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X-ray standing-wave§XSW) are used for an investigation of the structure of (AlAGpaAs), short-period
superlattice§SL’s). The XSW induced modulation of x-ray fluorescence from the Al, As, and Ga atoms and
the total photoelectron yield are monitored around the Oth order SL sat@lifes)(GaA9(004,0 and the
GaAg004) substrate Bragg reflection. From the specific shape of these modulations and the sample reflectivity,
an atomic model about the interfaces is derived. This is accomplished by comparing the experimental data with
dynamical calculations of x-ray wavefield distribution and reflectivity, which are based on the Takagi-Taupin
equation. The fluorescence measurements at the Oth order SL satellite reveal a high crystalline order in the
AlAs layers of the short-period SL, whereas in the GaAs layers, a fraction of the Ga and As atoms is not on
the ideal lattice positions. From the analysis, a model of the atomic distribution alof@Chedirection can
be determined. This reveals that at each internal interface in the GaAs layers, two Ga atom planes are shifted
by up to 0.035 nm and one As atom plane by 0.023 nm. At each interface, the shifts are directed towards the
substrate. In addition, the XSW field at the G&#@®4) substrate reflection results in a mobebeating effect
in the SL structure, which can be used to determine the information depti total electron-yield measure-
ments in a more detailed approa¢80163-18209)12715-3

[. INTRODUCTION thickness fringed.From the satellite intensities, information
about fluctuations in the periodicity and interfacial widths
Short-period superlattice§SL’s) consisting of very thin  can be obtaine&® Harada and co-workers have developed a
alternating AlAs and GaAs layers exhibit certain physicalFourier method, which is in principle able to give both the
properties, which make them interesting for engineeringconcentration and atomic displacement modulation of super-
electronic devices and also for fundamental research. Posattice structures from the measurement of intensities of sat-
sible applications are impurity traps with internal gettering atellite reflections! For a structural investigation of the atomic
each interface between the two layers, or Bloch oscillatorssites of interfaces between the GaAs and AlAs layers, this
which utilize the periodically changing electronic structure inmethod depends on the precise measurement of the integral
the SL. The nearly identical lattice constants of aluminumintensities of many satellite reflections and on certain phase
arsenide and gallium arsenide, as well as advances in m@ssumptions. In short-period SL's this method is limited by
lecular beam epitaxy(MBE) technology, made feasible the relatively small number of measurable satellite reflec-
short-period SL’s with hundreds of layers and layer thick-tions.
nesses of only a few monolayers. It is also possible to vary |If, in addition, the local intensity of the electromagnetic
the deposition times during MBE to produce almost anyfield |(D,+Dy)|? at the atomic positions is probed by mea-
compositional gradient. For a further improvement of thesuring inelastic secondary processes, the phase of the x-ray
epitaxial perfection at the interfaces, a detailed knowledge ovave also becomes accessible. Examples of these signals in
the atomic arrangement, depending on preparation condk-ray standing-wave(XSW) measurements are the x-ray
tions, is important. fluorescence and Auger or photoelectron yields. XSW uses
A nondestructive method for studying these structurakhe interference between the incident and reflected x-ray
properties is x-ray diffraction, by which the reflectiviig ~ wave, which results in a standing wavefield with an intensity
=|Dy|%/|Do|? of a diffracted beam scanning the reciprocal distribution |(Do+ Dy)|2. The nodes and antinodes of this
lattice vectorH is monitored.D, and Dy are the complex wavefield lie on planes perpendicularkiowith a periodicity
amplitudes of the dielectric displacement of the incident andjiven by 27/|H|. Commonly used reflections for XSW are
diffracted x-ray wave. Growth-related parameters such as thBragg and Laue reflections from single or mosaic crystals
superlattice period lengttls, , the average concentration ra- (e.g., Refs. 5 and )6 multilayer reflections from synthetic
tio of AlAs to GaAs, and the total thickness of the SL can bemultilayered structures at small incidence andlesd the
deduced from the spacing of the SL satellite reflections, théotal reflection near the critical angteézrom the comparison
position of the Oth order satellite, and the separation of thef measured XSW induced modulations with theoretical cal-
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culations for the field distribution, the atomic positiops 25
relative to the wavefieldd can be extracted. The position 0 ok
<py=1 is given in units of the wavefield periodicity. .
Another parameter resulting from the evaluation is the g 15
coherent fraction &f, ;=<1, which is, if only one atomic
site py is occupied, equal to the fraction of atoms located
there. The remaining atoms €If . ;) are uniformly distrib-
uted. In generalf. y is the amplitudgAy| of theH Fourier
componentA, =|Ay| exp(®dy) of the corresponding peri-
odic atomic-distribution functiof.The phase of this Fourier 05~ SN : : : :
component isb,=27py . The contribution to each position b RNt : : GaAs(004)
py (Ref. 9 has to be weighted with the exponential factor ' : t 5 ] : :
exp(—2z/A), wherez is the distance to the surface andthe A
information deptf of the signal used. Further details of this AR |
data evaluation are described in Sec. Il B. : o : _ : : ;
In this paper, the dynamical calculation of depth and in- 25— =0 =200 00 0 100 200
cident angle-dependent wavefield in the SL is accomplishec 8 - B larc sec)
by using recursion formulas for a solution of the Takagi- _ o )
Taupin equatiori! Theoretical curves were fitted to the data, FIG. 1. Loganthm_ of the reflectivitybottom part and linear
which were recorded at the Oth order SL Satellitephotocurrenle normalized to the off Bragg value far away from the

