature plus the depth-dependent electron energy-loss pro-
cess give the photoelectron standing-wave measurement
certain advantages in comparison to the fluorescence mea-
surement. Since high-energy resolution photoelectron
measurements need high-vacuum and longer data collec-
tion time, it can be advantageous to use a low-resolution
electron counter.

Parallel to our investigation, Patel and Golovchenko,!*
in a standing-wave measurement on GaAs(111), have col-
lected the fluorescence with a glancing angle detector
geometry. Thus they reduced the extinction dip feature
which masks structural information when the absorption
length of the emitted radiation becomes comparable with
the extinction depth of the incident radiation.

In this paper we report measurements made with non-
centrosymmetric GaAs crystals along with comparative
results from centrosymmetric Ge crystals, and show how
a proportional counter can be used as an electron spec-
trometer in combination with synchrotron radiation. The
energy tunability of the incident photons makes it possible
to take measurements below and above the absorption
edges of the atomic species which constitute the crystal.
Thus, the experiment demonstrates how to measure the
shift of the noncentrosymmetric diffraction planes with
respect to the atomic lattice as a function of photon ener-
gy. This position shift is based on the fact that x-ray dif-
fraction is connected with the Fourier component of the
elastically scattered charge density described by the struc-
ture factor of the reflection which changes strongly close
to absorption edges. The dispersion parameters f' and f”'
are used to characterize the energy dependence of this
process. Therefore, these can also be determined from
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such measurements.

At a fixed incident photon energy, one can obtain
structural information on different levels of spatial sensi-
tivity by monitoring the electron emission at different an-
gular points in the vicinity of the strong Bragg reflection.
Electrons, which are inelastically scattered on their way
out of the crystal, have a specific energy loss which is re-
lated to the depth at which the initial photon absorption
and electron emission took place. This leads to structural
information in units of the electron mean-free path.
Atomic positions on the scale of the diffraction plane
spacing can be determined by measuring the angular vari-
ation of the electron emission from a particular atomic
species.

II. THEORY

In this section, information pertaining to the dynamical
theory of noncentrosymmetric diffraction from a perfect
GaAs(111) crystal will be given. The specialization of the
analysis for centrosymmetric structures will be straight-
forward. For a general review of the dynamical theory of
x-ray diffraction see Refs. 15 and 16, and for applications
of this theory to zinc blende single crystals see Refs. 13
and 8.

For the two-beam plane-wave case of Bragg diffraction
from a semi-infinitely thick and symmetrically cut crystal

the ratio of the E-field amplitudes can be written!® as ]
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where the dimensionless angular parameter n=7'4i7",
with real values %' and 7", is

—AG sin293 + FF[)
| P | D(FyFp)'/?

The structure factor is described in terms of the arrange-
ment of the “N” atoms within the unit cell as
N 0 , cpon i -7
Fp=3 (fa+fu+iff)se "
n=1
The atomic form factor ffl’,, accounts for the coherent
scattering of x rays from electrons within the electron dis-
tribution of the nth atom. It is energy independent and
depends on the magnitude of sinf/A. However, if inelastic
photon scattering processes are included, the initial and fi-
nal quantum states affect the phase of a scattered photon.
This is usually described by adding a real fy, and an
imaginary fg , anomalous dispersion correction to f ,‘},,,.
Position vector T, locates the center of the nth atom
with respect to an arbitrarily chosen reference system.
For the case of GaAs we will choose a reference system in
which the four Ga atoms in the unit cell have positions
(0,0,0) + fcc positions and the four As atoms have posi-
tions (+,+,+ )+ fcc positions in a cubic unit cell.
The resulting structure factor Fy=Fy +iFy is com-
plex with real quantities Fz; and Fy; being

(3)

4(f%a +fca+fAas)y for h,k,l all odd and (h +k +141)/4 an integer ,
4(}"%a +fca—fAs)y for h,k,l all odd and (h +k +141)/4 not an integer ,

Fyp=4(f8a+f6a+fo+fas)g for hkl all evenand ( |k | + |k | +|I|)/4 an integer , (4a)
4(fGa—Fas+ & —fas)y for hk,l, all even and ( |k | + | k | + |1 |)/4 not an integer ,
0 otherwise ,
—4(f 0+ fas—f&a)m for hk,I all odd and (h +k +1+1)/4 an integer ,
4(fO + fias+f&a)m for h,k,I all odd and(h 4k +1+41)/4 not an integer ,
Fi=34(f&a+fAs)g for hk, allevenand |h |+ |k |+ |1 ]|)/4 an integer , (4b)

0 otherwise .

