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Formation of GaAs/AlAs(00]) interfaces studied by scanning tunneling microscopy
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We have investigated the interface formation of molecular-beam ep{tdBE) grown GaAs/AIA$001)
heterostructures bin situ scanning tunneling microscogsTM) and reflection high-energy electron diffrac-
tion (RHEED). Starting from a smooth As-rich (24) reconstructed GaAs surface the formation ofribemal
interfacewas studied at AlAs layer thicknesses ranging from 1 to 50 ML. With increasing AlAs thickness the
reconstruction changes from ¥2) to (2x3) via a (1X1) and a (X 3) symmetry under the conditions used.
For theinverted interfacethe RHEED pattern changes immediately after the deposition of only 1 ML of GaAs
on AlAs from a (2x 3) to a clear (X 4) symmetry. The STM images of both interfaces show that the interface
formation is accompanied by a disordering of the<(®) reconstruction by forming kinks in the missing dimer
rows that can be related to intrinsic point defects. We attribute the different incorporation of these intrinsic
point defects to the different electronic properties of the two interfaces. Large-scale STM images also reveal a
different surface roughness for the normal and inverted interface.

[. INTRODUCTION ing the quantitative compositional analysis of interface struc-
tures is not clear at the present time.

Since the precise control of the layer thickness is one of dc transport was used to study the influence of the inter-
the main advantages of molecular-beam epitd¥BE), the  face type on the electron mobilitySi migration during
study of the interface structure and its influence on devicgrowth towards the inverted interface was found to be the
parameters has remained in the mainstream of MBE researcfominant mobility degrading effect.
since the initial proposal of semiconductor superlattices and True atomic resolution can be achieved by probing
quantum wells(QW) by Esaki and Tst? Especially the the cleaved edge of a heterostructure with scanning tun-
atomic interface configuration of GaAs/fba, ,As hetero-  neling microscopy(STM). The results obtained for the
structures has played a major role in the progress of adsaAs/Al,Ga;_,As (x=0.3) system indicate a demixing of
vanced device concepts since this material system is conkgth GaAs and AlAs in the AGa, _,As regions with a typi-
monly used as a model for fundamental studigifferent 5| modulation length scale of 2 nt!! This modulation is

characterization methods were used to obtain an improvegis, nresent at the interface, causing an interface roughness
understanding of the complicated interplay between thebf the same magnitude

growt_h conditions "%‘”d the actual interface structure. To understand the known asymmetry in the compositional
Using photoluminescencéPL) and photoluminescence ) - .
profile and the electron mobility between the normal inter-

excitation(PLE) spectroscopy, a single excitonic peak for a . .
: o : face (AlAs on GaAg and the inverted interfacé€GaAs on
continuously grown GaAs QW and a splitting of this PL/PLE o .
y9 Q P 9 AlAs) (Refs. 12—-14 it is necessary to obtain planar real-

line for a quantum well prepared with growth interruption _  th : In thi
was found*® The splitting is attributed to discrete thickness space images of the as-grown surfaces. In this paper we re-

