Identification of first and second layer aluminum atoms in dilute AlGaAs
using cross-sectional scanning tunneling microscopy
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Cross-sectional scanning tunneling microscopy is used to study dily&eAl,As with x=0.05 to
investigate the bonding configurations within this ternary alloy. Atomically resolved scanning
tunneling microscopy images combined with symmetry considerations provide the assignment of
first and second layer aluminum atoms. The Al-Al pair distribution function based on the
experimental data is compared with the theoretical pair distribution function of a random alloy.
While there exists a qualitative agreement, small deviations from the ideal random distribution are
also found. ©1996 American Institute of Physid$S0003-695(96)02235-§

The method of cross-sectional scanning tunneling mi-age was acquired with a sample bias-62.50 V and a tun-
croscopy(XSTM) has advanced the exploration of the struc-neling current of 0.15 nA. Apparent heterojunction locations
tural and electronic properties of cleaved cross-sectionare marked by solid lines in Fig. 1. Throughout the image we
semiconductor surfaces by enabling the direct imaging ofee a variety of different features that are characteristic of the
electronic species such as dopant atoms and point d&fects AlGaAs region. First of all, we see a large number of elon-
as well as the measurement of band structure and alloy congated bright features that we refer to as “A” in Fig. 1. No-
position across semiconductor heterostructdfésAn im-  tably, the orientation of these A features is always the same
portant issue is whether or not a ternary allisuch as relative to the underlying GaAs lattice. The second type of
AlGaAs) is random, as favored by entropy, or if instead it is feature within the AlGaAs region is a single arsenic site that
ordered due to atomic-scale interactions during the growths slightly depressed relative to the surrounding arsenic at-
process. To investigate this issue using XSTM requires th@Ms that we refer to as “B” in Fig. 1. The number of these
spatial identification of the individual substitutional sites of B features is about the same as the number of A features.
the ternary specieé.e., Al) within the alloy. Unfortunately, Since neither of these two features appears outside of the

due to the complexity of the possible bonding configurationg\lGaAS region, we conclude that these are aluminum atom
in the high concentration ternary alloy, it has been difficult to™¢!at€d. There are also a number of what appear to be defect-

attain such a clear identification. Recently, however, identi{€/ated features within the AlGaAs region. For example,

fication of In bonding sites within low concentration ternary SIN9Ie arsenic vacancies appear towards the upper right of
InGaAs has been achiev&liin this letter, we report an in-
vestigation of dilute AlGaAs with a nominal aluminum con-
centration of 5% and identify individual substitutional alumi-
num atoms in the first and second layers. We also calculate
the pair distribution function from the measured data and
compare it to the theoretical pair distribution function based
on a randomly generated distribution of aluminum atoms.

All experiments are performed in an ultra-high-vacuum
chamber with a base pressure of less than18 ! Torr.
STM tips used are polycrystalline W prepared using an elec-
trochemical etching technique and then tredteditu using
either field emission or electron bombardment. All samples
are grown on top of GaAf001) substrates using molecular
beam epitaxy at 580°C withp-type doping of 1
X 10'° cm 3 [Be]. Samples are cleaved situ. The epilayer
consists of repeated periods of AlGaAs/GaAs layers with
nominal layer thicknesses of 200 A.

Figure 1 shows a 300 A by 230 A XSTM image of an pig. 1. 300 A<230 A filed-state STM images of GaAs/

Al 0sGay g5AS region grown between GaAs regions. This im- Al,Ga,_,As/GaAs heterojunction region. The image was acquired with a
sample bias 0of~2.50 V and a tunneling current of 0.15 nA. Approximate

heterojuntion locations are indicated by black lines. “A” indicates a first
3present address: Department of Physics, Carnegie Mellon University, Pittdayer aluminum atom feature while “B” indicates a second layer aluminum

GaAs

burg, PA 15213. atom feature. Arsenic vacancies are indicated as “V,” and other defect
YAuthor to whom all correspondence should be addressed. related features are indicated as “D.”
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enhanced

easier to see in the gray-scale enhanced view showb)inLine profiles

As atoms across the feature from the points D and E to the poiritarial E are shown

in (c). The apparent depression due to the aluminum substitution is fairly

FIG. 2. (a) Zoom-in view of the first layer aluminum featuréo) Line weak, only about 0.04 A. Iitd) is shown an atomic bonding model for the
profiles taken across the feature from the points A, B, and C to the point§ack-bonded aluminum atom.
A’, B’, and C, respectively. Note that the lateral distance scales along the
three line profiles are not exactly the same, but the vertical scales are the
same. Line profiles have also been vertically shifted for clafity Atomic it is on the latter; however, conclusive proof would appear to

model of the region of the substitutional aluminum atom. require simultaneous imaging of the empty states, a more
direct, but in practice, also more problematic approdch.