The “h,k,! all odd” cases of Eq. (4) correspond to noncen-
trosymmetric planes, which means Fy=£Fg. The “h,k,l
all even with (| A | + |k | + | ])/4 not an integer” case
corresponds to a semiforbidden reflection in which the Ga
lattice and As lattice do not completely produce destruc-
tive interference.

Thermal vibrations are included by multiplying the
structure factor with the appropriate Debye-Waller factor
e~™. For GaAs(111) we shall approximate the vibration-
al amplitude of the Ga and As atoms as being equivalent
(e Moo Ma 20,979, at T =293 K)."

4(fGa—f as)y for hk,l alleven and (|h |+ |k | + |1 |)/4 not an integer ,

The reflectivity is R = | Ey /E, | % Figure 1 shows cal-
culated GaAs(111) reflectivity curves for x-ray energies
close to the Ga (E;=10.367 keV) and As (E;=11.863
keV) K-absorption edges. As can be seen, the shape is
strongly influenced by the inelastic absorption process.
The E-field intensity at a position T in the crystal is pro-
portional to

Ey ?

I=e7#z7
z E,

1+
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FIG. 1. GaAs(111) theoretical reflection curves at s
E,=10.07 keV; — ——; E,=10.372 keV; —.—.—. ,
E,=11.16 keV, ; E,=11.868 keV, and —.— E,=15.1

keV for the o polarization state.

where d =1/| f—i| is the d spacing, Ad measures the dis-
placement in the H direction from the arbitrarily chosen
origin to position T, and the phase angle

Re(Ey /Ey)

1

v=tan~ . (6)

The effective linear absorption coefficient p,, which is
used in Eq. (5), can be expressed as

, @]

where pu is the normal linear absorption coefficient.
For depths much smaller than the extinction depth, i.e.,

z << Asinfp /2uD) /[ | F§ | +(| Fy||Fg | )21,

the exponential attenuation term in Eq. (5) can be neglect-
ed. For 15-keV x rays diffracted from GaAs(111) this
corresponds to z <<0.3 um. Equation (5) indicates that
during Bragg diffraction a standing-wave field is pro-
duced, which has the same periodicity as the diffraction
planes. Furthermore, as the angle of incidence is ad-
vanced through the strong Bragg reflection, the phase an-
gle v changes in a linear fashion by = radians, thus caus-
ing the antinodes of the standing-wave field to move in-
ward by one half of a d spacing.

In order to find the position of the noncentrosymmetric
diffraction planes in this reference system, one applies the
condition that the antinodal planes of the E-field intensity
coincide positionally with the diffraction planes for
7' < —1. From Eq. (5), the maximum in the E-field in-
tensity occurs at a position Ad when Ad/d=v/2mw. By
using 7= —1 in Eq. (1) and the resulting expression in
Eq. (6), the diffraction plane position is

Ad,

_1 Fg
d ~ 4r

Fy

FII
—tan™! L . (8)

—1
’
Fg
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FIG. 2. Schematic view showing the position of the noncen-
trosymmetric GaAs(111) diffraction planes (dashed lines) rela-
tive to the Ga atoms (open circles) and As atoms (closed circles).
Parameter ® locates positions in this structure in the (111) direc-
tion relative to a (111) diffraction plane, which is shifted by an
amount A relative to a centrosymmetric (111) diffraction plane.

The expressions in Eq. (4) can be used for describing the
centrosymmetric diamond structure case of Ge(111) by re-
placing both Ga and As with Ge. From this the resulting
Ady/d =—%. This corresponds to the centrosymmetric
diffraction plane position, which is located halfway be-
tween the Ga and As layers, as seen in Fig. 2. For the
noncentrosymmetric case of GaAs(111), the diffraction
planes are shifted from this centrosymmetric position by
an amount A;;;. From Egs. (4) and (8) this noncen-
trosymmetric shift is

1 1| fRs+Fas+SGa
Aypy=— ) + . 0 e
™ fGa +fGa —J As
0 ’ ”
.+. —
+ tan~! —————-——f:s f:\s (:’,a . 9)
SGa+SGa+Sas
T T T T T
30| —:10.372keV GaAs |,,

