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Influence of various growth parameters on the interface abruptness
of AlAs/GaAs short period superlattices
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Cross-sectional scanning tunneling microscopy has been used to investigate the effects of severa
key growth parameters on the resulting interfacial quality of AlAs/GaAs short period superlattices.
For growth on top of AlGaAs layers, only superlattices grown with periodicity no smaller than 4 unit
cells of GaAs and 2 unit cells of AlAs and grown with a minimum of 30 s of growth interrupt time
are resolved. On the other hand, when grown on top of GaAs layers, superlattices as fine as 2 uni
cells of GaAs and 1 unit cell of AlAs grown with only 5 s ofgrowth interrupt time are resolved. This
result suggests that the material on which the superlattice is grown is at least as important as the
growth interrupt time. In particular, GaAs seems to provide a smoother starting surface than AlGaAs
and hence aids in the formation of abrupt interfaces. We also compare our scanning tunneling
microscopy data with some predictions based on simple atomic models of the interfacial
regions. ©1995 American Vacuum Society.
y

t
s
o

y

f
s
n

o

a

s

jor
he
s is
iod.
s
f a
er-
s/
of
h

t a
ic-
t
s
pe-
of

m-
at-
e
ce
ch
of

gh
an
ed
d,
ub-
an
I. INTRODUCTION

Short period superlattices are a novel class of mater
which have great potential for use in device applications1,2

Applicability of these structures for use in electronics a
optoelectronics depends on the ability to grow them w
atomically abrupt interfaces. In order to assess the qualit
grown superlattices, a number of techniques have been
plied. However, the tool which is most suitable for direc
measuring the interface abruptness at the atomic scale i
method of cross-sectional scanning tunneling microsc
~XSTM!.

In the past, this method has been applied to the stud
compound semiconductor heterostructures and their in
faces, particularly in the case of the AlGaAs/GaA
system.3–6But this method is by no means limited to a give
material system, as recent work has shown.5 By applying a
combination of XSTM and scanning tunneling spectrosco
~STS!, a new and powerful technique, XSTM/S, has emerg
for investigating not only the structural but also the ele
tronic properties of heterostructures and their interfaces.3,6–10

Recent work using this technique on superlattices in p
ticular has focused on interface roughness and inter
roughness asymmetry effects.11,12 The amount of roughnes
can be related to steps on the growth surface and also i
mixing at the interfaces. Roughness asymmetry can a
from variations in the nature of the growth surface for d
ferent materials. This situation can become even more c
plex for mixed-anion superlattices in which two types
interfaces can result, for example in the case of InAs/Ga
These interfaces are referred to as either ‘‘InSb-like’’
‘‘GaAs-like’’ depending on the particular bonding configur
tions at the interfaces. But in the case of common-anion
perlattices, such as in the present case of AlAs/GaAs,

a!Author to whom correspondence should be addressed.
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situation is greatly simplified. This makes the AlAs/GaA
system ideal for investigating interface abruptness.

It is well known that interface roughness can have a ma
impact on device performance. This is especially true in t
case of short period superlattices in which the roughnes
on the same length scale as a single superlattice per
Clearly, it is vital to understand the influence of variou
growth parameters on the resulting interfacial roughness o
grown device. In a recent investigation of short period sup
lattices, we found that it was possible to delineate GaA
AlAs superlattices with periodicity as small as 4 unit cells
GaAs and 2 unit cells of AlAs grown using a 30 s growt
interrupt on top of a layer consisting of Al0.3Ga0.7As.

13At the
interfaces, there was an apparent intermixing over abou
single unit cell. However, superlattices of the same period
ity, but grown with a smaller amount of growth interrup
time ~5 s!, could not be differentiated from ternary AlGaA
regions; neither could superlattices having even smaller
riodicity. These results strongly suggested the importance
the growth interrupt time.

In the current work, we have extended this growth para
eter study to include the material upon which the superl
tices are grown by growing them on top of GaAs layers. W
find that this has a beneficial effect on the resulting interfa
quality, allowing us to observe all the superlattices whi
were unobservable previously when grown on top
AlGaAs.

II. EXPERIMENT

Our experiments are performed inside an ultrahi
vacuum~UHV! chamber with a base pressure of less th
4310211 Torr. Tips are electrochemically etched and treat
in the vacuum using one of two methods. In the first metho
field emission of the tip is performed on separate clean s
strates. In the second method, the tip is cleaned using
1824/13(4)/1824/6/$6.00 ©1995 American Vacuum Society
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electron-beam heating technique. Both methods yield
giving atomic resolution in the heterojunction region
Samples are grownp-type at 1019 cm23@Be# using molecular
beam epitaxy onp-type @001#-oriented wafers. Typical wafe
thickness is 0.35 mm. A cleavage mark is scribed on par
the epilayer side, and the sample is pushed along the@001̄#
direction in order to cleave. Cleavage is performed in UH

In our study of short period superlattices, we have focu
on three key growth parameters which influence interf
abruptness. First, we varied the periodicity and studied
perlattices composed of the following:~a! 4 unit cells of
GaAs ~22.6 Å! followed by 2 unit cells of AlAs~11.3 Å!
denoted as~4/2! and ~b! 2 unit cells of GaAs~11.3 Å! fol-
lowed by 1 unit cell of AlAs ~5.66 Å! denoted as~2/1!.
Second, we varied the amount of growth interrupt time i
posed at each interface of the superlattice. Typical gro
interrupt times were 5 s and 30 s. Third, we varied the m
terial on which the superlattice layers were grown by gro
ing on top of both AlGaAs and GaAs.

