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Short-range ordering in Al xGa12xAs grown with metal-organic vapor-phase epitaxy
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Atomically resolved, cross-sectional scanning tunneling microscopy was used to identify Al atoms in the
surface layer of Al0.15Ga0.85As grown with metal-organic vapor-phase epitaxy. Characteristic fingerprints of
individual and clusters of Al atoms were analyzed to identify surface-layer Al atoms resulting in atom maps of
the Al positions. By quantitatively comparing the measured Al configuration with simulated images of a
random Al incorporation, statistically significant deviations of the measured from a random Al distribution
were found. These deviations are explained with a clear tendency of the Al atoms to form short-range ordered
structures in the GaAs matrix. This ordering results in strings of Al atoms of a length of up to five Al atoms
along low-indexed crystallographic directions.@S0163-1829~99!05415-6#
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The AlxGa12xAs ternary compound semiconductor is t
most intensively investigated semiconductor alloy syst
used for the fabrication of heterostructures for industrial
plications and fundamental research. The alloy structure
Al xGa12xAs grown with molecular beam epitaxy~MBE! has
been studied by several groups using transmission elec
microscopy1 ~TEM! and also cross-sectional scanning tu
neling microscopy~XSTM!.2–4 Al xGa12xAs grown with
metal-organic vapor-phase epitaxy~MOVPE! has been in-
vestigated by TEM.5,6 The main advantage of XSTM
namely, the ability to determine local concentrations of
constituting components without averaging over many u
cells as in TEM, was recently applied to this system.7

Using XSTM on dilute AlxGa12xAs with an average Al
concentration of 2–3 %, Smithet al. were able to identify
and exactly localize first and second layer Al atoms.8 By
analyzing the distribution of the Al atoms determined in re
space, they concluded that these aredistributed purely ran-
domly in the MBE-grown material with low Al concentra
tion. In contrast to that, several authors remarked that
atoms tend to cluster on typical length scales of a few u
cells at higher Al concentrations ofx530% to 40%.4,9 In
addition, it was remarked that strings of Al atoms exte
over several unit cells along the surface diagonals in som
these samples.2,4 In addition, structural inhomogeneities in
fluence the dynamic properties of alloys.10 The existence of
intrinsic microscopic clustering was, e.g., proposed a
model to explain the significant charge transfer over th
Al xGa12xAs barriers.11 A more quantitative approach t
studying short-range order was used by Chaoet al. in
InxGa12xAs alloys.12 The authors analyzed their atom ma
with a two-dimensional pair-correlation function and we
able to derive the interaction energy of the In atoms.

In this paper we investigate the distribution of Al atoms
Al0.15Ga0.85As grown with MOVPE. We quantitatively com
PRB 590163-1829/99/59~15!/10296~6!/$15.00
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pare the measured Al pair-correlation functions with sim
lated images of random Al incorporation and show that
atoms have a clear tendency to form short-range orde
structures.

All experiments were performed in an ultrahigh-vacuu
chamber especially designed for XSTM work with a ba
pressure of better than 5310211mbar. Polycrystalline tung-
sten tips were etched electrochemically, annealed, and s
ter cleaned in the vacuum system. The samples were gr
by MOVPE on ~001! aligned GaAs substrates and for th
study~110! surfaces were produced byin situ cleavage. The
heterostructure consists of five pairs of (50 n
Al0.15Ga0.85As)/(50 nmGaAs) and was grown at a tem
perature of 620 °C with TMGa, TMAl, and AsH3 as precur-
sors. SiH4 was added to obtain ann-type doping level of 1
31018cm23.

A large-scale, filled-state XSTM image of (50 nm)2 of the
Al0.15Ga0.85As/GaAs heterostructure is shown in Fig. 1.
the left half of the image an interface between GaAs a
Al0.15Ga0.85As can be seen with some point defects such
vacancies and adsorbates in the GaAs. In the Al0.15Ga0.85As a
large number of atomic-size electronic contrasts related
the Al atoms is seen; they are used in this paper to iden
individual and pairs of surface-layer Al atoms on the atom
scale. Second layer Al atoms cannot be seen in these sam
due to the relatively high concentration of Al atoms.8

