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Nonuniform segregation of Ga at AlAs/GaAs heterointerfaces

Wolfgang Braun,* Achim Trampert, Lutz Da¨weritz, and Klaus H. Ploog
Paul-Drude-Institut fu¨r Festkörperelektronik, Hausvogteiplatz 5-7, D-10117 Berlin, Germany

~Received 5 August 1996!

Segregation at GaAs/AlAs~001! heterointerfaces has been studied experimentally by anin situ electron
diffraction technique during molecular-beam epitaxy and byex situtransmission electron microscopy. Whereas
the GaAs-on-AlAs interface is abrupt, we find Ga segregating up to 20 crystal planes when depositing AlAs on
GaAs~001!. The measurements indicate an anisotropic in-plane structure of this interface with elongated
Al xGa12xAs regions extending along@ 1̄10#. Our findings provide insight into both the segregation mechanism
and electron diffraction from growing surfaces at glancing angles.@S0163-1829~97!04004-6#
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I. INTRODUCTION

Semiconductor heterojunctions composed of the clos
lattice-matched constituents GaAs and AlxGa12xAs are con-
sidered as prototype heterointerfaces in terms of abrupt
and structural perfection of the interface as well as regard
their potential for electronic band-gap engineering in a
vanced devices.1 However, the perfection of such heter
structures is limited by fundamental physical effects, parti
larly by surface segregation phenomena.2–8 The Ga
segregation in the AlAs-GaAs~001! materials system, lead
ing to pronounced asymmetries between the normal~AlAs
deposited on GaAs! and inverted~GaAs on AlAs! interfaces,
serves as a case study in this field.9–14

The broadening of the interface during its formation
moderate temperatures is generally described by therm
namical models based on the difference of the bulk and
face chemical potentials.15 At lower temperatures, the ex
change process becomes kinetically limited, and mod
have been proposed that involve a step-mediated proce16

At higher growth temperatures, the segregating species
desorb from the surface, leading to a steeper compositi
slope. At still higher temperatures, bulk diffusion aga
broadens the interface.17 In this paper, we concentrate on th
thermodynamical equilibrium range where both lo
temperature kinetical limitations and desorption/diffusi
can be neglected. For GaAs/AlAs~001!, this temperature
range is approximately 500–610 °C, where most hete
structures are grown.9 We show that Ga segregates ma
lattice planes into the overgrowing AlAs~001!. In addition,
this Ga segregation exhibits a strongly anisotropic in-pla
structure, which we directly monitor by reconstructio
induced phase shifts~RIPS! of reflection high-energy elec
tron diffraction ~RHEED! intensity oscillations during
molecular-beam epitaxy~MBE! growth of the interfaces. No
measurable segregation is found at the~inverted! GaAs-on-
AlAs ~001! interface. These results are confirmed by hig
resolution transmission electron microscopy~HRTEM! along
@110# and@ 1̄10#. The existence of a distinct lateral structu
and the dependence of segregation on growth rate
sample temperature demonstrate the need for the th
dimensional treatment of the segregation problem. In ad
tion, our findings reveal a new understanding of RHEE
intensity oscillations and demonstrate the general applica
550163-1829/97/55~3!/1689~7!/$10.00
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ity of this method to monitor the formation of heteroin
terface in real time on an atomic scale.

II. EXPERIMENT

In our experiments, GaAs and AlxGa12xAs were depos-
ited by MBE on GaAs~001! substrates using element
sources in a continuous series of 30-s growth pulses s
rated by 30-s growth interruptions. The deposition rate w
typically 0.2 nm/s. The 20-keV electron beam impinged
angles ranging from 0.2° to 1.5° along a high-symmetry a
muth and the resulting intensity oscillations were recorded
different positions of the diffraction pattern. Throughout t
growth sequence, the diffraction conditions were kept c
stant. This procedure eliminated diffraction-related effe
such as the dependence of the oscillation phase on elec
beam incidence angle.18,19 The growth sequence was de
signed to contain both homoepitaxial and heteroepita
pulse successions so that all four possibilities, GaAs
GaAs, AlxGa12xAs on GaAs, AlxGa12xAs on
Al xGa12xAs, and GaAs on AlxGa12xAs, were present. The
curves were then superimposed with respect to the onse
growth by means of the shutter actuation signal.

