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Abstract

Energy dispersive electron emission yields were measured for
{111} Bragg reflections of x-rays from perfect Ge and GaAs
crystals. The reflection angle was changed continuously over
the Bragg reflection range, thus causing the internal x-ray
standing wave pattern to move across the atomic planes. Using
synchrotron radiation, these measurements were performed at
photon energies below and above the Ga and As K gbsorption
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 f' and f'', (ii) lattice devia-
tions, including amorphous and crystalline surface layers,

(iii) a mean electron escape depth, and (iv} crystal polarity.

PACS numbers: 61.60.+m; 61.10.Fr; 61.80-x; 68.20+¢t



I. Introduction

The interpretation of phenomena, which occur in perfect crystals
under the condition of dynamical X~tay diffraction, in terms

of X-ray standing waves, 1s a well established procedure since

_{‘_
the polarity of GaP crystals orientated in the (1I1)} direction.

The first such investigation, made by Trucanols, monitored
the K-fluorescence from the phosphorus atomic planes as the
nodal planes of the standing wave field moved across the phos-—
phorus atomic planes when sweeping through the (111) Bragg

reflection and across the Ga atomic planes for the {(111) case.

. | . . . . . . -
the discovery of the Borrmann effect . This picture, which Subsequently, Takahashi and K1kuta8, performing a similar in-
relates the X-ray standing wave field structure to the crystal vestigation, monitored the zerc energy loss Ga L-photoelectrons,

structure, was at first applied to explain the anomalous trans- using a cylindrical energy analyser in a high vacuum chamber.

P o 2
m - §. Batterma th ft . . :
182100 of iacident X-ray noowas ereafter, the Unlike the absorption length of the reemitted fluorescence

fi i i S . .
rst to study a related emission process, namely the case radiation, the photoelectron escape depth is very small in

of K fluorescence from a Ge crystal while Bragg reflecting comparison to the extinction length of the incident X-rays.

incident Mo Ka vradiation. Other hasic processes involved in This feature plus the depth dependent electron energy loss

X-ray scattering such as: thermal diffuse scattering3’&

. . . 7
scatter1ng3’5’6, and electron emission ’8,

Com n : .
ompte process give the photoelectron standing wave measurement cer-

were al i igated : : . P s .
also linvestig tain destinctive structural determining advantages in comparison

in first experiments durin i . : . .
P d g the following years to the fluorescence measurement, Since high energy resolutiocn

photoelectron measurements present certain technical difficulties,

Tn 1374, the possibility to use the movement of X-ray standing namely the need for high vacuum and longer data collection time,

waves to determine the positi of impuri in a host .
P on purity atoms it can be advantageous to use a low resclution electron counter.

lattice was demonstrated by Golovchenka, Batterman and Browng . . , 4,
Parallel to our investigation, Patel and Golovchenko ', in a

by using characteristic fluorescence radiation. Later, this
Y . ’ standing wave measurement on GaAs(lIl), have collected the fluores-

technique was also applied to locate chemisorbed atomic layers
10,11

cence with a glancing angle detector geometry. Thus they were able

on crystal surfaces . R . i .
tae reduce the extinction dip feature which masks structural infor-

mation when the absorption length of the emitted charactevistic ra-

Independently developed, was a method to use electron emission .
pets diation becomes comparable with the extinction depth of the

for studying distortion profiles of disturbed surface layers7 . : . .
incident radiation.

and of epitaxially grown surface layers with varying thick- In this paper we report measurements made with noncentrosymmetric

nesses . GaAa crystals along with comparative results from centrosyametric

Ge crystals, and show hov & proportional counter casn be used

Previous te our investigation, X-ray standing wave measurements as an electron spectrometer in combination with synchrotron

t i i .
on noncenirosymmetric crystals have been used to determine radiation. The energy tunsbility of the incident photons makes
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it possible to take measurements below and above the absorption

edges of the atuomic 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 energy. This position shift

is based on the fact that X-ray diffraction is connected with
the Fourier component of the elastically scattering charge
density described by the structure factor of the reflection
which changes strongly close to absorption edges. The dispersion
parameters f' and £'' are used to characterize the energy depen-
dence of this process, Therefore, these can also be determined

from such measurements.