The electronic contrasts related to the Al atoms can
seen in more detail in small-scale images with high-qua
atomic resolution. Figure 2 shows a 9 nm37 nm image of
one of the Al0.15Ga0.85As layers measured at a sample vo
age of VS522.5 V and a tunnel current ofI T5300 pA.13

According to the negative sample voltage, the filled A
related states are imaged.14 In a first step, the atomic-size
electronic contrasts have to be linked to the positions of
atoms. For this step, it is helpful to imagine th
10 296 ©1999 The American Physical Society



ts
l

e
A

A

c
ate
e

on

re

the

ion
s
1
e-

d As
the
rs
eral
2

e-

ic
not

tice

ts’’
ith
ace
nce

s

d by
Al
he
of

the
b-
%
of

tably
of

ss 1
een
ther

2
in

alize
l’’

un-
ms

we
en-

in

po-

/

f

a
les

s

PRB 59 10 297SHORT-RANGE ORDERING IN AlxGa12xAs GROWN WITH . . .
Al0.15Ga0.85As layers as a GaAs matrix with point defec
introduced into the GaAs by individual Al or pairs of A
atoms. In such an approach the contrasts related to th
atoms can be understood as ‘‘point defects’’ in the Ga
host material. At the Al concentration ofx515% studied
here, this is still feasible whereas at significantly higher
concentrations~>25%! this approach breaks down.

FIG. 1. (50 nm)2 filled-state XSTM image of the GaAs
Al0.15Ga0.85As heterostructure. The interface between GaAs~on the
left! and Al0.15Ga0.85As ~on the right! can be seen in the left half o
the image; crystallographic directions are indicated.

FIG. 2. ~a! Al-rich area in the MOVPE-grown Al0.15Ga0.85As
layer with Al-related electronic contrasts. Class 1 contrasts
marked with white circles and class 2 contrasts with black circ

Numbers mark the@11̄0# rows for discussion in the text. A cros
section of row no. 12 is shown in~b!.
Al
s

l

In the following we classify the Al-related, electroni
contrasts according to the morphology in the filled-st
XSTM images: A first class of Al-related point defects in th
GaAs matrix is induced by an individual surface Al atom
a Ga site as discussed by Smithet al.8 Two examples are
marked with white circles in Fig. 2~a! showing two enhanced

As atoms along the@11̄0# zigzag chains.
Two examples of a second class of ‘‘point defects’’ a

marked with black circles in Fig. 2~a!. These consist of
neighboring enhanced and depressed As atoms along

@11̄0# direction. This can be seen clearly in the cross sect
of row no. 12 shown in Fig. 2~b!. In that cross section a clas
2 ‘‘point defect’’ with its dipolelike contrast and a class
‘‘point defect’’ intersect. For the class 2 features the d
pressed As atom appears 0.5 Å lower and the enhance
atom 0.4 Å higher than the average height. In contrast to
dipolelike center of the class 2 ‘‘defect,’’ which appea
atomically abrupt, the sides of this defect stretch over sev
unit cells along the@11̄0# direction. Note that the class
contrasts exist in two variants which have opposite symm
try along the zigzag chains.

It is important to notice that an asymmetric electron
contrast along a zigzag chain in a filled-state image can
be caused by a single point defect on the group III sublat
due to the inherent symmetry of the$110% surfaces. We
therefore conclude that the second class of ‘‘point defec
is due to a paired defect of an Al atom on a Ga site w
another point defect. Three plausible partners of the surf
Al atom can be used to explain the symmetry and occurre
of two variants of the class 2 features:~i! an As vacancy
adjacent to the surface Al atom,~ii ! a H adsorbate at an A
atom adjacent to the Al atom, or~iii ! an additional subsur-
face Al atom in the backbond of one As atom.15,16

In the case where the asymmetric contrasts are cause
a subsurface Al atom in addition to the surface-layer
atom, the two As neighbors of the surface Al atom in t
zigzag chain are distinguished by the fact that only one
them has a second Al atom in its back-bond. Under
simple assumption of random Al occupation of the first su
surface layer this configuration would be obtained for 40
of the Al-related contrasts. On the other hand, the density
surface vacancies and adsorbates should increase no
with time of the order of several hours. Hence the density
class 2 features should increase while the density of cla
features should decrease with time. This effect has not b
observed by us and has also not been reported by o
groups.