below, we consider an area within the AlGaAs region that istices, we found that regions of pure AlAs appeared only dark
relatively free of these defect-related features. relative to the GaAs regions in the filled state im&gehile

Shown in Fig. 2a) is a zoom-in view of one of the A in our current work, isolated aluminum atoms appear to have

features. Not only does this feature consist of two enhancetlis bright/dark appearance. One possibility is that the sur-
arsenic atoms, but also two slightly depressed arsenic atomi§ce Al atoms are decorated by certain residual gas such as
all of which are in almost perfect registry with the arsenichydrogen. Detailed calculations would be necessary in order
sublattice. The A feature has mirror symmetry abo{it0]  to examine these possibilities. Nonetheless, the symmetry of
plane slicing through its center. the feature makes its identification as the effect of a first

The symmetry is illustrated by the line cuts shown inlayer aluminum atom unmistakable.
Fig. 2(b). Since we are imaging the arsenic sublattice, it is ~ The location of the second layer Al atom is totally un-
straightforward to conclude that the A feature is only consis@mbiguous. Figure(d) is a zoom-in view of one of the dark
tent with a substitutional atom occupying a first layer site ofsites indicated as B in Fig. 1. A nonlinear gray scale that
the gallium sublattice. enhances this feature is also shown in Fidp) 3Line profiles

To pinpoint the exact location of the aluminum atom, is across the dark site show that it is only weakly depressed by
it useful to consider a simple model, as shown in Fig)2n  about 0.03 A relative to surrounding arsenic atoms, as shown
this model, the relative orientation of the A feature and thein Fig. 3(c). Since only a single arsenic atom is affected, we
GaAs lattice is based on an independent experimental detekhow that it must be the effect of an aluminum atom occu-
mination. Even so, taking into account the symmetry of thepying the back-bonded, second layer site of the gallium
A feature, there still remain two possible sites for the alumi-sublattice as shown in the model of FigdB
num atom to occupy. For example, the aluminum atom may Counting the number of these features within a certain
be on the zigzag chain containing the two depressed arsen&rea, we get a measure of the aluminum concentration. For a
atoms, or it may be on the zigzag chain containing the twaelatively defect-free AlGaAs region, we measure between
enhanced arsenic atoms. In the model, we have indicated tha% and 3% for both first and second layer aluminum atoms,
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aluminum atoms labeled in Fig(& with x’s, which results

in 325 pairs. The resulting pair distribution histogram is
shown in Fig. 4c) also usingx’s for the plotting symbols.
The corresponding theoretical pair distribution histogram is
shown in filled circles.

As can be seen, there is fairly good agreement between
the experimental and random distributions. However, near
the 150 A pair distance, the experimental points dip slightly
below the theoretical points while near the 75 A pair dis-
tance, they rise slightly above them. Consistent for both the

il first and second layer, these deviations suggest an Al-Al
S jof - = FNIOW interaction in the GaAs matrix. However, to be more conclu-
£ s . & top layer sive on the nature of this interaction, a much larger experi-
S . e mental database would be required.

o Ip ik, & % In conclusion, we have investigated bonding configura-
2re A “‘:‘..‘ tions of aluminum atoms within dilute AIGaAs using XSTM.
0 A AAARR . . .

0 30 00 150 200 250 Use of the dilute alloy enables us to identify features corre-
pair distance (4) sponding to isolated aluminum atoms in the STM images.
(©) First and second layer aluminum atoms have different effects
o 2 * % misasured on surface arsenic atoms, allowing us to differentiate be-
g

S 5ol e random . . ; .

2 " second laver tween these two. Based on these assignments, the pair distri-

g6t o 2% ovee 4 . . L .

3 S . bution function shows some deviations from ideal random-

%12 w0 ™, ness that suggest the existence of Al-Al interactions in the

w L e GaAs matrix.
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minum atoms. The bin size is very 5 A. This histogram is related to the pair

distribution function by a probability normalization factdc) Similar pair

distribution histograms for second layer aluminum atoms.
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