At a fixed incident photon energy, one can obtain structural
information on different levels of spatial sensitivity by moni-

toring the electron emission at different angular pointe 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 related to the depth at which

the initial photon absorption and electron reemission 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 variation

of the electron emisaion from a particular atomic species.

II. Theory

In this section, information pertaining to the dynamical theory

of noncentrosymmetric diffraction from a GaAs(11)) perfect

- 6 -
crystal will be given. The specialization of the analysis for

centrosymmetric structures will be straightforward. For a
general review of the dynamical theory of X-ray diffraction
see Refs. i5 and 16, and for applications of this theory to

zine blend single crystals see Refs. 13 and 8&.

For the two beam plane wave case of Bragg diffraction from

- \ .
a seml—infiniqﬁy thick and symmetrically cut crystal (i.e. the
diffraction planes are parallel to the surface), the ratio of

the E-field amplitudes can be written as:

E F
H P.,r’H , 2 1/2
%1—‘]?1‘ -E:gl."l L (n 1) 1, (1)

where the dimensionless angular parameter p is:

Q
t/2

"ﬁGSinZBB + TF

lp| T (F F)

In this notationls, AG =0 -0 T = (rexz)/(ﬂV). P =1 for

B*
U polarization and P = cosZ@B for m polarization. FH and Fﬁ
are the structure factors for the respective (h, k, 1) and

(~h, -k, -1) planes in reciprocal space. T, is the classical

electron radins, A the incident photon wavelength and V the

volume of the unit cell.

The structure factor is described in terms of the arrangement

of the "N" atoms within the unit cell as:

0 ' ser 27181
w*t fp o+ if] )n e n (3)

. 4]
The atomiec form factor fH accounts for the coherent scattering

’

of X-rays from electrons within the electron distribution of

th . .
the n atom. It is energy independent and depends on the mag-



nitude of the scattering vector sin@/}. However, if inelastic
photon scattering processes are included, the initial and firal
quantum states affect the phase of a scattered photon. This

is usually described by adding a real fé, and an imaginary

¢

moBs

fé'n anomalous dispersion correction to f
s

Position vector r 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) + fce

and the four As atoms have positions (1/4,1/4,1/4) + fecec.

The resulting structure factor wiil be complex having the

form:

+ iR (4)

L}

with the real guantities FH

and F&‘ being:

h+k+f+

P o ’ [
4(fca+f ot s) 2

pd A for h, k, £ all odd and

H

an integer,

for h, k, § all odd and 315§£1l

net an integer

Ga G s As)H

4(E2 46!

_ett
Ga Ga fAs )

H

an integer

for h, k, e all even and Ihl+ E * e’

not an integer,

4CEL -f' +£2 —§9 )

Ga "As’ Ga As’H

0 otherwise, (5a)

and

[“ NI PN hekegd+]
a(fAS+fAS fGa)H for h, k, £ all odd and 7
an integer,
o t 1 hakafs |
40f, +f; #8073, for h, k, £ all odd and R
not an integer
Te v ) h*k-&e
Fa = a(fGa+fAs)H for h, k, £ all even and 7
an integer,
1Tt_¢g1? - h*k*f'e
é(fGa fAs)H for h, k, £ all evern and
not an integer,
0 otherwise. (5b)

The "h, k, e all odd"cases of Eq. (5) correspand to noncentr-
osymmettic planes, which means FH # Fﬁ' The "h, k, £ all even
with [[h|+|x|+]¢ ]/4 not an integer” case corresponds to a semi-
forbidden reflection in which the Ga lattice and As lattice

do not completely produce destructive interference,

Compensation for thermal vibrations can be made by multiplying

the structure factor by the appropriate Debye-Waller factor
M

e . For GaAs{111) we shall approximate the vibrational amplitude
_MGa -MAS

of the Ga and As atoms as being equivalent (e - e = 0.979
at T=293° X, Ref. 17). The reflectivity is:

. |Eﬂ |24 (6)

T lE

Figure 1 shows calculated Gaas(111) reflectivity curves for
X-ray energies close to the Ga (Ek = 10.367 keV} and As (Ek =