III. RESULTS AND DISCUSSION

A comparison of both heteroepitaxial and homoepitax
RHEED intensity traces for GaAs and AlAs is shown in Fi
1. AlAs growth on GaAs is compared to AlAs growth o
AlAs and GaAs growth on AlAs is compared to GaA
growth on GaAs. The oscillations from the heterointerfa
formation are found to be shifted with respect to the h
moepitaxial reference oscillations. This phase shift is op
site in direction, but of equal magnitude for normal and
verted heterointerfaces. It has the same final value for
specular spot and the$01% reflections. The transition distanc
to achieve the final value of the phase shift is, howev
strongly different on different reflections, as marked by t
arrows. It takes up to 20 oscillations at the specular s
position in the@ 1̄10# azimuth, whereas the phase shift
completed typically during the first oscillation in all othe
cases. The very short transition distance observed at the
verted interface implies that the sampling depth of the os
lating part of the RHEED signal is less than the 0.28 n
1689 © 1997 The American Physical Society
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1690 55BRAUN, TRAMPERT, DÄWERITZ, AND PLOOG
~002! lattice plane spacing, denoted in the following as o
bilayer. If it were larger, an abrupt interface gradually cro
ing the sampled volume would produce a gradually vary
signal with a minimum transition distance equal to the pro
ing depth. As we will show, the observed phase shift p
nomena are closely connected to the surface reconstruc
We therefore call this class of effects the reconstructi
induced phase shifts~RIPS! of RHEED intensity oscilla-
tions.20

Diffraction-related shifts can be separated from grow
induced shifts by observing RHEED intensity oscillations
different diffraction conditions. A convenient way of doin
this is the simultaneous recording at different positions of
RHEED pattern. This has already been done by the comp
son of~00! and$01% streaks shown in Fig. 1. A second, mo
instructive way is the measurement setup indicated in Fig
A line is placed along the~00! streak containing the specula
spot, and the intensities along this line are subsequently
corded as a function of time. For the different positions alo
the streak, we again compare the heteroepitaxial trace
homoepitaxy. With a pulse sequence as in Fig. 1 and su
quent synchronization of the data, the line pairs in Fig. 3
obtained. The oscillations from the AlAs-on-GaAs interfa
are shown as solid lines, the broken curves again repres
ing homoepitaxial AlAs growth. All four pairs of traces en
up with the same phase shift ofp. However, the absolute
phase positions of the solid or the broken curves differ by
much as half a period. Moreover, even the relative ph
offset at the beginning of heterointerface formation is diff
ent within the different pairs. Whereas it is roughly in-pha
for positions 1, 3, and 4, it is approximately out-of-phase
position 2. All signals originate from the same growing su
face and are recorded simultaneously.

FIG. 1. Synchronized RHEED intensity oscillations fro
AlAs/GaAs and GaAs/AlAs interfaces recorded with an inciden
angle of 0.35 degrees. For all 4 pairs of traces, the broken line is
homoepitaxial reference and the solid line represents the si
from heterointerface formation. The$01% intensities can only be
measured outside the Laue circle at these low angles. The ele
energy was 20 keV with the beam directed along the@ 1̄10# azimuth.
The growth rates were 0.2 nm/s at a sample temperature of
°C, and the As4 beam equivalent pressure was 3.231023 Pa. The
curves are shifted in the vertical direction for clarity.
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Different experiments with different incidence angles a
azimuths reproduce this behavior. Whereas the abso
phase of the oscillations as well as the relative offset at
beginning of growth assume different values, the satura
value of the shift is the same, independent of diffracti
conditions. This constitutes strong evidence that the fi
value of the phase shift is not diffraction induced, but rela
to the surface structure. Moreover, the data show that for
investigated surface there is no direct correspondence
tween surface step density and the oscillating RHEED int
sity, since for the same growing surface, any phase can
observed with a suitable choice of diffraction conditions. I
stead, the phase dispersion of RHEED intensity oscillati
can be modeled by a layer refraction model that does
explicitly contain the step density.21,19 This mechanism can
also account for shifts in the absolute phase position a
function of As4 overpressure observed earlier.22,23

By additionally varying the growth conditions such a
As4 pressure, sample temperature, and growth rates in s
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al

ron

4

FIG. 2. Recording line position for the measurement shown
Fig. 3. The sample temperature was 547 °C at an As4 beam equiva-
lent pressure of 3.131023 Pa. The beam incidence angle wa
0.77° using 20-keV electrons. The azimuth was@ 1̄10#.