variations of the quantum well on a lateral scale larger thaf?©rt STM results of as-grown AlAs surfaces and of interme-
the exciton diameter. A thickness variation smaller than th&liate stages of the formation of the normal and inverted
exciton diameter results in broadened peaks due to the avedfterfaces in the GaAs/AlAs system. Large-scale STM im-
aging of the exciton wave function over this small size@ges up to 4000 A4000 A in size reveal the morphological
roughness. This behavior is observed for continuously growfioughness scales of the two interfaces. High-resolution im-
samples. ages show that the initial stage of the formation of both
Recent near-field scanning optical microscaqySOM)  interfaces involves disordered reconstructions and a decrease
experiments were able to image the morphology of thesef the overall As coverage due to the incorporation of dis-
areas of constant thickne$®epending on the growth con- tinct point defects at the interface planes.
ditions, different roughness distributions were detected. Ar-
eas from micron size to the resolution limit of NSOM of
about 0.1um could be imaged. Il. EXPERIMENT
High-resolution  transmission electron  microscopy
(HRTEM) allows the imaging of semiconductor crystals with ~ The experiments were carried out in a combined MBE-
atomic resolutior;® but the resulting picture is obtained STM chamber system that allows STM imaging in ultrahigh
from a slab typically 50—-100 lattice constants thick. There-vacuum (UHV) below 1x10~ 1 Torr immediately after
fore, the unit cell in a HRTEM picture contains information MBE growth. Well-oriented epiready-type GaA$001) wa-
averaged over a column of unit cells along the beam direcfers were used as substrate material. After thermal oxide de-
tion, and especially the interpretation of the results concernsorption at 580 °C under an Adlux of 3x 10~ Torr mea-
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sured with the ion gauge at the sample position, a 100-nm
thick GaAs layer, Si doped with210' cm~3, was grown
at a growth rate of 0.5 ML/s and a temperature of 600 °C.
These growth conditions were optimized for the preparation
of a smooth As-rich (X 4) reconstructed surface. The dif-
ferent stages of the formation of the normal interface were
realized by deposition of AlAs layers of different thicknesses
between 1 and 50 ML with growth rates between 0.1 and 0.2
ML/s. The growth temperature during AlAs deposition was
varied over a large range from 540 °C to 630 °C to obtain
different reconstructions. To achieve the initial state of the
inverted interface configuration 1 ML GaAs was grown on
50 ML AlAs at a temperature of 610 °C and a growth rate of
0.1 ML/s. During growth the sample surfaces were moni- oL A
tored using reflection high-energy electron diffraction Y’ I AT A 5 ,
(RHEED). To avoid any influence of compensating surface . . / ” / /
defects due to the Si doping the last 15 ML below the surface el T ! A /
of all structures were grown undoped. ’ ’ , s ; r
After growth we cooled the sample slowly to room tem- . 7, / : ////ﬁ
perature and simultaneously lowered the,Asackground - A ’ . //n
pressure in an optimized way so that the RHEED patterr
remained unchanged during the whole process. The resultin
surface of this optimized quenching procedure is expected t
be similar to the as-grown surface. The transfer of the sampli
into the STM part of the UHV system was performed at
pressures below810 ! Torr in a time of about 2 min. The
pressure in the STM chamber itself was better than
1x10 1! Torr, which allowed tunneling experiments for
abou 5 h without noticeable oxidation even of pure AlAs.
During the STM imaging tip voltages of about 3 V at tun-
neling currents of 300—700 pA were used. The STM was
equipped with electrochemically etched tungsten wire tips
that were cleaneth vacuoby electron bombardment.

IIl. RESULTS AND DISCUSSION

Figure Xa) shows a typical STM image of the MBE-
grown GaA$001) surface before any AlAs was deposited. A
well-ordered (2 4) structure with straight As missing dimer
rows is observed in accordance with the RHEED pattern
shown in Fig. 2 that exhibits well-defined spots on a bright
Laue circle in the & direction. High-resolution STM images
confirm that this reconstruction is composed of two As
dimers and two missing dimers per unit c@lMonolayer
high A steps run across the image caused by a slight unin
tentional miscut of the sample. The large scan STM image o
Fig. 1(b) demonstrates the excellent flat morphology of the )
as-grown GaAs surface before the normal GaAs/AlAs inter- FIG. 1. (@ STM image of the ( 4) reconstructed GaA01)
face is formed. It exhibits atomically flat terraces with a sizeSurface before AlAs deposition, exhibiting a well-ordered<(@)

of several thousand angstroms and small anisotropic island%ﬁ&metry WAiftgo gt&i%rgog%m;s;ing dimer r(()gva)) La:‘ge'sga'."
This picture reveals the characteristic morphology of the> '™ IMage( orthe as-grown >aAs surtace being

GaAs surface after growth interruption and annealing, Whichthe morphological template for the normal interface.

is in our case introduced during the quenching procedure.

In the high-resolution STM image of Fig(& the surface As missing dimer row structure in the STM data of Fi¢a)3
is seen after deposition of 10 ML of AlAs with a growth rate The STM image reveals a high number of kinks that develop
of 0.1 ML/s at a temperature of 600 °C representing the iniin the missing As dimer rows. A similar behavior of the
tial stage of the formation of the normal GaAs/AlAs inter- RHEED pattern as well as of the STM results has been ob-
face. The (% 4) symmetry of the RHEED pattern shown in served also for submonolayer deposition of Si on the
Fig. 2 remains but becomes streaky, the Laue circle disapsaAg001) surface'®t’
pears, and the half-order spot of th& direction is very In the case of Si deposition, the kink formation is attrib-
weak or vanishes. This finding is correlated to a disorderedited to the creation of compensating surface defects due to
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growth intrinsic point defects identified as As vacancies are
created at the surfacéThe As vacancy in bulk GaAs pro-
duces a series of defect levels tof symmetry in the upper
part of the band gaff. In Ref. 19 it was shown that also in
the AlAs material defect levels are created close to the con-
duction band due to negatively charged As vacancies. From
scanning tunneling spectroscopy investigations on
GaAg001) the position of the Fermi level at the surface
could be derived. For undoped material or at lower doping
levels (<1x 10" cm™3) the intrinsic surface defects such as
steps and imperfections of the reconstruction provide enough
well-oidared sordesd surface states to pin the Fermi level at a midgap position
(2x4) reconstruction (2x4) reconstruction without kink formation'® Therefore, during the creation of
the As vacancy at the AlAs/GaAs growth front electrons can
FIG. 2. RHEED pattern of a well-ordered and a disorderedbe released because the corresponding defect level is always
(2% 4) reconstruction before and after AlAs was deposited. Thdocated above the pinned Fermi energy and the compensating
characteristic weakening of the half-order spot in theliéection is  kinks appear. AlAs deposition on the GdB681) surface will
observed indicating the kink creation. produce compensating surface defects in response to elec-
tronic states, which originate from As vacancies inherent to
the addedn-type dopants to keep the Fermi level atthe AlAs surface during growth.
midgap®® At first glance, this explanation does not seem to The observed slow transient in the disorder at the normal
be reasonable for the incorporation of isoelectronic speciewiterface is related to the strong segregation of Ga in AlAs
like Al in GaAs. But, from recent deep-level transient spec-that was deduced from phase shift measurements of the
troscopy(DLTS) measurements, it is known that during AIAs RHEED intensity oscillations during the initial stage of the