11.863 keV) K-absorption edges. As can be seen, the shape 1is
strongly influenced by the inelastic absorption process. The

E-field intensity at a position r in the crystal is proportional

>

to
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where d = [/|H| is the d-spacing and Ad measures the displacement
in the H direction from our arbitrarily chosen origin to position

r. Eq. (11) indicates that during Bragg diffraction a standing

oz . EH 2 EH
I =c¢ "2 ZI+JE—I 2P |==lcos(v+2nH ) ] , (7)
o Es - wave field is produced, which has the same periodicity as the

diffraction planes. Furthermore, as the angle of incidence

where
is advanced through the strong Bragg reflection the phase angle

) Im(EH/E ) v changes in a linear fashion by w radians, thus causing the
v = tan [R (E./E.} | (8) )
EALS AT antinodes of the standing wave field to move inward by one

half of a d-spacing.
The phase angle v changes in a continuous fashion by 7 radians

as the crystal is rotated through the strong Bragg diffraction

In order to find the position of the noncentrosymmetriec dif-
condition. In terms of nN' = Re(n), it can be seen from Eg. . )

fraction planes in this reference system, one applies the con-
(1) that the strong Bragg diffraction region corresponds to .
| dition to Eq. (11) that the antinodal planes of the E-field
intlc 1.

intensity coincide positionally with the diffraction planes

The effective linear absorption coefficient p_, which is used .
z for n' < -1. This corresponds to the high angle side of the

in Eq. {7} can be expressed as: .
strong Bragg reflection.

523

-t D=2 Im(Pz —2)] (9) ; ; ; : ;
v, =7 + AT 4 ’ From Eq. (11), the maximum in the E-field intensity occurs
sanB Fé' ]
at a position Ad0 when
where the normal linear absorption coefficient is:
Ad
0 v
4 " Ix . (12)
- ‘ll. 1y L
Ho (2“/}\)11‘0 (Sn/A)F(fGa+EAS). (10)
Using n = -I in Eq. (1) and the resulting expression in Eqg.
For depths much smaller than the extinction depth, i.e., 2z (8) results in:
<< AgipC%j(ZﬂF)/(IFé'|¢'ViFHl|Fﬁ1), the exponential attenu-
. Ad F'!' Fi'
ation term in Eq. (7) can be neglected. For 15 keV X-rays dif- _EQ _ %—[tan_[(—$—) _ tan_l(—ﬁ—)] (1)
n F F :
H H
fracted from GaAs(1ill) this corresponds to z << 0.3 pm. Thus
the E~field intensity near the surface is proportional to: The expressions in Eq- (5) can be used for describing the centrosymme-

tric diamond structure case of Ge(l111} by replacing both Ga and As with

I = (n Ge. From this operation the resulting Ado/d - -1/8.

H |2 E
b+ !—| +2P|—EI _gqnhd
E, E, cos{v-2 T==)
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This corresponds to the centrosymmetric diffraction plane po-
sition, whiceh is located halfway between the Ga and As layers,
asg seen in Fig. 2. For the noncentrosymmetric case of GaAs
(111), the diffraction planes are shifted from this centro-
symmetric position by an amount Alll' From Eq. {13) this non-

centrosymmetric shift is determined as:

0 1 N -0 Pt
N -1, fastfas*fea -1, fastfasfea

A = —4,— [tan {(——"Z)4tan (=275},
Hi B 4m £0 vgr g £7 +f! 4f)!
Ga "Ga "As Ga "Ga "As

Since the dispersion corrections are energy dependent the po-
sition of the diffraction planes with respect to the atomic

planes is also energy dependent.

Hence, for noncentrosymmetric Bragg reflection the diffraction
planes have an energy adjustable phase with respect to the
atomic lattice. This shift due to dispersion is most evident
in GaAs(l11) when comparing the E-field intensities at the

Ga and As atomic sites for X-ray energies at the respective

absorption edges. In Fig. 3, the theoretical E-field intensities

at the Ga and As atomic sites in GaAs{l11) are shown for E

Y
= 10.372 keV (5 eV above Ga K-edge) and EY = |1.868 keV (5 eV
above As K-edge). At EY - 10.372 keV, AII] =« 0.016 and at EY
= [1.868 keV, A]Il = - 0.015 (see Table 1). Although the re-

sulting shift only corresponds to 0.031 of a d] spacing the

1
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 analysing the yield of the Ga

or As photoelectrons during Bragg diffraction.