It is important to note that all three models for the class
‘‘defect’’ given here have an Al atom on a surface Ga site
common. Therefore these contrasts can be used to loc
surface-layer Al atoms, independent of the exact ‘‘chemica
nature of the partner.

Examples for extended Al-related contrasts are also ab
dant in our samples. Figure 3 shows strings of Al ato
along the@ 1̄12# direction on the left and along@11̄2# on the
right which are extended over several unit cells. Later
will show that these strings are clear examples for the t
dency of Al atoms to form short-range ordered structures
MOVPE-grown AlxGa12xAs. A plausible explanation for
the dipolelike contrasts of these strings is again the incor

re
.
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10 298 PRB 59A. J. HEINRICH et al.
ration of subsurface Al atoms underneath the string of
atoms in the surface layer. This model configuration
shown in the ball and stick models underneath each XS
image. In the case of these strings, the interpretation of
dipolelike contrasts as H adsorbates or As vacancies app
less likely than the subsurface Al atoms. On the one hand
strings show exactly the same symmetry of the electro
contrast as shown in Fig. 3, which can easily be underst
in the model of subsurface Al atoms due to the fixed atom
structure of the crystal@either a~110! or a (11̄0) surface#.
On the other hand, an adsorbate or an As vacancy could b
the right or the left of the string of surface Al atoms and w
would therefore expect a change of the dipolelike contra
along a string.

In the model of a subsurface string of Al atoms there
some surface As atoms with one and others with two
neighbors. If the string is oriented along the@ 1̄12# direction
~left image of Fig. 3!, surface As atoms to the left of th
string have only one Al neighbor and these are imaged as
enhanced As atoms~white contrast!. On the other hand, the
surface As atoms with two Al neighbors on the right of t
string are imaged as depressed As atoms~black contrast!.
This observation holds equally for the Al string along t

@11̄2# direction~right image!. Again those surface As atom
with one Al neighbor are imaged as enhanced and those
two Al neighbors as depressed atoms.

With these identifications of the exact positions
surface-layer Al atoms in mind, spatial pair-distributio
functions of the Al atoms can be calculated from atom m
derived from the measured XSTM images. A similar a
proach was used by Smithet al. on dilute MBE-grown
Al xGa12xAs with x50.03 where the authors found no si
nificant deviations of the measured from the random
distribution.8

Figure 4 shows a XSTM image used for a quantitat
analysis of the Al pair-distribution function of th
Al0.15Ga0.85As layers. The imaged surface area is (19 nm2

and the total number of group III surface sites in the imag
1597, leading to an expected numberN of 240 Al atoms.

FIG. 3. Strings of Al atoms along@11̄2# and @ 1̄12# extending
over several unit cells. The ball and stick models include surf
~large symbols! and first subsurface~small! atoms.
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Three areas of this surface are covered by adsorbates
the residual gas of the vacuum system which adsorb pre
entially on the Al0.15Ga0.85As.9 At these locations, the origi-
nal surface configuration cannot be seen. The positions o
Al atoms as determined from the XSTM image can be s
superimposed on the image. 254 Al atoms were clearly id
tifiable via the characteristic contrasts of class 1 and clas
features as described above. This is in reasonable agree
with the expected number ofN5240 Al atoms~statistical
error due to the finite size of the image:615 Al atoms!.

In a qualitative view, the Al atoms in the XSTM image o
Fig. 4 are not located randomly on the group III sublattic
Rather there seem to be short-range correlations in the f
of strings of Al atoms~as shown in Fig. 3! and long-range
modulations of the local Al concentration. These qualitat
descriptions of the nonrandom distribution of Al atoms in t
Al0.15Ga0.85As can be quantified by comparing the measu
atom maps with simulated maps of a purely random Al
corporation. Such an approach was described recently
Smith et al. for MBE-grown Al0.15Ga0.95As where the au-
thors concluded that the Al atoms are incorporated rando
on the group III sublattice in that material.8