FIG. 3. Comparison of RHEED intensities for the different p
sitions along the streak marked in Fig. 2. Similar to the differen
between specular spot and~01! streak, the saturation distance of th
RIPS decreases with distance from the specular spot. This indic
a disorder sensitivity on the specular spot compared to other l
tions in the diffraction diagram.
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55 1691NONUNIFORM SEGREGATION OF Ga AT AlAs/GaAs . . .
lar experiments, we conclude that the saturation value of
RIPS depends only on the two surface reconstructions be
and after interface formation. Far from the interface, b
traces monitor growth of AlAs on AlAs or GaAs on GaA
The amplitudes of both curves in a pair are similar, indic
ing a similar surface morphology. Yet we obtain a const
phase shift. This means that there is a memory effect of
interface, as if material were lost or added during its form
tion. We therefore conclude that the RIPS saturation va
cannot be a diffraction phenomenon. Instead, we link it
the difference in the group III element content of the tw
surface reconstructions. Since the growth is performed un
As4 overpressure, the formation of a certain surface rec
struction is not constrained by the As4 supply. Instead, the
constant group III flux during deposition defines the tim
axis of the RHEED oscillations. For homoepitaxy, the dep
sition of group III elements equal to the group III content
n bulk bilayers advances the growth front byn bilayers.
However, the reconstructed layers at the surface may con
incomplete group III sublattices. If the reconstructio
changes at the heterointerface, group III material is c
sumed or released during the transition, resulting in a shif
the remaining oscillations. Interpreting the phase shift in t
way, we identify it with the loss or gain of the group I
elements between the two surface reconstructions. This
clusion imposes constraints on different pairs of poss
structure models for both surfaces. In our case, GaAs ex
its theb(234) RHEED pattern using the Farrell-Palmstro”m
terminology24 and AlAs shows thec(434) pattern. From
the phase shift we therefore conclude that the surface s
tures producing these patterns differ by half a~002! bilayer
of Ga or Al. The most commonly discussed structure mod
for the b(234) RHEED pattern as well as thec(434)
structure are well documented, see, e.g., Ref. 25. The m
likely b(234) structure exhibits a 3/4 top Ga layer lay
coverage. Thec(434) ~Ref. 26! structure has been invest
gated for GaAs. There are indications for a 1/4 to 1/2 top
layer coverage in this structure,27,28 which would be consis-
tent with electron counting arguments. If the AlAsc(434)
structure is similar to the GaAsc(434), the obtained 1/2
period shift would predict a 1/4 Al layer coverage, if we sta
from 3/4 Ga layers on the GaAs surface.

The phase shift between GaAs and AlAs implies a che
cal sensitivity of the oscillation phase that should allow us
determine the surface composition during growth. We the
fore replaced AlAs in our pulse sequence by AlxGa12xAs
with varyingx and obtained the curves shown in Fig. 4. T
inverted interface was chosen because the rapid phase
there increases the measurement accuracy. As will be sh
later, the RIPS is independent of the growth rate in the ra
used. Therefore, the growth rates were optimized to ob
similar fluxes and growth dynamics for the AlxGa12xAs
growth intervals being probed by the GaAs growth interv
shown. As in Fig. 1, the broken lines represent the homo
taxial reference oscillations. Diffraction conditions were a
justed so that the initial phase shift at the beginning of
normal heterointerface formation was zero. The phase s
for both the specular spot and the~01! streak is the same. I
relates to the surface composition as plotted in the lower
of the figure. This dependence identifies a given value of
oscillation phase with a certain nominal bulk compositio
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The surface composition can be different due to segregat
The similar phase shift on both the specular and first-or
diffracted spots, however, suggests that segregation is s
for the codeposition of both Ga and Al. The possible erro
accounted for by the error bars in the plot.

From the specular spot signal obtained at the normal
terface along@ 1̄10#, we thus deduce strong segregation at
normal interface. The shift on the$01% streaks of the same
measurement, however, is instantaneous, indicating no
regation. The surface material composition as a function
the deposited AlAs bilayers is plotted in Fig. 5 for both r
flections. The profiles were calculated from the same m
surement sequence as the calibration of Fig. 4.