(14)

111, Esxperiment

The measurements were carried out with synchrotron radiation
generated by the storage ring DORIS at DESY in Hamburg. The
instrument ROEMO at the Hamburger Synchrotron Radiation Labo-
ratory HASYLAB provided the basic experimental features for
standing wave measurementSZI. The arrangement is illustrated

in Fig. 4. The polarized white spectrum of DORIS gives high
angular brightneas and photon energies optimized for the ab-
sorption edges being studied. A narrow energy band is selected
by & double crystal monochromator using 5i(111) single crystals
in a parallel mode. The second crystal is asymmetrically cut,
having an angle of ¢ = 7° between the surface and the (111) Bragg

planes, thus serving a2z a plane wave generator, with a total

-angular emittance range of 0.67 arc sec at [5.1 keV. This

width is small compared to that of the GaAs(l1!) reflection

from the sample (8.3 arc sec). Since the respective (Il1) d-spa-
cings for the Si, GaAs and Ge lattice planes differ only slightly,
the dispersion of the arrangement is normally small enough

for standing wave applicationa. Ge{(l11) data, which we have
measured, are not discussed in detail to limit the total length

of this paper.

The sample is built into a gas flow proportional detector22'23.
Photoelectrons and Auger electrons, emitted from the sample,
ionize the gas volume, which coneists of a 90 % Helium + 10

% methane mixture. After gas multiplication, 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
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with a kimetic energy in the keV range and very small (S 1%)
for the incident and reflected synchrotron X-radiation. The
output signal from the wire is pulse height analysed, after
pre—- and main amplificgtion. in an analog to digital converter,
which is connected to a multi-channel analyser {(MCA)}. The MCA
is operated in a multi spectrum scaling mode, which means that
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 curvezl. 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
. . . 24
special stage for standing wave experiments” . The reflected

intensity was monitored with a Nal {(Tl) detector.

In this experimental arrangement, the horizontal polarization directiun
of the synchrotron radiation is perpendicular to both the incident
and diffracted wave vectors. This corresponds to the g polarization

state,

The total electron yield from the sample was approximately

S x 10_4 electrons per photon, at an incident photon enetrgy

of 15 keV. Since the primary beam contains about 108 phot./mmz,
small sample areas are sufficient to provide enough signal

to perform standing wave analysis. Therefore, with a two dimensi-
onal collimator, the proper region of the crystal can be chosen
and three dimensional information can be extracted about crystal
defects, epitaxially grown layers or amorphous surface layerSZS).
Planar information is reached by scanning and the depth profile

is connected with the electron energy loss process which is

described in the following sectioms.

v Electron yield spectra- l4 -

The absorptien of photens is followed by the emission of photo-
electrons, fluorescence radiation and Auger electrons. Reemitted
photons have so far been successfully used to study the local
position of implanted atoms and surface layers. Characteristic
for this process is the narrow, well defined photon line shape
with a width of some eV. Usually, the detector resolutiom (typi-

cally 160 eV) hy far outweights this inherent line width.

Electrons, emitted at a depth inside the crystal, however,

have only a very short mean free path before they underge an
inelastic electron-electron or electroﬁQplasmnn interaction.

If they ate created in the crystal with an initial kinetic
energy, they reach the surface and finally the detector 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. In high resolution X-ray photo-

electron spectroscopy a zero-loss 1ine26 appears.

Electron yield spectra which were recorded with the previously
described detector at different photon energies incident on a
(i111) GaAs sipgle crystal are shown in Fig. 5. Also shown in
Fig. 5 is an absorption spectrum. The absorption spectrum was
measured by using the total electron yield signal, which is pro~

portional to the number of photons being absorbed in the sample.

Curve 5a) at the bottom of Fig. 5 was measured for a photon
energy just below the Ga K absorption edge. The broad photo-
electron peak mainly consists of L photoelectrons which have

a maximum enevrgy of E, - E = B.95 keV, where E

Ekin,max = By L3 Y
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and EL correspond to the photon energy and to the L3 Ga elec-
3

tron binding energy, respectively. Also contributing are elec-
trons from other Ga L subshells as well as from As L states.