Figure 5~a! shows the numberNr of Al atoms in a shell of
width 5 Å plotted as a function of the distancer from a
central Al atom for the measured atom map of Fig. 4. T
same procedure is done for 1000 simulated atom map
exactly the same size as the XSTM image but with a rand
Al distribution, those valuesNrand are shown in Fig. 5. For
this evaluation the numbers for an individual central Al ato
were added over all Al atoms, which gives the total numb
Nr andNrand. Both total numbers rise linearly with distanc
up to about 100 Å because they are proportional to the a
of the shell at distancer. In this linear part, a fine structure i
visible in both curves which is due to the discrete atom

e

FIG. 4. (19 nm)2 surface area of the~110! surface of
Al0.15Ga0.85As used for a quantitative analysis of the distribution
the Al atoms. The atom map of the positions of the surface
atoms is superimposed on the image. Some adsorbates extend
several atomic sites.
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positions in the lattice. At distances larger than about 10
the total numbers decrease because of the finite size o
atom map of (19 nm)2.

Due to the complex structure of the curves it is evide
that a comparison of the measured to simulated distribut
is needed. Such a comparison can be done by normali
the measured with the simulated, random distribution wh
gives the radial pair-distribution functionR(r ):

R~r !5Nr~r !/Nrand~r !.

The radial pair-distribution function for the measured ato
map of Fig. 4 is shown in Fig. 5~b!. Due to the normaliza-
tion, a radial pair-distribution value of 1 is in agreement w
the hypotheses that the Al atoms are distributed purely
domly on the cation sublattice. A comparison of two she
of widths 3 and 5 Å is included in Fig. 5~b! with significant
differences only at small distancesr. In order to determine
the statistical significance of features in the pair-distribut
function, the standard deviations was determined from the
simulated random Al distributions and is included in F
5~b! as the 2s confidence interval around the mean of t
statistical distribution. The expected error inNrand can be
estimated as follows:

Nrand~r !5(
i 51

N

Nr , individual
i 'N3Nr , individual,

with Nr , individual
i the number of Al atoms in the shell aroun

the i th Al atom. The statistical error inNrand depends~i! on
the error in the total number of Al atomsN in each simulated
atom map and~ii ! on the error inNr , individual which is propor-
tional to the square root of the distance. In the normaliz
representation ofR(r ) the total error is dominated by th
distribution of the total number of Al atoms and is indepe

FIG. 5. ~a! Number of Al atoms in the measured and in t
simulated random atom maps in a shell of width 5 Å as afunction
of the distancer from a central Al atom.~b! The radial pair-
distribution functionR of the measured atom map.
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dent of r as shown in Fig. 5~b!. On the other hand, the in
crease at larger is due to the smaller total numbers in ea
individual shellNr , individual ~due to the finite size of the mea
sured and simulated images!.

The radial pair-distribution function in Fig. 5~b! shows
two types of deviations of the measured from the rand
distribution. First, there is a pronounced enhancement
short distances of about 3–10 Å in the measured distribut
These are about 1.5 to 2 times more abundant than in
random model, depending on the shell width, and lie at ab
5s from the expectation value for the random Al distrib
tion. Hence with a statistical significance of about 99%,
assumption that the Al atoms are distributed randomly on
cation sublattice has to be rejected. This increase of sh
distance pairs indicates a tendency of the Al atoms to fo
short-range ordering. Secondly, the radial pair-distribut
function shows a modulation at larger distances with an
proximate period of 40–50 Å. This modulation correspon
to the qualitative description of Al-rich and Al-poor areas
a long length scale which can be clearly seen in Fig. 1.
the standard deviation shows that the radial pair-distribut
function is not the correct analysis to prove that these lo
range modulations are indeed statistically significant. In t
case a cluster analysis would be needed.

In the following, we focus on the anisotropic correlatio
of the Al atoms, which are not included in the radial pa
correlation but are expected for short-range ordering. T
XSTM image of Fig. 3 showed strings of Al atoms extendi
up to five atoms. To show quantitatively that this is a cle
deviation from a random distribution of the Al atoms, Fig.
compares the numbersA(k,l ) of such strings with given
length l and directionk as determined from the measure
atom map with those expected for a random distribut
Arand(k,l ). Longer Al strings are also counted as shor
strings in both distributions, i.e., a string of length 4 appe
twice as length 3 and three times as length 2. As a con
quence the total number of strings of length 2 gives the nu
ber of Al pairs along the given direction, the value of the p
distribution along this direction.

