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Interface structure of „001… and „113…A GaAs/AlAs superlattices
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The interfaces of short-period GaAs/AlAs superlattices grown on GaAs~001! and (113)A surfaces are
investigated by means of reflection high-energy-electron diffraction~RHEED! and Raman spectroscopy.
RHEED investigations during growth of the heterostructures reveal an intermixed normal~AlAs-on-GaAs!
interface while the inverted one is seen to be abrupt. We measured the Raman shifts of the GaAs-like confined
optical phonons. In@001# grown superlattices, we determine the thickness of the intermixed region at the
normal interface by comparison of the phonon wave vectors with the dispersion curve. This procedure is also
applied to the@113# grown samples, where a splitting of the confined LO3 modes confirms the presence of an
interface corrugation. We determine the height of the corrugation to be 3.4 Å~two bilayers! at one interface
while the other one is intermixed. This model is used for a reinterpretation of previously published Raman data
@da Silvaet al., Phys. Rev. B53, 1927~1996!# leading to a better agreement between experiment and theory.
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I. INTRODUCTION

Since the report of a self-ordered corrugation in GaA
AlAs superlattices grown on the GaAs (113)A surface by
Nötzel and co-workers,1,2 these structures have been of gre
research interest due to the expected quantum-wire-
properties.3–8 However, the corrugation is not intrinsic to th
growth direction but depends strongly on the growth con
tions so that even flat surfaces can be achieved.9 Neverthe-
less, in the case of corrugated surfaces the lateral 32-Å
riod of the reconstruction that is obtained under usual
rich conditions is widely accepted. The height of t
structure was first determined to be 10.2 Å@six bilayers
~BL!# ~Refs. 1,2!, but it was recently confirmed to be onl
3.4 Å ~2 BL! using scanning tunneling microscopy10 and
kinematic modeling of experimental reflection high-ener
electron diffraction~RHEED! data.11

The RHEED method is well suited to study semicondu
tor surfaces and their reconstruction during growth
molecular-beam epitaxy~MBE!. The diffraction pattern di-
rectly reflects the reconstruction, whereas temporal inten
modulations are correlated to the coverage of the topm
bilayer. Since it is anin situ method, one can investigat
whether the reconstruction is preserved during heteroepit

Since the so far mentioned techniques studysurfaces, dif-
ferent methods must be applied to investigate theinterfaces
of heterostructures. This has been done, e.g., by optica
isotropy measurements,12,13 which excluded the 6-BL inter-
face corrugation. Also, the frequency of confined opti
phonons is sensitive to the layer thickness in quantum w
or superlattices.14 Raman spectroscopy can, therefore, rev
details on thickness fluctuations with a lateral length sc
larger than some critical length.15,16 This situation applies to
570163-1829/98/57~3!/1631~6!/$15.00
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thin corrugated superlattices~CSL’s!. Recently, Raman stud
ies on confined optical phonons in CSL’s have been in
preted in terms of a corrugation of two bilayers at both
terfaces~Fig. 1, left part!.17 This interpretation will be called
in the following theantiphase corrugation~APC! model.

In this paper, we show that the assumption of one cor
gated and one intermixed interface~Fig. 1, right part! leads
to a better agreement with the experimental data than
APC model. We will call the former assumptioncorrugated
and intermixed interface~CII! model. This approach is base
on RHEED and Raman investigations of both,@001# and
@113# grown GaAs/AlAs superlattices. The interpretation
the Raman experiment is based on the calculations of M
nari et al.,18 which describe the penetration of the confin
optical phonons into intermixed interface regions. Additio
ally, recent transmission electron microscopy~TEM! studies
of ~001! GaAs/AlAs superlattices19 and Raman data from
Ref. 17 will be included in the discussion.