. reflection conditiongupper park for the two samplega) and (b).
(AlAs)(GaA9(004,0 and the GaAK04) substrate reflection. On the left side thgAlAs)(GaA9(004,0 SL satellite and on the

In order to probe different depths in the sqmple, the X_raYright the GaA$004) substrate reflection is visible. The angular scale
fluoresce_nce and the total photoelectron yield were MONiz"shown for both samples relative to the G&#¥) Bragg angle
tored during the _X_SW measurements._The fluorescence is n%EOOA,). For clarity, the photoelectron yield curves had been shifted
as surface sensitive as the electron yield, but has the advagg,n (3 and up(b) by 0.5 units.

tage of being element specific, whereas the nonelement spe-

cific total electron yield is averaging over the atomic posi- ] .
tions from Al, As, and Ga atoms in a thin surface-region. In€merging photoelectrort$.The resulting photocurrent, of

general, the information depthof the fluorescence signal the order of 10'°A was amplified by a current amplifier
A, and of the photocurrent signal, can be used to describe attached to the sample. Fluorescence photons were recorded
the relative contribution to the total signal originating from by a thin-window solid-state 8ii) detectot® aligned in the
depthz, which is expt-Z/A,¢). For the fluorescencey, can  plane of polarization of the incoming light. At a distance of
be calculated from the take-off angleand the cross section 15 mm, the average take-off angle between the illuminated
for photoabsorption. In the case of the electron yield, whichspot on the sample surface and the detector crystal was
was measured in a total current mode, a simple evaluation i&=5°. The intensities of the incoming as well as the dif-
not possible. However, the XSW results obtained at theracted beam were monitored by ion chambers. Further de-
GaAg004) reflection made it feasible to determing with  tails of the experimental setup are described in Refs. 3 and
otherwise unequalled accuracy. 14.
The samples consisted of alternating epitaxial layers of
Il. METHOD AlAs and GaAs. They were grown by MBE on 0.6-nm thick
GaAdq00]) substrates. Both sampl€a) and (b) described
here had 460 AlAs/GaAs layer pairs and nearly equal layer
The XSW measurements were performed at beamline 2-thicknesses, but the growth temperatures were different.
of the Stanford Synchrotron Radiation Laboratory, where &ample(a) was grown at a substrate temperature of 610 °C
white beam from a bending magnet is available. After mono-and sampléb) at 660 °C. The intended layer thicknesses for
chromatization and collimation by a symmetric/asymmetriceach layer were 0.85 nm AlAs and 1.98 nm GaAs, corre-
Ge(004) double-crystal monochromator, the size of the beansponding to three double-atomic layers AlAs and seven
was limited by slits to illuminate a sample area of 2 double-atomic layers GaAs. To prevent chemical reactions
X2 mm. The photon energy was 5300 eV. The asymmetrpf the AlAs with the ambient atmosphere, the short-period
parameter of the monochromator wlas — 8. The G¢004) superlattice was finally capped with another 10 nm GaAs.
monochromator had the advantage that the lattice-plane dis- For an overview of the measurements, Fig. 1 shows the
tanced gos)(Ge)=0.14145nm is between that of AlAs and results of¢-scans for reflectivityR and photocurrent in the
GaAs, resulting in an almost nondispersive arrangement forngular region around théAlAs)(GaAs(004,0 and the
both substrate reflection and Oth order SL satellite. As a re6GaA4004) substrate reflection. The incident anglés plot-
sult, the rocking curves were not significantly broadened anded relative to the GaA804) Bragg angle 6(ooa)
the observed phase contrast of the XSW yields were close te 55.8553°, which was determined by a fit of a theoretical
the theoretical maximum. For the detection of the total photocking curve and was then used as a reference. Inspecting
toelectron yield, the crystals were electrically contacted andhe logarithm of the reflectivity of both samples in the bot-
placed into small Kapton housings flushed with helium. Atom part of the plot, different positions of the
ring anode at a potential of 45 V with respect to the sampldAlAs)(GaA9(004,0 main peak and different spacings be-
was placed around the illuminated area to accelerate thiveen the thickness fringes are observable. These thickness