The yield at energies closer to EY is effected by transitions

from outer M and valence states. However, the cross section

for photoabsorption of these outer electrop states is much smaller.
This can he seen for the respective cross sections of Ga. At

9.88 keV, which corresponds to the Ge K, line,0 = 3190 barns/atom,

L
Gy = 471 barns/atom and gy = 15.2 barns/atom (from Ref 27).
At an energy 5 eV above the Ga K absorption edge (Fig. 5b),
K photoelectron emission as well as K XY Auger electron emission
are turned on. For the case of K L, L, these Auger electrons are

2 73

clearly visible in the increased yield below the energy Ekin,Auger
= B8.04 keV. K photoelectrons are not detected because their

kinetic emergy is too small (< 5 eV).

As one increases the energy to above the As K absorption edge,

K XY Auger electrons from As atoms are also emitted (Fig. 5d).
The Ga K photoelectrons now also have enough kinetic energy

so that they appear in the peak at about 500 eV. When the energy
is raised further to 15.1 keV (Fig. 5e) both Ga and As K photo-

electron 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 subtrac-

ting the spectrum below an absorption edge from that above the edge.

As described in Sec. 1T, the standing wave pattern created

inside the sample crystal under the condition of Bragg reflection

_]6_
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 wavefield being located at ¢ = -0.125 + A, right
on the As atom sites. At angle position 10, the high angle
side of the reflection range (see Fig. 7), the maxima of the
standing wave pattern lie on the diffraction planes ¢ = 0. This
behavicur demonstrates the ability of this method to determine
the polarity of the crystal by one single measurement. Reflecting

at (111) planes exchanges the Ga and As atomic planmes in Fig. 2.

V. Data Analysis and Results

A primary objective of an X-ray atanding wave analysis is to
determine the atomic distribution function of a particular

set of atoms. This is usually characterized by the coherent
fraction fc of atoms occupying coherent positions Oc in units
of the diffraction plane spacing di 1 When using & detector
system with sufficient energy resolution it is possible to
identify Qc and fc with a specific set of atoms (Ga or As)
undergoing selective excitation of a particular electron state.
For the ~ | keV resnlution of our electron counter and 8 sample
with two almost adjacent elements, the measured electron yield
contains in each electron energy region of the spectrum, con-
tributions from both Ga and As. However, fc 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 electron
energy region is determined by fitting the experimental angular
yield for this region to angular E-field intensity expressions

based on dynamical diffractien theory.

For the experimental angular yield, the total counts in cach
repion were normalized for dead time effects and then given a
pulse pile-up <correction. The lifetime for each spectrum was
determined from the random reference pulser signal. The pulse

pile-up correction was determined by an experimental simulation.

The theoretical model that was given a XZ fit to the experimental
angular yield data has the following form:

z

V(9,0 ,f ,2) = £ T(0,¢ ,2) + (1-f) J1+k(D)] e M2 (15)
The E-field intensity I(O,¢C,z) is given in Eg. (7), R is the re-
flectivity {see Eq.{6)),and M, is the effective absorption
coefficient described by Eq. (%). The first term in Eq. (15)
corresponds to the angular yield frowm a coherent fraction fC

of atoms , which have the periocdicity of the diffraction planes
and are at a coherent position Qc with respect to the diffraction
planes (see Fig. 2 for an explanation of the P scale). The

second term describes the rcmaining fraction of atoms

as being randomly distributed. The e M2% 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(l11) data analysis, but was predctermined

- 18 ~
from Ge(111) data This was a necessary procedure since the
paramcters z and ¢“ do not correlate well im the fitting process.
For the Ge(l1l1) data analysis the coherent position was natu-
rally fixed at 5c = 0. Including the e M2% attenuation factor,
significantly improved the X2 fits of Eq. (15} to the experi-

mental angular yield data.

Though the detailed electron scattering process causes a com-
plicated profile lor electrons escaping from the solld with

a particular cnergy loss, the above delta func[i&n appraximation
for this profile is suflficient for the anmalysis, provided that
the electron escape depth is smaller than the x-ray ex-

tinction depth.