-~ :11.868keV (1)
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FIG. 3. The angular variation of the GaAs(111) reflectivities
(R) and E-field intensities (Ig, and I,) at the Ga and As

atomic sites for » E,=10.372 keV (5 eV above the Ga K
edge), and — — —, E,=11.868 keV (5 eV above the As K edge)
(for the o polarization state).
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TABLE 1. Calculation of GaAs(111) diffraction plane shift A;;; from atomic scattering factors [see
Eq. (9)] using f4,=28.170 and f3,=26.665 from Ref. 18, f' and f" values for 5 eV above the Ga
(10.372 keV) and As (11.868 keV) K edges from Ref. 17, and the remaining f’ and " values from Refs.
19 and 20. The absolute shift in A can be obtained by multiplying A;; by d;;;,=3.26 A.

Energy

(keV) f’Ga f;\s fga fzs A
15.1 —0.15 —0.64 2.10 2.59 0.003
11.868 —1.25 —8.0 3.31 5.8 —0.015
11.16 —1.93 —2.82 3.33 0.58 0.001
10.372 —6.0 —2.19 5.0 0.66 0.016
10.07 —3.55 —1.98 0.54 0.70 0.010

Since the dispersion corrections f’ and f"' are energy
dependent, the position of the diffraction planes with
respect to the atomic planes A,j; also depends on the in-
cident x-ray energy.

Hence, for noncentrosymmetric Bragg reflection the
diffraction planes have an energy adjustable phase with
respect to the atomic lattice. In Fig. 3, the theoretical E-
field intensities at the Ga and As atomic sites in
GaAs(111) are shown for E,=10.372 keV (5 eV above
Ga K edge) and E, =11.868 keV (5 eV above As K edge).
At E,=10.372 keV, A;;=0.016 and at E,=11.868
keV, A;;;=—0.015 (see Table I). Although the resulting
shift only corresponds to 0.031 of a d;;; spacing, the
change in the E-field intensity is appreciable as can be
seen in Fig. 3. Since the photoelectric absorption of an
atom is proportional to the E-field intensity at the site of
the atom it becomes possible to determine the energy-
dependent position of the diffraction planes by analyzing
the yield of the Ga or As photoelectrons during Bragg dif-
fraction.

III. EXPERIMENT

The measurements were carried out with synchrotron
radiation generated by the storage ring DORIS at DESY
in Hamburg. The instrument ROEMO at the Hamburg

+

Synchrotron Radiation Laboratory provided the basic ex-
perimental features for standing-wave measurements.?!
The arrangement is illustrated in Fig. 4. The polarized
white spectrum of DORIS gives high angular brightness
and photon energies optimized for the absorption edges
being studied. A narrow energy band is selected by a
double-crystal monochromator using Si(111) single crys-
tals in a parallel mode. The second crystal is asymmetri-
cally cut, having an angle of ¢=7° between the surface
and the (111) Bragg planes, thus serving as a plane-wave
generator, with a total angular emittance range of 0.67
arcsec at 15.1 keV. This width is small compared to that
of the GaAs(111) reflection from the sample (8.3 arcsec).
Since the respective (111) d spacings for the Si, GaAs, and
Ge lattice planes differ only slightly, the dispersion of the
arrangement is normally small enough for standing-wave
applications. Ge(111) data, which we have measured, are
not discussed in detail to limit the total length of this pa-
per.

The sample is built into a gas flow proportional detec-
tor.?»23 Photoelectrons and Auger electrons, emitted from
the sample, ionize the gas volume, which consists of a
90% helium + 10% methane mixture. After gas multi-
plication, the resulting cascade is collected at a 20-um-
thin gold wire. The efficiency of the chosen gas mixture
is very high for ionization by electrons with a kinetic en-

Nal
DETECTOR

\
MONOCHROMATOR IONIZATION IONIZATION GAS OUT
sI (m) CHAMBER CHAMBER
2-DIMENSIONAL
COLLIMATOR

FIG. 4. Experimental setup (schematic side view).
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ergy in the keV range and very small ( < 1%) for the in-
cident and reflected synchrotron X radiation. With a
multichannel analyzer operated in a multispectrum scal-
ing mode up to 32 subgroups are collected with different
electron yield spectra. Each subgroup is directly related
to a small angular fraction of the sample reflection
curve.?! The resolution of the detector is about 1 keV for
the electron energies used. The whole detector was
mounted on an Eulerian cradle with a special stage for
standing-wave experiments.>* The reflected intensity was
monitored with a Nal(Tl) detector. In this experimental
arrangement, the horizontal polarization direction of the
synchrotron radiation is perpendicular to both the in-
cident and diffracted wave vectors. This corresponds to
the o polarization state.