1

o

Normalized Photocu

A. Experiment



PRB 59 X-RAY STANDING-WAVE STUDY OF (AlAs),(GaAs), . . . 10 803

oscillations result from the interference of incident and re-paper to calculate the depth-dependent intensity of the wave-
flected x-ray wave due to the change of the average index dfeld |Do+ Dy|? resulting from interference of incident and
refraction at the limiting interfaces of the SL structd*@he  diffracted x-ray wave. Onlyr polarization was taken into
separation of the fringes in the reflectivity signal is a goodaccount, because of the experimental geometry and the linear
measure for the total thickness of the SL stack, resulting impolarization of synchrotron radiation. The recursion algo-
1.36 um (@) and 1.28um (b). rithm from Ref. 16 gives a dynamical description of the two-
The SL Oth order peak corresponds to the average latticdseam case, including substrate and superlattice reflection as
plane distance¢d") in the SL's. The angle difference be- well as thickness fringes. Note that the extinction of the in-
tween the GaA®04) and the Oth order SL peak can be usedcoming wave was calculated first in order to get the correct
to calculate the relative concentration ratio of AlAs to GaAs.result for the wavefield intensity close to the substrate/SL
Preceding measurements on asymmetric reflections revealétterface. Another theoretical approdthakes this effect in-
already that the short-period SL forms a pseudomorphic latherently into account.
tice. The lattice plane distance of pseudomorphically grown After the complex amplitude rati¥ and the local wave-
AlAs between undistorted GaAs layers equals(AlAs) field intensity|Dy+ XDy|? has been computed as a function
=0.14171nm. GaAs has a smaller valué(GaAs) of incidence angl® and positionp=H-r at coordinates in
=0.141335 nm. With thesed values and using the center of the lattice, the inelastic signal from each atom plane is cal-
the GaA$004) and the(AlAs)(GaA9(004,0 SL peak as the culated. The fluorescence signal probes a depth that depends
diffraction angle, the result for the relative lattice mismatchon the absorption of the fluorescence photons and the take-
of the short-period SL is (Ad/d*)=[(d*) off angle . The take-off angle was set to 5° to reduce the
—d(GaAs]/d(GaAs)=8.17x 10" for sample(a) and 8.83  contribution of Ga L and As L fluorescence from the sub-
X 10™* for sample (b). The corresponding average AlAs strate by a factor-5x10°. Secondary core-hole excitations
content is 31.3%a) and 33.8%(b), which are both in rea- resulting from fluorescence radiation created in the sample
sonable agreement with the attempted 3:7 ratio. Nevertheare negligible. For all possible channels, a maximum influ-
less, the loss of Ga at the higher growth temperature can bence of 1.3% was found for As fluorescence photons exciting
expected, because of segregation effects. electrons in the Ga L shell. The information depth of the Ga
In the upper part of Fig. 1, the simultaneously measured. fluorescence in the short-period SL ia (Ga lLa)
photoelectron yield ., exhibits a completely different behav- =160 nm, which means that surface defects and the GaAs
ior than the reflectivity. This signal is strongly modulated by cap are a small part of the total signal. The total fluorescence
the standing wavefield inside the crystal. At the of each line can be calculated by a depth integration in which
(AlAs)(GaA9(004,0 satellite, modulations are observed thatthe contribution of an atomic plane in deptis weighted by
are typical for an XSW yield from atoms close to the diffrac- exp(=Z/A,).
tion planes, whereas at the GdP84) reflection, two In general, by comparing and fitting the normalized in-
maxima with a sharp dip in the middle of the rocking curve elastic yield(XRF or electron of the selected atomic species
occur. Fringes due to the overall thickness are superposedith the calculated yield, it is possible to determine the
which are centered around the superlattice main peak anfourier component
show a characteristic phase reversion at this angle. On the
higher angle side, they are in phase with the reflectivity sig-
nal and on the lower angle side phase inverted. A compari- AH=|AH|exp(27-riH-r)=f a(ryexpg2miH-r)dVv (2)
son of the electron yield from sampl@ and (b) reveals u.c.
further differences the modulation &AIAs)(GaAg(004,0

which are discussed in detail in Secs. Il A and Il B. u.c. denoting the unit cell of the SL structure. This Fourier

component is usually given by two real numbers between 0

B. Principles and 1, the coherent fractidip and the positiorp, which are

For an explanation of the observed features in the photo- _ _

electron and fluorescence vyields, calculations based on the fo=lAul andp=H.r. ©
Takagi-Taupin differential equation have been carried out. |
its general form, the Takagi-Taupin equations describe th
x-ray diffraction from crystals with strain variations perpen-
dicular to the surfact The amplitude ratioc=D, /D, de-
pends on the phase shift between the complex amplitudes %/(\P/
incident and diffracted x-ray wa@, andD,. UsingX, the
Takagi-Taupin equation can be written in the simple ftffm

f p=1.0 the atomic positions are on the diffraction planes,
and if p=0.5 their position is exactly in between them. In
such a one-position model, the coherent fractigrs equal
the fraction of atoms located ptdivided by their Debye-
aller factor exp{-M) to correct for the thermal vibration
amplitude. Two assumptions had to be made in order to re-
strict the computation time of such a fitting procedure for the
—idX/dT=X2—27X+1, (1) short-period SL to a reasonable limit:

(i) The plane wavefield in the SL structure is periodic
with the deviation parametey known from the dynamical with 27/|H| in the direction ofH, i.e., neither the changing
theory of x-ray diffraction’ and the reduced thicknedsin-  electron density in the Al, Ga, and As layer, nor their slightly
volving the structure factor of the reflection. This approachshifted positionp+# 1.0 resulting from the data evaluation,
was originally developed to determine the reflectivity of het-changes the XSW field calculated from the original het-
erostructures and superlatticg® but was extended in this eroepitaxial atomic positions.
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(i) The depth dependence of the wavefield can be ne
glected, because of the small information depth®f the o
fluorescence and electron signals, i.e., the same XSW fiel
distribution in each bilayer with periods, was used as it
was calculated for the uppermost bilayer of the SL. There
fore, the normalized intensity of the XSW field |is+ X|2.