The apparent contradiction between the specular spot
the ~01! profiles is resolved by taking into account the mo
phology of the GaAs surface and the special scattering
ometry of RHEED. Because of the small probing depth
the RHEED electrons, a deviation from the perfect trans
tional symmetry of the top surface layer breaks the late

FIG. 4. Relationship between alloy compositionx and phase
shift. The AlAs was replaced by AlxGa12xAs in measurements
using growth conditions similar to Fig. 1. The resulting depende
is plotted in the lower part of the figure. Shown are the curves
GaAs on GaAs~broken lines! and GaAs on AlxGa12xAs ~solid
lines! at the inverted interface. Both specular spot and first-or
spot recorded in the same run produce the same phase shifts.
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1692 55BRAUN, TRAMPERT, DÄWERITZ, AND PLOOG
symmetry of the surface for RHEED. Information from dis-
ordered surface regions is therefore detected at or near
specular spot, which would be the only peak in the diffrac
tion pattern of a perfectly random two-dimensional~2D!
structure containing all spatial frequencies. Ordered regio
with complete lateral symmetry can contribute to all scatte
ing orders. At the same time, the difference in phase sh
saturation between the specular and the~00! spots is not
present along the@110# azimuth, while its final value remains
the same.29 This indicates an anisotropy of the surface. Th
GaAs~001! surface in theb(234) reconstruction exhibits an
anisotropic morphology,30,31 leading to long and relatively
straight step edges along@ 1̄10#. The most likely candidate
for a symmetry-breaking surface defect therefore is a bilay
step. If the RHEED beam is parallel to the edges, it ca
sensitively accumulate the step edge signal, leading to
large variation in the specular spot oscillations. Perpendic
lar to the step edges, this accumulation is not present, and
RIPS saturates immediately.

This real-space sensitivity of RHEED leads us to con
clude that segregation is a predominantly step-mediated p
cess that is suppressed on the flat surface regions. The
ferent binding energies of terrace and step atoms facilita
exchange reactions at steps. During layer-by-layer grow
~2D nucleation!, which corresponds to the case of weakly
damped RHEED oscillations, a step present on the surfa
prior to growth propagates in the growth direction, being a
roughly the same lateral position after the deposition of
complete bilayer.32 During growth, it serves as a source of
exchange reactions in the segregation process. Details
discussed below. The smaller scale islands causing the os
lations during deposition nucleate on the terraces where
Ga atoms are released from the complete underlying plan
and therefore no segregation is observed in higher diffractio
orders.

Current RHEED theory does not yet allow the treatmen
of realistic stepped surfaces.33 We therefore cannot deter-
mine the quantitative fraction of the segregating and nonse
regating regions on the surface directly from the diffractio
pattern. Repetition of the RIPS experiment along the@110#

FIG. 5. Surface alloy composition determined with the relatio
of Fig. 4 at the specular spot position, the first-order diffractio
streak and the theoretical curve using the McLean model with th
parameters of Ref. 35.
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azimuth29 shows an immediately saturating shift on bo
streaks within the measurement accuracy, indicating that
fraction of segregation areas is small. A laterally homog
neous segregation profile is modeled for the GaAs-AlAs m
terial system using McLean’s formula34

lnS xb
12xb

D5
Es

kT
1 lnS xs

12xs
D ,

wherexs andxb denote the surface and bulk composition
Es the difference between bulk and surface free energy,
thermal equilibrium between the surface bilayer and b
material is assumed. Using parameters deduced from the
ting of electron spectroscopy experiments,35 the curve plot-
ted in Fig. 5 is obtained. Material exchange is only cons
ered between the top bilayer and the bilayer immediat
below. The RIPS values of the specular spot signal indica
nonexponential segregation that would produce an appr
mately constant~top hat! concentration profile if it were ho-
mogeneous across the surface. The signal from the first-o
spot indicates no segregation. These three results are co
tent if the lateral extent of the intermixed region near the s
diminishes during overgrowth, while the material compo
tion at the step itself remains Ga rich with an almost const
composition. We therefore expect to obtain segregation
elongated regions that follow the surface steps.

To confirm our conclusion derived in the preceding pa
graph, HRTEM micrographs shown in Fig. 6 were tak
along the extremal directions of the surface anisotro
Along @ 1̄10#, laterally separated segregation regions are v
ible at the normal interface. Since the sample thickness
responds to roughly 80$110% crystal planes, this finding im-
plies a high degree of order along the beam direction,
agreement with the highly anisotropic surface morphology
GaAs. In the perpendicular@110# direction, the segregation
regions are projected along their narrow direction, leading
a broad, featureless band. No segregation, as expected
the RHEED experiments, is seen at the normal heteroin
face. The transition regions are marked by grey bars to
side. The small lateral separation of the segregation reg
might be due to kinks in the step edge that typically shift t
step by four lattice constants, the periodicity of th
b(234) reconstruction in this direction.