The total electron yield from the sample was approxi-
mately 5X 10~* electrons per photon, at an incident pho-
ton energy of 15 keV. Since the primary beam contains
about 10% phot/mm?, small sample areas are sufficient to
provide enough signal to perform standing-wave analysis.
Therefore, with a two-dimensional collimator, the proper
region of the crystal can be chosen and three-dimensional
information can be extracted about crystal defects, epitax-
ially grown layers or amorphous surface layers.”’> Planar
information is obtained by scanning and the depth profile
is connected with the electron energy-loss process as
described in the following sections.

IV. ELECTRON YIELD SPECTRA

Electrons only have a very short mean-free path before
they undergo an inelastic electron-electron or electron-
plasmon interaction. Therefore, they reach the surface
with an energy loss, which depends upon their origin and
upon the sample material. When they originate from
layers close to the surface, this loss can be zero.

Electron yield spectra which were recorded with the
previously described detector are shown in Fig. 5. Also
shown is an absorption spectrum which was measured by
using the total electron yield signal being proportional to
the number of photons absorbed in the sample.

Curve 5(a) at the bottom was measured for a photon en-
ergy just below the Ga K-absorption edge. The broad
photoelectron peak mainly consists of L photoelectrons
which have a maximum energy of Ey, max =E,—E;,

=8.95 keV, where E, and Ep correspond to the photon

energy and to the L; Ga binding energy, respectively.
Also contributing are electrons from other Ga L subshells
as well as from As L states. The yield at energies closer
to E, is affected by transitions from outer M and valence
states. However, the cross section for photoabsorption of
these outer electrons is much smaller. This can be seen
for the respective cross sections?® of Ga. At 9.88 keV
(Ge Ka line) oy =3190 b/atom, o), =471 b/atom, and
oy =15.2 b/atom.

At an energy 5 eV above the Ga K absorption edge
[Fig. 5(b)], K-photoelectron emission as well as KXY
Auger electron emission are turned on. For the case of
KL,L, these Auger electrons are clearly visible in the in-
creased yield below the energy Eji, auger=38.04 keV. K
photoelectrons are not detected because their kinetic ener-
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FIG. 5. Off Bragg GaAs electron yield spectra collected with
a gas flow proportional detector at incident x-ray energies in the
vicinity of the respective K absorption edges of Ga and As.
Owing to the E,-dependent stopping power of the I, ionization
chamber, the partial yield curves (a)—(e) were multiplied by
0.86, 0.91, 1.0, 1.1, and 2.0, respectively. The absorption spec-
trum that was obtained while calibrating the incident x-ray ener-
gy scale for this set of experiments is shown as a side view on
the left. RP represents the reference pulser.

gy is too small (<5 eV).

As one increases the energy to above the As K-
absorption edge, KXY Auger electrons from As atoms are
emitted [Fig. 5(d)]. The Ga K photoelectrons now have
enough kinetic energy so that they appear in the peak at
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FIG. 6. Electron yield spectra collected at different angular
positions of the rocking curve, while Bragg diffracting from a
GaAs(111) single crystal with a 15.1-keV incident x-ray beam.
The corresponding rocking curve, shown in Fig. 7, illustrates the
angular scale.
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about 500 eV. When the energy is raised further to 15.1
keV [Fig. 5(e)], both Ga and As K photoelectron peaks are
clearly distinguishable.

The energy scale which is given for these spectra has
been determined by comparing the same electron process
at different photon energies. The Auger electron yield for
example can be extracted by subtracting the spectrum
below an absorption edge from that above the edge.

As described in Sec. II, the standing-wave pattern creat-
ed inside the sample crystal under the condition of Bragg
reflection can be moved across the netplanes by changing
the reflection angle. Electron yield spectra which were
measured with a fixed photon energy at several angles
within and just outside the total reflection range are
shown in Fig. 6. Note, that the As K-photoelectron peak
(region A) is strongly depressed at angle position 20.
Referring to Fig. 2 this corresponds to a node in the wave
field being located at ®=—0.125+A, right on the As
atom sites. At angle position 10, the high-angle side of
the reflection range (Fig. 7), the maxima of the standing-
wave pattern lie on the diffraction planes ®=0. This
behavior demonstrates the possibility of determining the
polarity of the crystal by one single measurement. Re-
flecting at (111) planes exchanges the Ga and As atomic
planes in Fig. 2.