An angular offsetAd and a scaling factor for the reflec-
tivity was determined by a fit of the calculated reflectivity
curve to the measured reflected intensity. Ush#) the nor-
malized intensity of the XSW fieldl( 8, p,f.) was calculated
in two steps: First, a database was created, in which th | ga—
calculated XSW field intensity.(9,p,) was stored for each
measurement point in steps dfp=0.0025, for Gsp,<1,
i.e., one wavefield period length. This stepwidtip is suf-
ficiently small with respect to the confidence intervals of the
fit results. For the(AlAs)(GaAs9(004,0 SL satellite, the (1o
wavefield period length iéd"), and for the GaA®04) sub-
strate reflection, it isd(gps). The normalized intensity can
then be calculated froml(6,p,f.)="F.l.(0,p)+Ap(1
—f)2.1:(0,pn)- By this, the time-consuming calculation of
the XSW field in the SL structure was done only once anc
not for every iteration during the fit.

In principle, the normalized atomic-distribution function L ——
a(r) could be synthesized, if enough reflections, i, -004 -003 002 001 0
were measured: z displacement z; [nm]

(a) (b)

- Ga

Number of atomic plane j

171 Ga

a(r)=SpAp exp(—2miH r)=ag+3]_,a;8(r—r)).
(4) FIG. 2. (a) Model of one unit cell of anAlAs);(GaAs; short-
period superlattice. The SL period length for perfect pseudomorphic
Since the sample can be viewed as a layered structurgrowth isdg =2.82895 nm. The samples consisted of 460 periods
normal to the surface, in our evaluation, model assumptiongrown on a GaA®01) substrate along th@01] direction.(b) Cal-
for the atomic distribution in thél direction had to be made. culated displacementis along the[001] direction according to the
In Eqg. (4), ay represents the fraction of randomly located model, which is discussed in Sec. Ill A. The positipnis given
atoms, andaj the fraction ofJ atoms located at coordinates relative to planes defined by the average lattice-plane distances
ry, with ag+ 21321 a;=1 andé denoting the delta function. (d*). Open circles represent the situation without displacements.
Each J-position model results in a number for the atomic
position At the angular position of the Oth order SL satellite, this
p=(2m)"" field distribution can be interpreted assuming that the peri-
odicity of the wavefield is equal to the avera@®4) lattice
XarctarﬁEf=laj sin(21-rH-rJ-)/2f=1aj cog2mH r))], plane distancéd") in the AlAs/GaAs stack. Therefore, the
total number of diffraction planes in the short-period SL, or
5) nodes and antinodes of the wavefield, is equal to the number

and the coherent fraction of contributing atomic planes. In case of the superlattice
1ay ) 5 (004, 0 reflection, these atomic planes consist of alternating

fe={[J 2jzlaj sin(27H-1))] monolayers of Ga and As, or Al and As, as shown in Fig.
+[J_1E]]:1aj COS{ZﬂTH'I’j)]z}UZ, 6) 2(a). They have an almost equal separation from each other,

because the difference betwegh(AlAs) and d*(GaAs) is
which can be used to adapt the model until the result is ironly 0.000375 nm. The average atomic position is located on
best agreement with the measurement. the diffraction planes, i.ep=1. Near the surface at=0, at

The model of the short-period SL samplé® and (b)  the (AlAs)(GaA9(004,0 satellite, the calculated wavefield
employed for the computation consisted of 460in Fig. 3 in its overall shape resembles the observed angular
(AlAs);(GaAg; layer pairs on the GaAB801) substratdsee  dependence of the photoelectron yield shown in Fig. 1. As
Fig. 2(a)] capped by a 10 nm GaAs layer. For the AlAs will be shown later, this can be explained by the small infor-
layers, perfect pseudomorphic growth between the relaxechation depthA . of the photocurrent signal. Decreasing con-
GaAs parts was supposed, resulting in a tetragonal distortiolmast of the modulation and a dip in the local intensity of the
of the cubic AlAs unit cell byAa/a=1.362<10 3. Accord-  wavefield can be observed at large depths, because of the
ingly, in the model, the thicknesses of the AlAs and GaAsdynamical extinction effect and the redirection of energy
layers were 0.85026 nm and 1.97869 nm. Results for thélow into the diffracted beam. The separation between the
off-Bragg normalized intensity of the standing wave on themaxima of the thickness fringes is increasing with depth, but
atomic planes, depending on incident angland depttzin  the SL satellite remains in the center of these structures. Note
the SL structure, are presented in Fig. 3. that the fringe pattern is pinned to the angular position of the
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FIG. 3. Calculation of the intensity of the wavefield on the atomic planes in the superlattice in dependence of incidence angle and depth
zin the AlAs/GaAs SL stack. The normalized intensity is given at the regular atom planes of the short-peripet @)L gpaced byd").
The modulation at—300 arc se€ f— 604<<200 arc sec is due to th@IAs)(GaA9(004,0 SL satellite, whereas the structure around
6—6,004=0 arc secis resulting from a moiegfect of the GaA€04) substrate wavefield. The GaAs substrate extends beyeriB00 nm
and is not shown in the plot.