e
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FIG. 3. (8 STM image of the surface after 10 ML AlAs deposition, revealing an increasing amount of disorder due to kinking and a
decrease of the As coverage. The cross-sectional profile taken across the exposed region at the step edge shows the stacking sequence of
atomic planes made of As and Al and/or @a). Large-scale STM image8500 Ax 3500 A) of a 50-ML-thick AIAS(001) layer revealing the
as-grown surface morphology. The shape, size, and distribution of the islands and terraces are found to be similar t600® Safece
with only a slightly elevated degree of roughness. The solid circle indicates the generally used average exciton diameter for comparison.
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interface formatiorf>?>As a consequence, the STM images
after AlAs deposition between 1 and 10 ML show the struc-
ture of an ALGa; _,As surface alloy with a large value
instead of an intrinsically reconstructed AlAs layer. In addi-
tion, Ga segregation and intermixing effect are expected t
be enhanced in the present case due to the long duration
the quenching procedure.

The initial stage of the formation of the normal GaAs/
AlAs interface is additionally accompanied by a decrease o
the As coverage. Primarily at the step edges, the Al and/o
Ga layer is exposed and shows a disordered structure of shc
chains along the step direction. The terraces as well exhibi
holes that expose the atomic plane beleee Fig. 8a)]. A
cross-sectional profile taken perpendicular to the step direc
tion [shown in the upper part of Fig.(8] reveals that the
height of the feature at the step edge is approximately half
way between the adjacent two As-terminated terraces. There
fore, it can be assigned to the atomic plane consisting of A
and/or Ga. A chemical contrast between the Al and Ga atom
similar to the results of cross-sectional STM on 1140
cleaved edge could not be detected.

Figure 3b) shows a large scan STM image of a 50-ML-
thick AlAs layer deposited with a growth rate of 0.3 ML/s at
a temperature of 610 °C. During growth the RHEED pattern
changes from a well-defined §24) to a very weak (X 3)
reconstruction via a (1) and a (X 3) symmetry, indicat-
ing that only a weakly ordered reconstruction is formed on
this surface. The indistinct RHEED pattern leads us to con:
clude that the intrinsic point defects are always present at th
AlAs surface during growth without being incorporated into
the layer. The thick layer grown this way is expected to
exhibit more intrinsic properties of the AlAs material, be-
cause Ga segregation has terminatedd.Further, the image
in Fig. 3(b) can provide information about the interface con-
figuration as it represents the stage prior to the formation o
the inverted interface. The picture in Fig(b shows the
AlAs surface to be surprisingly smooth with monolayer high
steps and islands arranged similar to the Ga8% surface
grown without annealing® The imaged AlAs surface repre-
sents a steady-state structure during two-dimensional nucle
ated growth with a typical length scale of about 30 nm and &
large degree of anisotropy. In particular the step edges ar
rough and show pronounced meandering. We find a RM¢ 1000A

(root mean squajesurface height fluctuation on this surface (b)
of about 2.28 A. This value is comparable to the RMS rough-
ness of the GaA801) surface grown without annealing. FIG. 4. (a) High-resolution STM image of the inverted interface