GaAs |
(
EY= 151 keV

REFLECTIVITY

w
o

N
(%)

ELECTRON YIELB (NORMALIZED)
o o

o

0.5LL 1 1 1 L I
-20 0 20 40 60 80
REFLECTION ANGLE (6 - 6,)(rad)

FIG. 7. Reflection data and theory for Bragg diffraction
from the GaAs(111) sample at E,=15.1 keV and the corre-
sponding angular variation to the electron yields of electron en-
ergy regions 4, B, C, D, and E [see Fig. 5(e)]. The electron
yield scale corresponds to the bottom curve. Subsequent curves
are given 0.5, 1.0, 1.5, etc., offsets, respectively.
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V. DATA ANALYSIS AND RESULTS

A primary objective of an x-ray-standing-wave analysis
is to determine the atomic distribution function of a par-
ticular set of atoms. This is usually characterized by the
coherent fraction f, of atoms occupying coherent posi-
tions @, in units of the diffraction plane spacing dj,.
When using a detector system with sufficient energy reso-
lution it is possible to identify ®, and f, with a specific
set of atoms (Ga or As) undergoing selective excitation of
a particular electron state. For the ~ 1-keV resolution of
our electron counter and a sample with two almost adja-
cent elements, the measured electron yield contains in
each electron energy region of the spectrum, contributions
from both Ga and As. However, f, and ®, still contain
useful structural information which will be demonstrated
in this analysis by combining measurements at different
photon energies.

The coherent position and fraction for a particular elec-
tron energy region is determined by fitting the experimen-
tal angular yield for this region to angular E-field intensi-
ty expressions based on dynamical diffraction theory. For
the experimental angular yield, the total counts in each re-
gion were normalized for dead-time effects and then given
a pulse pileup correction. The lifetime for each spectrum
was determined from the random reference pulser signal.
The pulse pileup correction was determined by an experi-
mental simulation.

The theoretical model that was given a X? fit to the ex-
perimental angular yield data has the form

Y(6,®,,f.,2)=f.1(6,®,,z2)
+(1—f)[14+R(6)]e ~#z= . (10)

The E-field intensity I(6,®.,z) is given in Eq. (5), R is
the reflectivity, u, is the effective absorption coefficient
described by Eq. (7). The first term in Eq. (10) corre-
sponds to the angular yield from a coherent fraction f, of
atoms, which have the periodicity of the diffraction
planes and are at a coherent position ®, with respect to
the diffraction planes (see Fig. 2 for an explanation of the
® scale). The second term describes the remaining frac-
tion of atoms as being randomly distributed. The e ~#z*
factor in both terms accounts for the angular-dependent
attenuation of the x-ray wave field (extinction effect). In
our analysis we approximate that all of the electrons in a
given electron energy region originate from the same
depth z. This depth z was not a variable parameter for
the GaAs(111) data analysis, but was predetermined from
Ge(111) data. This was a necessary procedure since the
parameters z and @, do not correlate well in the fitting
process. For the Ge(111) data analysis the coherent posi-
tion was naturally fixed at ®,=0. Inclusion of the e ~#z*
attenuation factor significantly improved the least-square
fits of Eq. (10) to the experimental angular yield data.

Although the detailed electron scattering process causes
a complicated depth profile for electrons escaping from
the solid with a particular energy loss, the above single-
depth approximation for this profile is sufficient for the
analysis, provided that the electron escape depth is smaller
than the x-ray extinction depth.

The validity of modeling the distribution of atoms as a
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coherent fraction f, at a position @, and the remaining
fraction of atoms being randomly distributed stems from
the fact that the x-ray-standing-wave measurement deter-
mines the (hkl) Fourier component of the distribution
function of inelastic scatterers.