The assumption of a thermal equilibrium in the McLe
model requires that this equilibrium is approached faster t
the typical time scales involved in the growth process. W
have investigated the kinetics of the segregation by vary
the AlAs growth rate in experiments otherwise similar to t
one shown in Fig. 1. The measured transition distances of
phase shift are shown in Fig. 7, marked by the solid arro
The growth and diffraction conditions were otherwise ide
tical for the three curves. Open arrows indicate the transit
distance of the 1.27 Å/s curve. The larger transition dista
at higher growth rates indicates that the exchange proce
not kinetically limited. Instead, we can conclude that seg
gation takes place in a local equilibrium situation. As we
the saturation value of the RIPS far from the heterointerf
is not affected by the different growth kinetics, again co
firming our assumption that it does not depend on surf
roughness or the morphological evolution of the grow
front.

e
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FIG. 6. HRTEM micrographs
along two azimuths of a nomina
14 bilayer/14 bilayer GaAs/AlAs
superlattice. The growth condi
tions for the sample were simila
to those detailed in Fig. 1. The
electron energy was 400 keV.
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Similar data taken as a function of temperature are sho
in Fig. 8. Due to the large transition distances of the RI
and the noise on the data, a reliable determination of
distances is difficult. An Arrhenius fit to the solid arrow
marked by the open ones, yields an activation energy of
eV and the presence of a kinetical barrier for the proce
since the McLean model would predict a decrease of
segregation length with temperature.

The inconsistent behavior of the two measurements in
cates the limited validity of a simple one-dimensional mo
to describe the segregation process. Instead, processes
parallel and perpendicular to the surface have to be ta
into account. This is shown for our hypothesis of a ste

FIG. 7. Variation of the RIPS saturation distance as a funct
of the growth rate. The values determined from the graph
marked by solid arrows, while the low growth rate distance is in
cated by open arrows.
n
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mediated process in Fig. 9. In this simple atomistic pictu
GaAs units are represented by hatched areas, AlAs unit
open squares. For the two initial states of an AlAs unit a
proaching the step from below or above, the four final sta
directly after interaction with the step are shown in~a!–~d!.
Processes~a! and ~b! represent the attachment to the ste
including a change of the level for~a! with approach from
the left or~b! with approach from the right. Processes~c! and
~d! additionally involve the exchange of GaAs and AlA

n
e
-

FIG. 8. Variation of the RIPS saturation distance with sam
temperature. The solid arrows indicate the measured values,
arrows show an Arrhenius fit.
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1694 55BRAUN, TRAMPERT, DÄWERITZ, AND PLOOG
units. This results in eight possibilities, four of which@~c!
and ~d!# lead to alloy formation at the step. A rate equatio
model using these eight processes would involve eight tr
sition probabilities, all of which are in principle unknown
Therefore, even a good fit to the experimental data wo
probably be of limited value. However, we can immediate
conclude that for a step-mediated segregation mechanis
the heterointerface, at least processes~d! must have a signifi-
cant probability, since they are the ones providing GaAs m
terial transport to the upper layer. Processes~c! are respon-
sible for lateral alloy formation. Both~c! and ~d! must be

FIG. 9. Atomistic model for segregation at a heteroepitaxial s
edge. GaAs units are denoted by hatched areas, AlAs units by o
squares. For a GaAs unit approaching from the lower or up
level, any of the four final states~a!–~d! is possible, resulting in
eight different events.
n-

ld

at

-

present to obtain the triangularly shaped segregation feat
observed in Fig. 6. Note that both processes~c! and~d! imply
that thecenter of the alloyeither moves slightly left or is
stationary, in contrast to themorphological step edgeposi-
tion, which moves right with~a! or ~c!. For equal deposition
rates on the lower and upper terraces, the movement of
morphological step position depends on the net differen
between the processes that move a unit up and down
step, respectively. This indicates that a step-mediated se
gation process is able to produce the features observed in
Fig. 6 TEM cross sections, namely, laterally symmetric a
well-aligned features, even if the morphological step edge
moving due to a predominant step-down process. Instead
important requirement is that the lateral center of the alloy
region remains stationary.

IV. CONCLUSION

We have shown that the difference of the reconstructio
induced phase shifts of RHEED oscillations at specular a
nonspecular positions can be explained by the morpholog
sensitivity of RHEED. We discovered strong laterally anis
tropic Ga segregation for MBE growth of AlAs on
GaAs~001!, whereas no segregation is found for depositi
of GaAs on AlAs~001!. The RIPS measurement method
nondestructive,in situ and allows data acquisition in rea
time during the formation of the interface. It relies only o
the surface reconstruction difference, the presence
RHEED intensity oscillations, and the requirement that on
one of the deposition fluxes is rate limiting. It should ther
fore be applicable to any materials system that meets th
requirements.
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