This paper is organized as follows: first, details on t

FIG. 1. Left-hand side: antiphase corrugation~APC! model used
in Ref. 17. Right-hand side: Schematic model for the corrugat
with intermixing at one interface~CII!. The penetration depth of the
LO3 and LO5 confined modes are indicated for clarification. Inte
mixing leads to a 2-BL difference in the well width felt by differen
confined phonon modes.
1631 © 1998 The American Physical Society
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investigated samples and on the experimental setup wil
given. Based on the finding of asymmetric Ga segregatio
RHEED measurements on~001! superlattices, we use Rama
spectroscopy to determine an effective layer thickness a
therefore, also the thickness of the alloyed region at
AlAs-on-GaAs interface~Sec. III!. In the next section~Sec.
IV A ! we will show by means of RHEED that a simila
asymmetric segregation takes place in (113)A superlattices.
Raman investigations further prove that the corrugation
preserved at only one interface~Sec. IV B!. We will close
the article with a summary~Sec. V!.

II. SAMPLES AND EXPERIMENTAL DETAILS

Our ~001! and (113)A samples were grown simulta
neously by pulsed growth MBE, i.e., with a growth interru
tion of typically 30 s at each heterointerface. After oxi
desorption at 580 °C, growth was typically initiated
550 °C. Then the sample was heated to approxima
600 °C, which was found from the relative maximum of t
RHEED intensity oscillation amplitude to be the optimu
growth temperature. The growth rates were 0.6 to 0.8mm/h.
RHEED was used to adjust the As4 pressure so that the 8
31 surface reconstruction of the (113)A surface, which cor-
responds to the corrugated surface, was maintained du
growth. The sample misorientation was less than 0.1°
both orientations.In situ RHEED experiments were per
formed at incidence angles around 1° using an electron
ergy of 20 keV.

Samples with different layer thicknesses were inve
gated, and we will discuss the Raman data of two selec
(001)/(113)A pairs of samples in detail. The@001# layer
thickness of the (GaAs)8 /(AlAs) 8 sample is~23 Å/22 Å!
with 180 periods. The (GaAs)11/(AlAs) 10 sample has a
thickness of~30 Å/28 Å! and 140 periods. The layer thick
nesses given by the growth rates were confirmed by x
diffraction. For both~001! superlattices~SL’s! and (113)A
CSL’s, the thicknesses will be given in Å, e.g., 23/22 SL
23/22 CSL for the first samples. This notation is unambigo
since the layer thickness of both types of superlattices
equal when grown simultaneously, but not the number
bilayers in growth direction.

The Raman measurements were carried out at 80 K u
the 4880 Å line of an Ar1 ion laser, which means off
resonant excitation, and a SPEX 1403 double grating sp
trometer with a multichannel detection resulting in a reso
tion of about 1 cm21. All spectra were recorded in
quasibackscattering geometry, i.e., with an angle of ab
20° between incident laser beam and the surface nor
Typical Raman spectra for~001! and (113)A oriented
samples are shown in Fig. 5.

For the ~001! oriented sample@Fig. 5~a!#, a spectrum in
the scattering geometry in which the odd-numbered confi
LO-phonon modes are symmetry allowed is shown. In
@001#(@100#@100#)@001# scattering geometry the even
numbered modes can be measured. The resulting phono
ergies will be used in the following discussion, althou
no spectrum is explicitly shown. A possibly observab
splitting of higher LO phonon modes in (113)A SL’s
with corrugated interfaces can be resolved in

@113#(@332̄#@332̄#)@113# scattering geometry17 @Fig. 5~b!#.
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III. ASYMMETRIC INTERFACE INTERMIXING
IN „001… SUPERLATTICES

Segregation of group-III atoms at heteroboundaries can
investigated, e.g., byin situ electron spectroscopy methods.20