satellite reflection and shows the experimentally observeéhduced modulation of a signal like the electron yield, which

phase reversion with respect to the reflectivfty. is probing only a thin surface layer, is strongly influenced by
A different picture appears at the GaB64) substrate the actual SL thickness, the period length of the meia-

reflection. In this case, the depth dependence of the yield ieern and the information depth of the secondary reaction

characterized by several maxima, which exhibit a decreasinghannel.

modulation ascending from the substrate-superlattice inter-

face to the surface. These maxima arise from the @&0¥%s

substrate wavefield extending into the AlAs/GaAs SL region. . RESULTS AND DISCUSSION

For (AlAs);(GaAs-, the relative difference of 7.9610 4 ) )

between the substrate wavefield periodicity and the average A. (AlAs)(GaAs)(004,0 superlattice satellite

diffraction plane spacingd") of the short-period SL results In order to use an element-specific XSW yield signal,

in a beating or moireffect with maximum photoexcitation if fluorescence radiation from the sample was monitored by a

the antinodes of the wavefield coincide with the Ga, Al, andsolid state x-ray detector. Figure 4 shows the region of inter-

As planes. This situation occurs about eight times over thest of a fluorescence spectrum from the sample, recorded at

whole thicknessT of the SL (T/A,,=1360/173.%7.86, an angular position far away from Bragg reflections. The

where A, is the repetition length of the moingattern(see intensities of the G&, As L, and AlK fluorescence emission

Sec. llIB). Between these maxima, the atomic planes aravere separated by a deconvolution using three Gaussian

located at virtually any position®p<1 with respect to the functions to include a detector resolution of 150 eV full

wavefield. The regular pattern from the thickness fringes iswvidth at half maximum. The results for the off-Bragg nor-

superposed, which results in more complicated modulationsalized intensity—meaning the intensity normalized té a

during a scan of the rocking curve. Depending on the actualegion where no Bragg diffraction is excited—of the three

thickness of the SL structure, the mojpattern is truncated fluorescence lines from sample) as well as the photocur-

at a certain distance from the substrate-superlattice interfagent yield from sampld€a) and(b) are plotted versug (Fig.

at the upper side of the sample. Thus, the resulting XSW5). The solid lines are best fits from least-squares minimiza-



10 806 A. LESSMANN et al. PRB 59

-

6

bl
@

o
@

©
'S
T

Intensity [arb. units]

o
[
T

(=]

800 1000 1200 1400 1600 1800
Fluorescence Energy [ev]

FIG. 4. X-ray fluorescence spectrum measured with the thin-
window solid state $Li) detector. For an accurate intensity deter-
mination of the Ga L, As L, and Al K fluorescence, three Gaussian

profiles were fitted to the spectrum at each angular pos#ion 4

>
tions of calculated modulations. In case of the electrons

yields, the fits were not performed with depth integrated €
wavefield intensities, because of the small information depth.®
A of this signal. Instead, the result for the wavefield at the &
surface was directly used. The fit parameters under variatiorgg
are the positionp and the coherent fractiofi, of atoms.
Derived results fop andf. are summarized in Table I. Fur-
thermore, it is worth mentioning that the calculated width of
the (AlAs)(GaA9(004,0 satellite, the intensity ratio to the
GaAd004) substrate reflection, and the thickness fringes ar
in good agreement with the experiment, revealing that angu-
lar and energy resolution were sufficient and sample
curvaturé! was beneath notice.

Evaluating only the photoelectron yield, the result fiaof
both samples indicates identical atomic positions. Within the
statistical error of=1%, the coherently ordered atoms are
located on the diffraction planes. Of special interest is the
coherent fraction, which shows a large difference of 8% be-
tween sample$a) and (b). An explanation for this sample-
dependent result can be found in the different epitaxial qual-
ity in a region equivalent to the electron information depth
A, which is about 64 nnisee Sec. Il B. Sample(b) was : :
prepared at the higher substrate temperature of 660 °C. |
yields a larger coherent fractioh, and has, therefore, less -300 -250 -200 -150