In a next step we have produced the initial stage of thefter growth of 1 ML GaAs on AlAs. A large number of kinks and
inverted AlAs/GaAs interface by the deposition of 1 ML the decrease of the As coverage are visikie.Large-scale STM
GaAs on a 50-ML-thick AlAs layer using a growth rate of image (4000 Ax4000 A of the inverted interface after 1 ML of
0.1 ML/s at a temperature of 580 °C. During growth, the GaAs was deposited. It reveals a relatively smooth morphology
RHEED pattern changes very rapidly from theX(3) to a  comparable to the AlAs surface shown in Figbj8
clear (2<4) symmetry with the characteristic weak half-
order spot. The pattern looks very similar to the one that wagace. At the inverted AlAs/GaAs interface these defects are
present after AlAs deposition during the formation of theburied at the interface plane due to the abrupt phase transi-
normal GaAs/AlAs interfacésee Fig. 2, indicating a disor- tion of the reconstruction from (23) to (2X4) and the
dered (2<4) reconstruction. The high-resolution STM im- absence of segregation or intermixing. The large scan STM
age in Fig. 4a) confirms this expectation. A high degree of image of the surface shown in Figia} confirms the impres-
disorder introduced by kink formation and a decreased Asion of Fig. 3b) that the inverted interface also exhibits a
coverage are visible on the surface. In contrast to the normaiklatively smooth morphology not drastically different from
interface, the kink density is remarkably higher, indicating athe normal interface.
high intrinsic point defect density at the growing AlAs sur-  Together with our findings of reduced As coverage and
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the kink formation during the initial stage of the configura- IV. SUMMARY
tion of both interface types, the relatively smooth morphol-

ogy at the inverted interface leads us to conclude that morAIAs(OOl) interfaces and the as-grown AIAs surface iny
phological roughness alone cannot explain the Iargesi

i ol : ios b Land | tu STM. Images of the initial stage of the formation of both
asymmetry in electronic properties between normal and Nt rface types reveal a high degree of disorder of the recon-

verted interfaces. Instead, the creation of intrinsic point dezyction due to kink formation and a decrease of the overall
fects at the interface plar_1es plays an important role. Starting g coverage. Our result sheds new light on the question of
from the GaAs surface without kinks, the normal GaAs/AlAs kink formation on the (X 4) reconstructed GaAs surface.
interface is formed with a continuous reconstruction changehe presence of kinks after the deposition of isoelectronic
extending about 10 ML into the AlAs. This directly confirms species reveals the creation of compensating surface defects
the strong Ga segregation in AlAs with kink formation cor- in response to intrinsic deep-level defects at the growth front.
responding to the Al content and a reduced As coverage duAfe attribute the occurrence of kinks during the initial stages
ing this intermediate stage. The starting kink formation isof AlAs/GaAs interface formation to the growth-inherent
related to the occurrence of intrinsic defect levels duringcreation of As vacancies at the AlAs surface. Due to the
AlAs growth. These point defects were identified as negaposition of the corresponding defect states above the midgap
tively charged As vacancies in the bdfkTherefore, they pinned Fermi level at the surface, these intrinsic point de-
can release electrons due to their energetic position above tfiects act as donors and compensating kinks appear. The
midgap pinned Fermi level at the surface and act as virtughSymmetry between both interface types is caused by the
donors. A very diffuse RHEED pattern is observed for AlAs incorporation of the defect layer at the growing AlAs surface

growth, indicating a disordered reconstruction. We speculat@uring the abrupt formation of the inverted interface. This
that during this time the growth front features electronic deS1Nding is supported by the surprisingly high quality of the

fects that remain close to the surface without being incorpoMePhology of the as-grown AIA80)) surface that is evi-

rated into the layer. In contrast to the normal interface théjent from our Iarge-scale _STM images. We find a de_gree of
formation of the inverted AlAs/GaAs interface takes placeroughness that is only sllg_ht!y larger compared with the
very rapidly. Already after the deposition of the first ML of GaAg001) surface and a similar step_and island arrange-
GaAs the phase transition of the reconstruction is complet ent. As STM scans frqm the stage d|r¢ctly after the inter-
and the surface appears more ordered again. This is the regce formaﬂon show, th'§ morphology is preseryed at the
son why a high intrinsic defect density is incorporated at thénverted interface too. Using these results at the inverted in-

inverted AlAs/GaAs interface leading to a large number ofterfacte, dwg‘ can C‘Jt'."c'“dfef thtat,thadqmonally tt(') the fpfe;"."”.s'y
kinks in the STM images. reported Si migration effect, the incorporation of intrinsic

In this sense, the occurrence of surface compensating dQ—Oim Qefects plays an ?mportant partin reducing the glectron
fects resulting in the formation of kinks of the ¥24) recon- mobility in two-dimensional electron gas heterojunctions.

struction allows us to image the growth inherent generation
of intrinsic defectdAs vacanciesduring the AlAs growth at
both interface planes. The Ga segregation at the normal in- The authors would like to thank H. P. Sattwrr for his
terface and the abruptness of the phase transition at the iexpert help with the experimental setup and valuable discus-
verted interface cause the asymmetry between both interfacgons and K. J. Friedland for critical reading of the manu-
types. This assumption is in excellent agreement with recergcript. Part of this work was sponsored by the Bundesminis-
DLTS measurements, which have shown that specific deegerium fir Bildung, Wissenschaft, Forschung und
level defects attributed mainly to As vacancies are present afechnologie and the Deutsche Forschungsgemeinschaft

We have imaged the formation of MBE-grown GaAs/
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