The validity of modelling the distribution of atoms as a coherent
fraction fc at a position % and the remaining fraction of

atoms being randomly distributed,stems from the fact that the
X-ray standing wave measurement determines the (hkl) Fourier
component of the distributien function of inelastic

gscatterers,

For a particular electron emergy region the distribution function
of Ga and As atoms with a (11]1) d-spacing periodicity can be

written as:

a(z) = Golgmtma) + (I—G}d('lwl-A) s (16)
8 8

where G represents the fractional yield of the electron energy
region which oripinated from Ga atoms at positicm ¢= é+ Alsee
Fig. 2). Likewise (1-G) rteprescnts the As contributian from

1 . A . . .
: = —§+Q. The (111} Fourier coefficient for this distribution
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function g(®) is:
i (ed) 2mi (=1en)
F, o= ge?™ CBTE 4 (1-g)e”t tTETY €17)
IWIQI

With FI - [F!}e , the amplitude of the Fauriesr coefficient,

which is directly related to the coherent fraction fc,is:
Bl = 267 - 26 4 11 12 , (18)
and the phase of the Fourier coefficient, which is directly

related to the coherent position @c, is:

1 ~1 r26-1+tan(274) \
4 = ar tan [ 3cycan(2nbleT! - (19)

The distribution functiom g(?®) in Eq. (16) assumes that the

Ga and As atoms are fixed points vrelative to the diffraction
planes. To include thermal vibrations, the delta functions

of Eq. (16) are replaced with normalized Gaussian functions
having widths 0 = /?:Q;Id, where /2;2; is the root mean square

of the vibrational amplitude. We will use /232;'- 0.107 & for
2,2
both Ga and As at room temperature. {Note that e_zﬂ o . e-M

= .979) The consideration of thermal vibrations adds a prefactor

teo Eq. {(18) yielding:

e, ! - e [262-2641] V2 ) (20)

In examining the expressions given in Eqa. (19) and {20}, it

is evident that for an electron energy region with no contri-

bution from As sites {i.e. G=1), 1FI|- e ™ 2 979 and ¢{ = %+é.

- 20 -

The smallest Fourier amplitude is produced for an equal con-
tribution from the Ga and As sites (i.e. G=1/2). In thig case

P, = e™//2 = 0.692 and & =6 . For the Ge(111) case, it

|
is not possible to spectroscopically discriminate between the
¢ = % and ¢ = -% positions; therefore the coherent fraction

and position for Ge(1!1) should ideally be f_ = e ™™/V% and

% = 0 for all electron energy regions.

The experimental electron yields versus angle for the electron
energy regions designated in Fig. 5e, 5b and 58 are shown in
Figs. 7, 8 aud 9 respectively. The xz fitted curves are based
on Eg. (15). The xz fit determined values for fc and @c and
the fixed 2z values are shown in Table 2 for the EY = 15.1 keV
and 10.07 keV GaAs([11) data sets. As previously stated, the

average electron escape depth values 2z +were determined from

the corresponding Ge(11l) data sets.

The experimental reflection curve for each of these X-ray standing
wave scans is also shown in Figs. 7, 8 and 9. The fitted theo-
retical reflectivity curves were used to determine the angular
scale for each scan. The angular range from each of the three

fits was 103 + 2 prad.

The thecoretical reflectivity end E-field intensities for the 15.1
keV scan were not convoluted with the angular output from the asymme-
trically cut {g = 79) Si(1!1) monochromator crystal, since the ratio

of this width (umc) to the CaAs(ill) acceptance width was 1/12,

However, since this ratio was approximately |/4 for the x-ray

standing wave scans at 10.372 keV and 10.07 keV, the theoretical

. . - - . . P T T T
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GaAs (1(1) reflectivity and intensity curves were convoluted

by the angular output from the morochromator.

Since the experimental amgular scan range for each of the
separate X-ray energies was maintained at & constant setting
(¢« | %), it was possible to confirm the f' values in Table !

to within 10 7 by noting that the theoretically fit determined

range of 103 + 2 prad was maintained for each of the five ener-

gles and by assuming the values at 15.] keV. If wanted, this

precision can easily de dncreased.