ﬁormalize

defects and a more perfect crystallinity. This can be attrib-
uted to enhanced surface mobility and a more efficient dis- 0 - 044 [arc sec]

sociation of the adsorbed molecules during epitaxial growth.
Another reason for the difference may be a reduced crystal FIG. 5. ReflectivityR, modulation of the AIK, As L, and Ga L
perfection in the surface region due to chemical reactionduorescence yield from sampfe), and photocurrent yield for both
with the ambient atmosphere or with impurities. The influ-S@mples (@ and (b), at the Oth order SL satellite
ence of this effect can be estimated from the ratio of theAAs)(GaAs(004,0. For the upper four curves, offsets of 1, 2, 3,
thickness of the distorted Iaférand the average thickness and 4 had been.added and, in addition, the photocurrent from
contributing to the electron signal, which is about 2%. Since>@mPple(b) was shifted to 20 arc sec largérto match the angular
. ale of samplda). Solid lines correspond to least-squares fitted
the surface reactions are expected to be comparable for boﬁﬁ ! . L .
- - eoretical calculations resulting in the parameters presented in
samples, the resultinf, values of the electron yield are a able |
good measure of the epitaxial perfection in the short-perioJ '
SL and not in the surface region. Note that measurements ao calculate the total fluorescence collected by the detector, a
the (AlAs)(GaA9(004+1) satellites, showed intensive satel- depth integration was performed and the contribution of an
lite reflections with x-ray diffraction but did not exhibit atomic plane in deptlz was weighted by exp{z/A.).
XSW-induced modulations. The results for Al K, As L, and Ga L fluorescence sum-
For an element specific investigation, the XSW fluores-marized in Table | exhibit not only different coherent frac-
cence yields were measured from samf@e The fluores- tions f for the different elements, but also a significant dif-
cence XSW yield probes a depth that is characterized by thierence in their positionp relative to the diffraction planes.
information depth, e.g.A,(Gala)=160nm for the Ga L In the case of the Al atoms, which represent the AlAs parts
fluorescence in our short-period SL’'s. This means that suref the short-period SL, the largest coherent fraction
face defects and the GaAs cap are a small part of the totdl.(meag(Al)=0.95 and an average position on the diffrac-
signal. Note also that the fluorescence information depth ision planes is found. Such a high-coherent fraction indicates
roughly twice that of the electron information depth. In ordera nearly perfect epitaxial quality of these layers and its dif-
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TABLE I. p and f.(meas) of samples(@ and (b) resulting from least-squares fits to the
(AlAs)(GaA9(004,0 SL peak data from fluorescence and photoelectron yield measurements depicted in Fig.
5. The confidence intervals are estimated from the statistical error in the experimental data. The measured
XRF dataf.(meas) are divided by the Debye-Waller-fact®WF) exp(—M) (Ref. 22 to obtain the cor-

rectedf..

Al (@ As (@ Ga(a) le (3 le (b)
p 0.99+0.02 0.972:0.01 0.92:0.02 1.06:0.01 0.99-0.01
f.(meas) 0.950.03 0.86-0.02 0.73:0.03 0.74-0.02 0.82:0.01
DWF 0.95 0.93 0.92
fe 1.00=0.03 0.92-0.02 0.79:0.03

ference from unity is due to the thermal vibrations. On theatoms and 2/10 of the As atoms. Within a statistical error of
other hand, the Ga L fluorescence exhibits a lower coherent5%, the resulting displacements compatible with the ex-
fraction and alsgp(Ga)=0.92+0.01 shows a significant de- perimental values forp and f. are z=-0.25qd")
viation from Ga positionsp(Ga)=1.0 on the diffraction =-0.035nm for the outermost Ga atom planes,
planes. The values for As are between those for Al and Gas —0.055d*)=—0.0078 nm for the two next Ga atom
since As is part of both AlAs and GaAs layers and givesplanes, andJ-:—O.lG((di): —0.023 nm for the two outer-
average information. In the evaluation, we took into accouninost As atom planes in the GaAs layer of the unit cell. All
the following Debye-Waller factors: expM)=0.95(Al), the other Ga and As atom planes, as well as the Al atom
exp(—M)=0.92(Ga), and exp{M)=0.93(As). These planes are at the ideal diffraction plangs-0, besides the
Debye-Waller factors are based on data for bulk AlAs andnhegligible deviations within the unit cell due to the differ-
GaAs?? Assuming isotropic thermal vibrations, the coherentences betweend" (AlAs)=0.141710nm andd"(GaAs)
fraction resulting from the measuremen{meas) has been =0.141335nm. The resulting structural model of the
corrected due td = f.(meas)/exp{t M). (AlAs)3(GaA9y unit cell is presented in Fig.(B). A possible

By the measurement of the XSW yields at theshift of the atomic planes at the interfaces has also been
(AlAs)(GaA9(004,0 reflection, we could determirgandf,; pointed out theoretically by Min, Massidda, and Freerffan.
for Al, Ga, and As, that means all together six parameters. ItHowever, the bond length variations resulting from our
the superlattice unit cell of our model there are three Al,model are larger than usually observed or theoretically pre-
seven Ga, and ten As atom planes. Therefore, in the generdicted. With XSW on thg004,0 reflection only, we cannot
case, 20r; coordinates have to be determined. Using the sixecide which of the ten As atom planes and which of the
equations[Egs. (5) and (6)] for Al, Ga, and As, strictly seven Ga atom planes of the SL unit cell are displaced. How-
speaking, a unique solution cannot be given. Howe{igif ever, from growth kinetics, it is more likely that the displace-
we do not differentiate between equivalent atom arrangements occur at the interfaces rather than in the bulk. Assum-
ments, (ii) if we look for arrangements with deviations as ing that only the atomic planes in the GaAs layers closest to
small as possible, angii) if we assume that displacements the interfaces to the AlAs are affected, compared to other
are more likely at the interfaces, then we can give an atonmodels, the displacements along th@01] direction are
model. rather small.