Again it is very important to compare the results from t
measured Al atom maps with those from the assumption
the Al atoms are distributed randomly. In a one-dimensio
model~along the directionk!, the expectation valueArand for
the number of strings of Al atoms of a given length can
easily calculated from elementary combinatorial steps to

Arand~N,l !5~N2 l 11!xl ,

with l the length of the Al string,N the total number of sites
andx the probability of occupying a site with Al. From thi
one-dimensional result it is straightforward to add the exp
tation valuesArand(N,l ) for all lines along a given crystallo
graphic direction to obtain the total number of strin
Arand( l ) of length l in a measured or simulated two
dimensional atom map. The standard deviation from this
pectation value does not have a closed analytical form s
as the expectation value and is hence best determined fro
large number of simulated atom maps with random Al d
tribution.
Two low-indexed directions are evaluated in Fig. 6, name
the two surface unit cell diagonals@11̄2# and @ 1̄12#.3,5,17 It
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10 300 PRB 59A. J. HEINRICH et al.
can be seen in both directions that the measured numbe
Al pairs ~strings of lengthl 52! along these directions are
little higher than in a random Al distribution but that this
just outside the 1s standard deviation and hence statistica
not too significant. In contrast to that, strings of length 3
about 4s ~2s!, strings of length 4 about 6s ~3s! from the
expectation valueArand for the @ 1̄12# direction ~@11̄2#, re-
spectively!. From this we can quantitatively prove that th
strings of Al atoms along the@11̄2# and the@ 1̄12# directions
cannot be explained with the assumption of a statistical
tribution of the Al atoms on the cation sublattice with
statistical significance of more than 99%. Hence we obt
the result that the Al atoms have a strong tendency to fo
strings along some low-indexed directions in MOVP
grown Al0.15Ga0.85As.

The strings of Al atoms observed here are a form of sh
range ordering, in this case resulting in an increased p

FIG. 6. Number of strings of Al atoms along@11̄2# and @ 1̄12#
as a function of the length of the stringk for the measured and th
random atom maps.
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ability of having like atoms along the@11̄2# and @ 1̄12#
directions.18 Those strings are most likely formed during the
MOVPE growth process. Here the question arises wheth
these strings at the surface are truly one dimensional
rather two dimensional, extending beneath the~110! surface
studied here.19 From the model interpretation of the elec
tronic contrast of the Al strings given above including firs
and second layer Al strings we conclude that these strings
indeed part of AlAs platelets. In that case the AlAs platele
would be extended on Al-rich$111%B planes. These platelets
could be compared with the separation of the two isovale
components on the cation sublattice in long-range order
ternary compound semiconductors.18 Whereas the reported
long-range ordered structure for AlxGa12xAs alloys is CuAu,
it is well known that long-range CuPtB ordering with order-
ing on $111%B planes is energetically favorable for many
materials.20–22 In this context the AlAs platelets discussed
here would be the initial state of CuPtB ordered AlxGa12xAs.

In summary, using cross-sectional scanning tunneling m
croscopy we were able to show that Al atoms i
Al0.15Ga0.85As grown with metal-organic vapor-phase epi
taxy have a strong tendency to form short-range order
structures in the GaAs matrix. To facilitate such a quantit
tive analysis, the exact positions of the Al atoms in the~110!
cleavage surface had to be determined. From the symmet
of the Al-related electronic contrasts we identified individua
Al atoms in the surface as well as pairs of Al atoms with
point defect. Using these characteristic fingerprints of the A
atoms, we were able to derive atom maps of the Al positio
from XSTM images.

The measured atom maps were compared to simula
atom maps with a purely random Al incorporation. The ra
dial pair-distribution function indicated that there is a statis
tically significant enhancement of short-distance Al neigh
bors. In addition, long-range modulations were seen whi
can be explained by modulations in the local Al concentr
tion with a length scale of about 5 nm. The short-distanc
features were then shown to be largely due to strings of
atoms extended along the@11̄2# and the@ 1̄12# directions
which can with a high probability not be explained with the
basic assumption that the Al atoms are distributed random
on the cation sublattice.
*Author to whom correspondence should be addressed. Electr
address: wendero@physik4.gwdg.de
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