IV. Discussion

.From the average electron eacape depth values listed in Table

'2 it can be seen that as the electron energy loss for a parti-

cular electron emigsion process increases, the depth z, as

should be expected, also increases. Furthermore, these depth

values fall in line with empirically calculacted values7 for

the emergence length of electrons emitted in Ge; Le = 250 Ei'“ (R),
where Ei is the initial kinetic energy of the eécaping electron in keV.
For Ge L photoelectrons ejected by photons having energy E

= 10 keV, Le = 5200 &. This E dependence was used for scaling

I.
i
down the measured z values of the Ge(111) data taken at EY

= 10,9 keV to the values listed in Table 2 for £ = 10,07 keV.

Y

For a more atcurate description of the electron escape depth
distribution the delta function approach could be replaced

by a description similar to that being used in recent DCEMS
(depth selective conversion electron Missbauver spectroscopy)

investigationszs.
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Due to the low energy resclution of the electron counter, it

was not possible to spectroscopically separate the electrons
emitted from the Ga atomic site from those emitted from the

As atomic site. Therefore the measured coherent position values
¢C in Table 2 do not reach the pure G;Hvalue of 0.125 + A or

the pure As value of -0.125 + A. The data taken just ahove

the Ga K absorption edge (Figs. 5b and B8) most closely approaches
this one site conditions since the Ga KLL Auger electron yield

is anomalously very high at this energy. The measured coherent
position for electron energy region A of Fig. 5b was @C = 0.093
+ .004. However, when in the vicinity of the absorption edge,

it is necessary to take into account the slightly dispersive
arrangement between the Si{1(1) monochromator and GaAs(1il)
sample crystal, since the energy dependence of the dynamicel
diffraction process at the absorption edge is significant over

the energy window of the monochromator.

The most straightfotﬁard way.of testing this datae analysis

for an X~ray energy dependent diffraction plane shift is to

look for a shift in the measured cocherent position Oc for elec~
tron energy regions that have the same distribution of inelastic

scattering sources at two different X-ray energies.
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For this comparison we will choose the highest electron energy
region in the E = 15.1 keV scan and any of the electron energy
Y
regions in the E = 10.07 keV scan. These regions have comparable
Y

Ga contributions G, since each has no K-photoelectrons nor

any K-Auger electrons, and since the total non-X photoelectric
cross sections per atom (Ref. 27) for Ga to As atoms have the
same ratios at )5 keV and 10 keV. Based on these non-K photo-
electric cross sections the Ga contribution in all four of

these electron energy regions should be G = 0.43. From Egq.

(19) 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 A Since the coherent position for the three

BRI
regions of the EY = |0.07 keV scan is ¢c = -0.010 + .006 and
since ¢c = 0.002 + .004 for region E of the 5.1 keV scan,

it can be seen that there is an energy dependent diffraction
plane shift of 0.012 + .007. From the atomic scattering factors
given in Table | this shift was calculated as being 0.007.

The difference between our measured fractional shift of .012
and the movre accurate value of 0.007 corresponds to an absolute

distance of 0.016 R. This gives an indication of the high pre-

cision of this measuring technique.

We have also included in Table 2 the result for the ideal coherent
graction |F | which is calculated from Egs. (19) and (20) by
using the measured coherent position ¢c along with the LA

values listed in Table 1. The comparison ratio fc/|FI| shows

a deviation from unity which can be caused by three different
effects.(i) Due to experimental angular averaging fC/IF]

never reaches unity for any of the electron energy regions.

{ii) The presence of disordered bulk or disordered surface

layers can reduce the coherent fraction for electrons with

- 24 -

a specific energy loss. This is in detail demonstrated elsewhere
25' however, any disorder of the bulk will reduce the cohetrent
fraction for each photon energy accordingly. Any disordered
surface layer will degrade fc continucusly with decreasing
electron energy loss. Both effects ran be excluded with the
present set of data as summed up in Table 2.(iii) The different
spatial distrihutions of the K,L,M and N electrons will influence
the coherent fractions of electrons emitted from different
orbitals. This will be visible in sudden variations of fc at
certain electron energies. Although such changes clearly show

up in Table 2, a detector with higher energy resolution and

better signal to noise ratio is needed to separate out this

effect distinctively.