The significant deviations of .(Ga)=0.79+0.02 and
f.(As)=0.92+0.02 from unity can only be explained if the _
preferred occupation of more than one Ga or As position B. GaAs(004) substrate reflection
relative to the diffraction planes is considered. Sip¢&a) In contrast to the(AlAs)(GaA9(004,0 wavefield, the
=0.92+0.02 andp(As)=0.97+0.01 are between 0.5 and GaAg004) substrate wavefield has a slightly different period
1.0, it can be concluded straightforward that in each SL unitength compared to the periodicity of the atomic planes in
cell there must be a net displacement of the Ga and the Athe short-period SL. This results in a mopattern as shown
atom planes along thg001] direction. This noninversion in Fig. 3. The atomic layers in different depths in the SL are
symmetric displacement within the SL unit cell might be located at virtually all atomic positionp relative to the
explained by a preferential strain given by the growth direc-wavefield periodicity given by the substrate lattice. Averag-
tion. The netz displacement towards the substrate is in con-ing over all XSW phase contributions can only be avoided if
tradiction to the findings of Harada and co-worKeoa their  the depth from where the signal is collected is limited to a
SL’s, which suggest a model with symmetric displacementsmall region of the moirgattern. Therefore, the XSW in-
of equivalent atom fractions along th@01] and[001] direc-  duced modulation strongly depends on the information depth
tion, which preserve an inversion symmetry in the middle ofof the signal under inspection.
each layer. The information depth\ . of the electron yield is limited

In the quantitative analysis, using E¢6) and(7), pand by the mean-free-path of the electrons and the resulting pho-
f. of different models are calculated and compared with theoelectron current originates from a rather small depth. In the
experimentalp and f. values for Al, As, and Ga. The best measurement presented in Fig. 6, this effect results in pro-
agreement is achieved with dAlAs);(GaAs- unit cell in  nounced structures in the electron yield, whereas the fluores-
which four Ga atom planes and two As atom planes areence yields roughly resemble the rocking curve. An analysis
shifted from the(004,0 diffraction planes, i.e., 4/7 of the Ga of the observed fluorescence yields by least-squares fits of
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FIG. 6. Photoelectron yield for samplés) and (b), as well as
Al, As, and Ga fluorescence from samgl®, obtained from an
XSW measurement at the Ga@84) substrate reflection. For rea-

calculated curves reveals an incoherent atomic distribution
with respect to the wavefield periodicity. The results for
andf. are summarized in Table II.

The GaA$004) rocking curve has the same width as theo-
retically predicted, indicating very good experimental reso-
lution and no observable dispersion. In case of the electron
signal, an additional Gaussian convolution with 10 arcsec
(FWHM) was performed and clearly improved the fit. Since
the structural quality of the SL used is very close to ideal,
this required smearing of the yield signal is due to the limited
spatial coherence of the x-ray wavefield, which extends from
the substrate over the 1.36n (a) and 1.28um (b) thick SL
structure up to the surface. From the monochromatization
and collimationA# of the incident beam with wavelengif
a longitudinal coherence lenght?/2AN~2 um and a trans-
verse coherence length/A#~7.4um can be deduced,
and a loss of phase contrast near the surface can be expected,
since the maximum pathlength difference of beams across
the full SL is up to 1.6um. A detailed analysis of this co-
herence effect is not attempted here since it requires a further
modification of the dynamical theory. Note that the mutual
interaction between the wavefields from th@lAs-
)(GaA9(004,0 satellite and the substrate reflectidiis in-
cluded in this calculation.

As a consequence of the low-coherent fractibni case
of the three fluorescence yields, reliable phase information
from the GaA§004) reflection cannot be extracted. The low
f. values are a result of the information deptt) and are not
due to the sample quality. Because of the known depth de-
pendency of the interference field structure inside the SL, the
electron yield allows a rather detailed analysis of its infor-
mation depthA, in turn. Nevertheless, the electron yield
allows a more precise analysis of its information depjth
than reached by other methofsThe positionp and the
coherent fractionf. of this signal are interpreted as phase
and amplitude of the Fourier components of the weighted
atomic-distribution function Agos(Al), A(s(Ga), and
Aoos(As). The weighting is included by the factor
exp(—=zZ/Ay) so that the contribution to the positiony, of
atom layem depends on the depth=n(d"). It is assumed
that the moirepattern has a repetition lengthy, given by
Ay=(d")d(GaAs)/(d*)—d(GaAs)=173.1nm (a) and

sons of clarity, 1, 2, 3, and 4 units had been added to the upper foujlr60'2_ nm_(b). Sample(a) ha_s a smaIIer_ AlAs content, thus
curves. Symbols indicate data points. The solid lines are least@Sulting in an average lattice-plane _d|st_a_|Qdé) closer to
squares fits of the theory described in the text. Fit results are sunfhat of the GaA€04) wavefield periodicity and, conse-

marized in Table Il. The GaAB04) substrate rocking curvB ap-
pears at the bottom.

quently, in a longer repetition length,,. The parameters
that are varied to bring the XSW results from Table Il in

TABLE 1l. p and f.(meas) of samplesa and (b) resulting from least-squares fits to the
(AlAs)(GaA9(004) substrate peak data from fluorescence and photoelectron yield measurements shown in
Fig. 6. The confidence intervals are estimated from the statistical error in the experimental data. The mea-
sured XRF datd.(meas) are divided by thdOWF) exp(—M) (Ref. 22 to obtain the corrected..