Recently, reconstruction-induced phase shifts~RIPS! of
RHEED intensity oscillations have been used to study
interface structure of~001! GaAs/AlAs SL’s.21 These experi-
ments reveal a significant segregation of Ga at the nor
~AlAs-on-GaAs! interface, whereas an abrupt inverte
~GaAs-on-AlAs! interface is found. Ga can still be detecte
typically 6–8 BL away from the nominal interface positio
This does not imply that the intermixing degree is high th
far away from the nominal heteroboundary. The actual eff
tive thickness of the intermixed region cannot be dedu
from the RHEED data since the diffraction pattern is n
only sensitive to the surface reconstruction, but also to
density of terraces or steps. Therefore, quantitative meas
ments are difficult. We will determine the intermixed-lay
thickness by the Raman measurements described be
TEM measurements confirm the asymmetric segregation
Ga at the heterointerfaces.19

The asymmetric segregation seems not to depend sig
cantly on surface reconstruction and morphology, sinc
fractional layer of Sn floating on the surface during interfa
formation does not change the segregation behavior,
though it completely changes the surface structure.22 This
independence of the growth details indicates a thermo
namically driven process. The different bond enthalpies
AlAs compared to GaAs~202.9 kJ mol21 and 209.6
kJ mol21, respectively23! favor the incorporation of Ga in
AlAs, while having a demixing effect for the other combin
tion. Generalizing this idea, the asymmetric segregation
havior should also be maintained during growth on differe
crystal surfaces such as (113)A. This assumption is con
firmed in Sec. IV.

We will now use Raman spectroscopy of confined opti
phonons to investigate the effective thickness of the in
mixed layer at the normal interface. The phonons confine
the GaAs well have effective wave vectorsqs5(sp)/
(d1d) wheres is the order of the confined mode,d is the
thickness of the well seen by the phonon, and 0,d,1 is a
phenomenological parameter characterizing the penetra
length of the confined mode into the barrier. Thisd is usually
assigned to the As layer common to both GaAs and A
which effectively increases the layer thickness. Since in
mixing of an interface leads to a modification of the effecti
well width,18 we will keepd50 and only modify the effec-
tive well width to fit the experimental data of the confine
modes.

Intermixing effects have been studied theoretically, e
by Jusserand15 and by Molinariet al.18 Molinari et al.did the
calculations especially for~001! GaAs/AlAs SL’s in relation
to Raman spectroscopy. The intermixing was assumed to
identical at both interfaces, and the intermixed regions w
treated as Al0.5Ga0.5As mixed cystals. The essential result
the following: phonon modes with a high energy cannot p
etrate into the disordered region whereas those with lo
energy can. The effective well width can, therefore, differ f
different confined phonon modes. This can be easily und
stood: the whole dispersion curve of the GaAs-like L
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57 1633INTERFACE STRUCTURE OF~001! AND (113)A . . .
phonon mode is shifted towards lower energies
Al xGa12xAs relative to its value in GaAs. This is illustrate
in Fig. 2~b! for an Al content of 40% and 60%,24 respec-
tively. For energies in the region where the dispersion cur
of GaAs and AlxGa12xAs do not overlap, the barrier for th
GaAs confined modes consists of AlAs at the inverted in
face and of AlxGa12xAs at the normal interface. For energie
below some critical wave number the AlxGa12xAs region
belongs to the well, and the barrier consists of AlAs on b
interfaces.

Now we will apply these ideas to determine the effect
well thickness in the~001! superlattices. Figure 2 shows th
known LO-phonon dispersion relation for bulk GaAs~Ref.
25! together with experimentally determined phonon mo
energies for several samples. The wave vectors in~a! are
calculated for the average layer thicknesses obtained b
ray diffraction. Obviously, all data points are shifted towar
lower q values relative to the dispersion curve. It means t
the confined LO phonons feel a reduced GaAs well thickn
compared to the data obtained by x-ray diffraction. Hav
the RHEED analysis in mind, this behavior is expected si
this determination of the wave vectors does not take i
account that the effective well thickness seen by the confi
phonons is modified~i.e., reduced! due to intermixing of the
normal interface.