V. Conclusion

We have demonstrated that X-ray standing wave modulgted 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 1s possible to study very small
crystal areas and by making use of the depth dependent energy
loss preocess for electron emission, depth selective structural
information is also obtainable. The tunrability of the photon
energy, which is provided by a synchrotron source, can be success-
fully applied to measure electron yields and reflectivity curves
far away and in the vicinity of absorption edges. Thus making

it possible to determine the anomalous dispersion parameters

f' and £", which describe the energy dependence of the X-ray
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scattering process. By using the X-ray standing wave picture

for describing the dynamical scattering process in a zinc blende
single crystal, the energy dependence of the position of the
noncentrosymmetric diffraction planes was also demonstrated.
Since this measuring technique makes it possible to separate

the X-ray scattering process into its various contributing
channels, further explorations should be made in this direction
with a medium or high energy resolution electron detector.

Also, proper care should be taken in the data evaluation for

the case of strong inelastic scatterinpg, by using a more ge-
neralized dynamical theory for X-ray scattering which would
include the influence of the lattice structure on the fundamental

. 29
scattering process .
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Table |

Calculation of GaAs(l11) diffraction plane shift 8y, from

atomic scattering factors, {(see Eq. (14)) using f:s = 28.170

]
Ga

the Ga (10.372 keV) and As (11.868 keV) K edges from Ref, 17,

and f, = 26.665 from Ref. 18, f' and f'' values for 5 eV above

and the remaining f' and f'' values from Ref. 19 and 20. The

absolute shift in & can be obtained by multiplying AIII by

d)y = 3.26 z.

Energy f) t! £ £ A
(keV) Ga As Ga As 1
15.1 -.15 -.64 2.10 2.59 0.003
11.868 =-1.25% ~8.0 3.31 5.8 -0.015
15,16 =-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
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Fig. 1

Fig. 2

Fig. 3

GaAs(111) theoretical reflection curves at ——: BY -

10.07 keV, =---: EY = 10.372 keV, ——: E_ = 11.16 keV,

_—— EY = 11.868 keV and ~--.-: EY = 15.1 keV
for the ¢ polarization state.

Schematic view showing the position of the noncentro-
symmetric GaAs(11!) diffraction planes (dashed lines)
relative to the Ga atoms (open circies) and As atoms
(closed circles). Parameter ¢ locates positions in
this astructure in the (111} direction relgtive to

a (111) diffraction plane, which is shifted by an
amount A relative to a centrosymmetric (111) diffract-

ion plane.

The angular variation of the GaAs(111) reflectivities

(R) and E~field intensities (IG and I, ) at the Ga and
a Asg

As atomic sites for —: EY = 10.372 keV (5 eV above the

Ga K-edge) and ---: EY = 11.868 keV (5 eV above the

As K-edge) (for the o polarization state).
Experimental set-up {schematic side view).

0ff Bragg GaAs electron yield spectra collected with

a gasflow proportional detector at incident X-ray
energies in the vicinity of the respective K-absorption
edges of Ga and As. Due to the EY_dependent stopping
power of the Io 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 spectrum that

was obtained while calibrating the incident X-ray

energy scale for this set of experiments ia shown



Fig. 6

Fig.

Fig.

Fig.

_31_

as a side view on the left. RP: Refe-

rence Pulser.

Electron yield spectra collected at different angular

positions of the rocking curve,while Bragg diffracting
from a GaAs(11l) single crystal with a I5.1 keV in-

cident XK~ray beam. The corresponding rocking curve,

shown in Fig. 7, illustrates the angular scale.

Reflection data and theory for Bragg diffraction
from the GaAs{l[1) sample at EY = 15.1 keV and the
corresponding angular variation to the electron yields

of electron energy regions A, B, C, D, E (gsee Fig.

Se). The electron yield scale corresponds to the

bottom curve. Subsequent curves are given a 0,5,

1.0, 1.5 etc. offsets, respectively.

Same as fig. 7, but for EY

Same as fig. 7, but for EY -

= 10.372 keV (see fig. 5b).

10.07 keV (see fig. 5a).
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