For a particular electron energy region the distribution
function of Ga and As atoms with a (111) d-spacing
periodicity can be written as

g(@)=G8(P—+—A)+(1-G)8(P+5—A), (1D

where G represents the fractional yield of the electron en-
ergy region which originated from Ga atoms at position
&=+ +A (see Fig. 2). Likewise (1 — G) represents the As
contribution from ®= —+ +A. The (111) Fourier coeffi-
cient of this distribution function is

Fl:Ge2m’(1/8+A)+(1_G)e27ri(—l/8+A) i (12)

2mi

With Fi=|F;|e q)l, the amplitude of the Fourier coef-
ficient, which is directly related to the coherent fraction

Sfe»r 18
|F, | =(2G*—2G +1)'/?, (13)

and the phase of the Fourier coefficient, which is directly
related to the coherent position ®,, is

&, L an-1 |26 = L+tan(27A)

2T (1—-2G)tan(2mA)+1 |

(14)

The above distribution function g (®) assumes that the
atoms are fixed points relative to the diffraction planes.
To include thermal vibrations, the 8 functions of Eq. (11)
are replaced with normalized Gaussian functions?® having
widths o= ({u?))"2/d, where ({12))!/? is the root mean
square of the vibrational amplitude. We will use
((u2))172=0.107 A for both Ga and As at room tempera-
ture. (Note that e ~27°0"=¢~M—0.979.) The considera-
tion of thermal vibrations adds a prefactor to Eq. (13)
yielding

|Fy | =e M2G*—-2G +1)V% . (15)

In examining the expressions given in Egs. (14) and (15), it
is evident that for an electron energy region with no con-
tribution from As sites (i.e, G=1), | F; | =e " =0.979
and ®;=++A. The smallest Fourier amplitude is pro-
duced for an equal contribution from the Ga and As sites
(i.e., G=7). In this case | F;|=e™/v2=0.692 and
®,=A. For the Ge(111) case, it is not possible to sPectro-
scopically discriminate between the ®=+ and — posi-
tions; therefore, the coherent fraction and position for
Ge(111) should ideally be f,=e ™ /v'2 and ®,=0 for all
electron energy regions.

The experimental electron yields versus angle for the
electron energy regions designated in Figs. 5(e), 5(b), and
5(a) are shown in Figs. 7, 8, and 9, respectively. The X2
fitted curves are based on Eq. (10). The determined values
for f. and ®, and the fixed z values are shown in Table II
for the E, =15.1 keV and 10.07 keV GaAs(111) data sets.
As previously stated, the average electron escape depth
values z were determined from the corresponding Ge(111)
data sets.
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FIG. 8. Same as Fig. 7, but for E,=10.372 keV [see Fig.
5(b)].

The experimental reflection curve for each of these x-
ray-standing-wave scans is also shown in Figs. 7, 8, and 9.
The fitted theoretical reflectivity curves were used to
determine the angular scale for each scan. The angular
range from each of the three fits was 103+2 urad. The
theoretical reflectivity and E-field intensities for the
15.1-keV scan were not convoluted with the angular out-
put from the asymmetrically cut (¢=7°) Si(111) mono-
chromator crystal, since the ratio of this width (®,,.) to
the GaAs(111) acceptance width was . However, since

this ratio was approximately + for the x-ray-standing-
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FIG. 9. Same as Fig. 7, but for E,=10.07 keV [see Fig.
5(a)].



2460

M. J. BEDZYK, G. MATERLIK, AND M. V. KOVALCHUK 30

TABLE II. Data analysis [see Figs. 5(a), 5(e), 7, and 9].

Average Coherent Coherent
Electron- electron fraction position Ideal
E, energy escape depth fe b, coherent GaAs(111) Ge(111)

(keV) region z (A) (+£0.01) (+£0.004) | Fy| S fe

| Fy | | Fy |
15.1 A 920 0.69 —0.022 0.70 0.92 0.97
15.1 B 1060 0.64 +0.036 0.71 0.90 0.95
15.1 C 1430 0.67 —0.035 0.71 0.94 0.97
15.1 D 1150 0.67 —0.040 0.72 0.94 0.97
15.1 E 880 0.63 +0.002 0.69 0.91 0.95
10.07 A 1170 0.70 —0.012 0.70 0.99 0.95%
10.07 B 700 0.68 —0.010 0.70 0.97 0.942
10.07 C 650 0.55 —0.008 0.70 0.79 0.872

?Ge(111) data at E, =10.9 keV.

wave scans at 10.372 and 10.07 keV, the theoretical
GaAs(111) reflectivity and intensity curves were convolut-
ed by the angular output from the monochromator.