Al (a) As (a) Ga(a le (@ I (b)
p 0.34+0.24 0.42:-0.31 0.55-0.39 0.49-0.03 0.59-0.03
f.(meas) 0.160.07 0.09-0.03 0.07-0.04 0.39:-0.03 0.35-0.02
DWF 0.95 0.93 0.92
fe 0.17+0.07 0.16-:0.03 0.08-0.04
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agreement with this model are the positipg of the upper- IV. CONCLUSION

most atomic layer of the SL andi.. A Debye-Waller factor XSW measurements, using fluorescence radiation and to-
of 0.95, resulting fronf.(Al) =0.95 in Table |, is included 5| glectron yield as inelastic signals, were performed on
for thermal vibrations and static disorder. (AIAs) ,(GaAs), short-period SL. The results are in good
For both samples, comparable information depths\ef  agreement with dynamical calculations for the depth- and
=(62=5) nm (a) and (65-3) nm (b)have been found. As angle-dependent wavefield based on the Takagi-Taupin
these results are mainly determined by the coherent fractiotheory. Around thgAlAs)(GaA9(004,0 satellite, the wave-
f., the small difference can be attributed to the GaAs capfield was used to study the atomic arrangement in the AlAs
which has not yet been considered. Although its nominabnd GaAs layers. It turned out that the AlAs parts are nearly
thickness of 10 nm is thin compared fa,, disorder in the perfectly ordered with respect to the wavefield, whereas a
surface region may result in a slight decreasd ofTaking  fraction of the Ga and As atoms occupy additional, nonideal
into account that the electron yield was measured as a tot@ositions. The results are consistent with a model in which
photocurrenﬂeyl‘l the result forAe can be exp|ained by the an internal relaxation of Ga and As atoms at the interfaces
large mean-free-path of the scattered low-energetic electrong&tween the AlAs and GaAs layers occurs. A straightforward
The derived positions of the uppermost atomic planes of th@nalysis of the data reveals that a part of the Ga and As atom
short-period SL structure amg,=0.67+0.04 (a) and 0.77 Planes are displaced towards the substrate, i.€004] di-
+0.04 (b) (0 in p, indicates the uppermost atomic plane rection. By fitting the data, a model for the atomic distribu-

; - tion along the[001] direction can be determined. In this
These r_esults differ fronp in Table I! .because of the depth model, at each AlAs/GaAs interface, of the GaAs layers, two
integration. If, for example, the position of one Al layer co-

incides withp=1 of the GaA$004) wavefield, an Al layer at Ga atom planes are displaced by 0.035 and 0.008 nm and of

. e the GaAs layers, one As atom plane is displaced by 0.023
a greater S’epth is located @t 1, pgcauséd ) s larger thgn nm. The displacements exhibit mirror symmetry within the
d(oo4)- This means _tha_t the ppsmorpsof the AIAS a}tomlc GaAs layer.
planes decrease with increasing depth, until one nmeipe The nonelement-specific total-electron yield appears to be
etition lengthA is reached. Using this periodicity, the ex- a good measure of the crystallinity in the surface region, thus
pected values fop, would be 0.54(a) and 0.12(b), which  offering an additional method for characterization of super-
are different from the actual results given above. Due to theattices. From the measurements of the total electron yield at
identical lattice parameters in the substrate and in the GaAge GaA$004) reflection the information deptiA . of this
cap, an additional shift op, cannot result from the cap, signal was determined. Due to the small information depth of
because the periodicity of the Ga@84) wavefield is the the electron signal, only a thin surface layer is probed, where
same as the lattice-plane distance in the cap. the difference between wavefield periodicity,) and(d")

For an interpretation, however, it has to be considered thaioes not result in an averaging over all atomic positions. An
the absolute accuracy of these measurements is of the ordigformation depth of the total-electron yield of 64 nm was
0.005 nm with respect to the total thickness of the SL strucdeduced from the data.
tures. Deviations due to a contraction at the interfaces be-
tween the AlAs and GaAs parts can easily add up over the

460 layer pairs, resulting in a slightly different repetiton  SSRL was funded by the Department of Energy, Office of
length A\, of the moirepattern. Such displacements of Ga Basic Energy Sciences, under Contract No. DE-ACO03-
and As atoms from their ideal lattice positions have already76SF00515. Two of us, M.S. and G.M., are grateful to the
been encountered in the measurements at th¥olkswagen Stiftung for sponsoring their studies through a
(AlAs)(GaAs(004,0 superlattice satellit¢Sec. Ill A). Note  grant to Stanford University. G.M. also acknowledges valu-
that the results forA, are not affected by such displace- able discussions with F. Chuckhovskii, D. Novikov, and S.
ments. Stephanov.
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