In order to determine explicitly the effective well width o
the 23/22 SL and 30/28 SL, we change the thickness tha
used for the calculation of the phonon wave vectors in u
of 1 BL. The phonon energies are fixed and given by
experimental values. Then we compare the resulting w
vector—energy pairs with the dispersion curve@Fig. 2~b!#.
For the open symbols, we calculated the wave vectors w
the nominal layer thicknesses, for the gray and the bl
ones the effective well width has been reduced by 1 an
BL, respectively. For the phonon modes with wave numb

FIG. 2. GaAs LO-phonon@001# dispersion with confined mode
frequencies for 23/22 SL (h), 30/28 SL (,), 25/40 SL (n), and
34/26 SL (s). The effective wave vectors have been calculated
~a! using a constant GaAs well width, while in~b! an energy-
dependent penetration into an intermixed heteroboundary is app
The difference between open, gray, and black filled symbols eq
1 BL. The sketch illustrates the modes applicable for the 30/28
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down to'285 cm21 the black data points are in very goo
agreement with the dispersion curve. Thus we can concl
that intermixing reduces the effective GaAs well width by
BL. For modes with lower energies, penetration into the
termixed region becomes important. This is expected si
here the GaAs LO-phonon dispersion in GaAs begins
overlap with the GaAs-like one in AlxGa12xAs with a rea-
sonably high Al content. With rising mode order the penet
tion depth increases, as is illustrated in the inset of Fig. 2
the case of the 30/28 SL (,). This behavior is reflected in
the fact that on the one hand the black data points incre
ingly deviate from the dispersion. On the other hand, go
agreement is again achieved if a penetration of the order
~gray symbols! or 2 BL ~open symbols! into the intermixed
region is introduced.

To summarize this section, from the interpretation
RHEED we know that the normal interface is intermixed a
the inverted one is abrupt. Applying this to the interpretati
of Raman measurements, we determine the effective w
of the GaAs well for the GaAs-like confined LO-phono
modes in~001! superlattices. We will now study the inter
face structure in the more complex@113#-oriented corrugated
superlattice system.

IV. INTERFACE INTERMIXING AND CORRUGATION
IN „113…A SUPERLATTICES

A. RHEED investigations in pulsed growth MBE

The problem in investigating the (113)A SL’s by means
of the RIPS is the fact that the GaAs, the AlAs, and t
Al xGa12xAs surfaces show the same reconstruction~in Fig.
3 for a sample slightly misoriented towards the screen!. This
means that there cannot be a phase shift due to the chan
surface reconstruction at the heterointerface. The usual
proach of evaluating the oscillation phase is, therefore,
practicable. In addition, no RHEED intensity oscillations a
observed for AlAs homoepitaxy on this surface. We the
fore have to resort to the measurement of absolute RHE
intensities.

A typical pulsed RHEED measurement is shown in Fig
with the measurement geometry included in the inset.
GaAs homoepitaxy and at the beginning of AlAs heteroe
taxy, oscillations are observed. These could only be foun
low incidence angles at the marked position. This posit
corresponds to a forbidden reflection in the kinematica
simulated diffraction diagram of the surface structure,11 con-
firming the multiple scattering nature of the diffraction pr
cess leading to oscillations.

For our purpose, however, the average diffracted inten
during the sequence is more interesting. It remains alm
constant during the GaAs cycles, where pronounced osc
tions can be seen at the beginning of each pulse. We
therefore, be sure that the surface smoothes during
growth interruptions. During the growth of AlAs, the situa
tion is much different: the average intensity rises slowly a
is still gaining during the third pulse. Furthermore, the inte
sity level shows a memory effect after the growth interru
tions. Therefore, it cannot be a measure of the surface rou
ness, since the surface smoothes during the recovery pe
For this reason, we can correlate the average intensity to
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FIG. 3. RHEED patterns for~a! the GaAs and~b! the AlAs (113)A crystal surface along@332̄#. The sample temperature was 605 °
using 20 keV electrons at an incidence angle of 1.2°. The sample is miscut by 0.9° towards the screen.
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material composition. At the beginning of GaAs heteroep
axy ~at 300 s in Fig. 4!, the intensity change is fast, similar t
the observed phase change in RIPS on~001! superlattices.