Since the experimental angular scan range for each of
the separate x-ray energies was maintained at a constant
setting (+1%), it was possible to confirm the f” values in
Table I to within 109% by noting that the theoretically fit
determined range of 103+2 urad was maintained for each
of the five energies and by assuming the values at 15.1
keV. If wanted, this precision can easily be increased.

VI. DISCUSSION

From the average electron escape depth values listed in
Table II it can be seen that as the electron energy loss for
a particular electron-emission process increases, the depth
z also increases. Furthermore, these depth values fall in
line with empirically calculated values ’ for the emergence
length of electrons emitted in Ge; L, =250E}* A, where
E; is the initial kinetic energy of the escaping electron in
keV. For Ge L photoelectrons ejected by photons having
energy E,=10 keV, L,=5200 A. The energy resolu-
tion of the electron counter was insufficient to spectro-
scopically separate the electrons emitted from the Ga and
As atomic sites. Therefore, the measured coherent posi-
tion values @, in Table II do not reach the pure Ga value
of 0.1254A or the pure As value of —0.125+A. The
data taken just above the Ga K-absorption edge [Figs. 5(b)
and 8] most closely approach this one site condition since
the Ga KLL Auger electron yield is anomalously very
high at this energy.

The most straightforward way of testing this data
analysis for an x-ray energy-dependent diffraction plane
shift is to look for a shift in the measured coherent posi-
tion ®, for electron energy regions that have the same dis-
tribution of inelastic scattering sources at two different x-
ray energies.

For this comparison we will choose the highest electron
energy region in the E,=15.1 keV scan and any of the
electron energy regions in the E,=10.07 keV scan.
These regions have comparable Ga contributions G, since
each has no K photoelectrons nor any K Auger electrons.

Based on the non-K-photoelectric cross sections®® the Ga
contribution in all four of these electron energy regions
should be G=0.43. From Eq. (14) it can be seen, that for
constant G, a shift in the coherent position ®, is directly
attributable to a shift in the diffraction plane position
Aqq;. Since the coherent position for the three regions of
the E,, =10.07 keV scan is ., = —0.010£0.006 and since
®,=0.002+0.004 for region E of the 15.1 keV scan, it
can be seen that there is an energy-dependent diffraction
plane shift of 0.012+0.007. From the atomic scattering
factors given in Table I this shift was calculated as being
0.007 and agrees within the error limits.

We have also included in Table II the result for the
ideal coherent fraction |F;| which is calculated from
Eqgs. (14) and (15) by using the measured coherent position
@, along with the A;;; values listed in Table I. The com-
parison ratio f./|F,| shows a deviation from unity
which can be caused by three different effects: (i) Owing
to experimental angular averaging f./ | F, | never reaches
unity for any of the electron energy regions. (ii) The pres-
ence of disordered bulk or disordered surface layers can
reduce the coherent fraction for electrons with a specific
energy loss.?® (iii) The different spatial distinctions of the
K, L, M, and N electrons will influence the coherent frac-
tions of electrons emitted from different orbitals. This
will be visible in sudden variations of f. at certain elec-
tron energies. Although such changes clearly show up in
Table II, a detector with higher energy resolution is need-
ed to separate out these effects distinctively.

VII. CONCLUSION

We have demonstrated that  x-ray-standing-
wave—modulated electron emission measurements, with a
low-resolution electron counter, can be used to obtain
valuable information about a crystal structure, such as the
polarity, the degree of perfection, and the position of the
constituent atoms. With the high intensity of synchrotron
radiation, it is possible to study very small crystal areas
and by making use of the depth-dependent energy-loss
process for electron emission, depth-selective structural
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information is also obtainable. The tunability of the pho-
ton energy, which is provided by a synchrotron source,
can be successfully applied to measure electron yields and
reflectivity curves in the vicinity of absorption edges.
Thus making it possible to determine the anomalous
dispersion parameters ' and f'’, which describe the ener-
gy dependence of the x-ray scattering process. By using
the x-ray-standing-wave picture for describing the dynam-

2461

ical scattering process in a zinc blende single crystal, the
energy dependence of the position of the noncentrosym-
metric diffraction planes was also demonstrated. Since
this measuring technique makes it possible to separate the
x-ray scattering process into its various contributing chan-
nels, further explorations should be made in this direction
with a medium or high-energy resolution electron detec-
tor.
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