Interpreting the RHEED average intensity as a meas
for material composition, we observe a relatively slow d
creasing Ga content for growth of AlAs on GaAs, while t
GaAs-on-AlAs interface is sharp. The intensity during AlA
growth does not saturate even after the third pulse~corre-
sponding to 40-Å layer thickness!, whereas it reassumes th
GaAs value basically during the first GaAs bilayer. This
lows us to conclude that, similar to the~001! orientation,
there is strongly asymmetric Ga segregation for the (113A
interfaces. This implies that the normal interface is int
mixed, whereas the inverted interface is abrupt. The in
mixing does not affect the surface reconstruction. The la
is maintained throughout growth, which is proved by t
constant RHEED pattern.

Since the RHEED experiments show that one interfac
abrupt while there is Ga segregation at the other one,
propose the following interface structure: the distribution
the group-III atoms has a corrugationlike profile at the

FIG. 4. RHEED intensity evolution for a GaAs-AlAs pulse

growth sequence on (113)A along the@332̄# azimuth. The mea-
surement geometry is shown in the inset. The electron energy
20 keV with an incidence angle of 0.7°. The sample tempera
was 602 °C using an As4 pressure of 1.731023 Pa. The growth
rates were 1.5 Å/s for GaAs and 1.3 Å/s for AlAs.
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verted interface and is smeared out at the normal interfa
We will test this proposal by Raman investigations in t
following section.

B. Raman studies of confined optical phonons
and discussion of the interface models

If there were a corrugated interface, one should ask
confined optical phonons averaged over this structure. A
terion similar to confinement of electrons in a steplike h
erostructure can be examined:15,16

lc5
dAmz /mxy

sA2Dd/d
,

whered is the layer thickness,Dd is the height of the cor-
rugation,s is the order of the confined mode, andmz , mxy
are the masses in growth direction and perpendicular to
respectively. It is reasonable to assume an isotropic pho
mass, which is the curvature of the phonon dispersion at
G point. For relevant layer thicknesses and mode ordes
>3 the critical lengthlc is smaller than the period of th
corrugation~32 Å!. We should, therefore, be able to obser
a splitting of the confined LO modes with order 3 and high
which is due to different phonon wave vectorsq correspond-
ing to different layer thicknesses~Fig. 1, right part!.

We will now discuss the Raman spectrum for the 23/
CSL plotted in Fig. 5~b!. It was recorded in the

@113#(@332̄#@332̄#)@113# scattering geometry in which LO
phonon scattering is only weakly allowed. A splitting of th
LO 3 phonon is clearly observable, the peaks are labe
LO3,1 and LO3,2, respectively. We can exclude that the se
ond peak is a LO5 mode because the resultingq vector
would be far too large to be compatible with the phon
dispersion. Different layer thicknesses can be excluded b
comparison with the properties of the simultaneously gro
@001#-oriented superlattice. Its Raman spectrum in t
@001#(@100#@010#)@001# scattering geometry@Fig. 5~a!# ex-
hibits a small linewidth of the LO1-phonon mode~2 cm21)
and shows no splitting of the LO3 mode. We can conclude
that there is only one GaAs layer thickness inside the sam

as
re
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57 1635INTERFACE STRUCTURE OF~001! AND (113)A . . .
This fact is also proved by photoluminescence and phot
minescence excitation measurements~not shown here!. The
spectrum of the CSL@Fig. 5~b!# shows the TO3 confined
mode which was not resolved so clearly in previously pu
lished Raman data.26–28 Summarizing these facts, th
samples are of good quality. The splitting of the confin
LO3 and deviations of the confined modes from the disp
sion relation will, therefore, have their origin in the interfa
properties of the sample under investigation. The 30/28 C
has very similar properties in Raman spectroscopy.

We will now use the different interface models to calc
late the wave vectors in growth direction and compare
resulting data points with the dispersion relation. Figure
shows these data points for the 23/22 CSL@part ~a!, h, and
j# and 30/28 CSL@part ~a!, ,, and .#. Previously pub-
lished data from Ref. 17 are given in Fig. 6~b! (s andd). In

FIG. 5. Raman spectra for the 23/22 SL~a! and 23/22 CSL~b!

in the@001#(@100#@010#)@001# and@113#(@332̄#@332̄#)@113# scat-
tering geometries, respectively. In~b!, the splitting of the LO3 mode
can be clearly observed.

FIG. 6. GaAs LO-phonon dispersion relation in the@113# direc-
tion together with the data points for the splitted modes in~a! the
23/22 CSL (h, j) and the 30/28 CSL (,, .) and~b! for the data
of Ref. 17 (s, d). The open symbols indicate the APC model; t
full ones belong to the CII model for the interface structure.
-

-

d
r-

L

e
6

all cases, the open symbols represent analysis accordin
the APC model~Fig. 1, left part!, whereas the wave vector
for the filled symbols have been calculated by means of
CII model ~Fig. 1, right part!.

In the APC model, there are no degrees of freedom.
the other hand, there is one parameter in the CII model th
the effective reduction of the GaAs well width. In the AP
model, the data points have a fixed place in the wave vect
energy diagram. The determination of the effective Ga
well width in the CII model is achieved by shifting the da
points on the q axis onto the dispersion curve. However,
method is not arbitrary since the relative distance on th
axis for the splitted modes is fixed in the model.

The results of the analysis in the case of the 23/22 C
and the 30/28 CSL are the following~see Fig. 6!: first, the
relative distance on the q axis agrees with a 2-BL corru
tion at one interface for both samples. This can be m
easily verified in the case of the 23/22 CSL, where the LO3,2

data points coincide for both the APC and the CII model, b
the wave vectors for the LO3,1 mode differ. The wave-vecto
calculation in terms of the CII model fits better to the the
retical prediction. Second, the LO3 modes feel a reduction o
the GaAs layer by 1 BL and 4 BL for the 23/22 CSL and t
30/28 CSL, respectively. The strong deviation of the d
points from the dispersion relation in case of the 30/28 C
using the APC assumption cannot be explained within
frame of this model. These two facts favor the CII mod
over the APC model.

The best test for the CII model is expected from the d
of Ref. 17, since in this case phonons in a wider energy ra
are found@see Fig. 6~b!#. As in the case of~001! grown SL’s,
we should be able to demonstrate the different penetratio
the confined optical phonons into the intermixed region.
calculating the wave vectors according to the APC mod
the data points scatter around the dispersion curve. On
other hand, all points fit well in the CII model using 2 B
larger penetration for the LO5 than for the LO3 modes,
respectively.29 The difference of the well-width reduction
felt by different confined modes is comparable to the amo
determined in the case of@001# SL’s and seems, therefore
reasonable.

We conclude that the corrugation exists at only one h
eroboundary with a height of 2 BL. The deviation from th
theoretical prediction is minimized for calculation of th
wave vectors using the CII model, and we are able to de
mine the penetration of the confined modes into the in
mixed heteroboundary.

V. SUMMARY

We have shown evidence by means of RHEED and
man spectroscopy that in~001! and (113)A GaAs/AlAs su-
perlattices the inverted interface is sharp while the norm
one is intermixed. Splittings in higher-order odd LO mod
in (113)A grown samples show that one interface is cor
gated with a corrugation height of 2 BL~3.4 Å!. We are able
to determine the penetration of the confined phonon mo
into the intermixed interface regions.
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