In our first set of samples~sample type 1! grown at
580 °C, all but one of the superlattices were grown on top
AlGaAs layers. The device structure consisted of 10 rep
tions of the ~4/2! structure and 10 repetitions of the~2/1!
structure Each of these superlattices was grown twice, o
using a 5 sgrowth interrupt and once using a 30 s grow
interrupt. Thus, altogether four unique superlattices w
grown, each one also followed by 500 Å of Al0.3Ga0.7As. All
of this was grown on top of a 6-m thick region of alternating
150 Å GaAs/150 Å Al0.3Ga0.7As heterostructures which wa
grown without the use of growth interrupts.

In our second set of samples~sample type 2! grown at
600 °C, each of the superlattices was grown directly on
of a GaAs layer. There were 7 repetitions of the~4/2! struc-
ture and 11 repetitions of the~2/1! structure. These two wer
each grown using both 5 s and 30 s growth interrupts, th
ones with shorter growth interrupts being grown first. T
superlattice layers were separated from each other by on
two AlGaAs marker layers sandwiched by 200 Å thick Ga
layers. All of the superlattice and marker layers were gro
on top of a region of alternating 150 Å Al0.3Ga0.7As/150 Å
GaAs heterostructures where short 5 s interrupts were im-
posed at each interface to maintain a flat surface.

Regarding the STM images, we mention the followi
two points. First, the cleaved GaAs~110! surface is well
known to have a simple 131 reconstruction with buckling o
As relative to Ga atoms. Since the cleaved AlAs~110! sur-
face should be similar, we do not expect any unusual r
rangement of the surface atoms within a superlattice reg
to occur upon cleavage. Hence, an STM image of a supe
tice region should correspond closely to a single slice v
of the bulk superlattice. Second, all images shown here
raw data without frequency filtering. With these two poin
in mind, we can now proceed to discuss the results.

III. RESULTS FOR (4/2) SUPERLATTICES

Shown in Fig. 1~a! is a 450 Å by 290 Å atomic-resolution
filled-state STM image of the~4/2! superlattice. This super
lattice was grown using 30 s of growth interrupt on top o
region of AlGaAs~sample 1!. GaAs layers are clearly distin
JVST B - Microelectronics and Nanometer Structures
ips
s.

of

V.
ed
ce
su-

-
th
-
w-

of
eti-

nce
th
re

s

top

e
he
e or
s
wn

g

ar-
ion
lat-
ew
are
ts

a
-

guished as the four lighter-shaded atomic rows running along
the vertical direction from the two AlAs layers which appear
dark due to the band gap difference of the two materials. On
the left, one can see the beginning of the final 500 Å
Al0.3Ga0.7As region. Intermixing of GaAs and AlAs within a
single atomic row at each superlattice interface is apparent a
light and dark features alternating randomly along the verti-
cal direction. By averaging over the vertical direction, as
shown in Fig. 1~b!, we can remove some of this atomic scale
roughness and more easily observe general trends in th
grown superlattice. Such an average is basically a simulation
of the result one would obtain by using cross-sectional trans-
mission electron microscopy~XTEM! which effectively per-
forms a columnar average over the sample thickness. How
ever, the signature of periodicity is clear even within a single
line cut as seen in Fig. 1~c!.

The apparent height of any particular point in the vertical
average line cut is related to the ratio of the number of light
features~large values! to the number of dark features~small
values! along the vertical line through the image. But the

FIG. 1. ~a! 450 Å3290 Å constant-current STM image of 23 Å GaAs/11 Å
AlAs ~4/2! superlattice of sample type 1 acquired with a sample bias of
22.25 V and a tunneling current of 0.2 nA. The total gray scale for the
image is about 1.5 Å. On the left, following the last 23 Å GaAs region, is a
region of Al0.3Ga0.7As. ~b! Averaged line cut across the image in~a!. The
averaged height difference between GaAs and AlAs is typically about 0.7–
0.8 Å with atomic corrugation of about 0.08 Å. Solid arrows indicate peak
positions which agree with the intended device structure. Dashed arrows
indicate the expected positions of peaks which appear shifted from their
correct location. This shift indicates that a single unit cell has been lost
during the growth near the position indicated.~c! Single line cut across the
image of part~a! showing that the superlattice is well-defined at the atomic
scale.
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‘‘lightness’’ or ‘‘darkness’’ of the features is directly relate
to how the STM tip responds to a changing electronic en
ronment. Within the superlattice section for example,
peaks within the GaAs layers show up superimposed on
‘‘hills’’ in the line profile since the correlation of large value
corresponding to GaAs builds up along the vertical directi
Averaging along the vertical direction for the AlAs layers, o
the other hand, builds up the correlation of small values; t
thus appear as ‘‘valleys’’ in the line profile. For the terna
AlGaAs region, one can see from the single line cut that
magnitude of the random alloy fluctuations is on the sa
order as the contrast across the superlattice. But since
30% aluminum concentration is basically distributed ra
domly along each vertical row in the image, the avera
along each row comes out about the same, somewher
between the tops of the ‘‘hills’’ and the bottoms of the ‘‘va
leys’’ of the superlattice, as seen in the average line cut.

Using the average line cut, we can extract other inform
tion from the data as well. For example, for the first s
periods from the right, the first GaAs layer within a sing
period shows up as the first small peak on the hill seen in
average line cut. The positions of these peaks are marke
the equally spaced solid arrows in the figure which point
the corresponding rows in the image. After the sixth peri
we observe an effect which is very difficult to see in t
image or any single line cut. While the spacing of all t
arrows remains the same across the entire superlattice
dashed arrows point to the second row within the GaAs p
of each superlattice period. This indicates a shift to the ri
of the last four periods by one row suggesting that a row w
lost somewhere between the sixth and seventh periods o
superlattice. However, it is unclear from the data whether
missing bilayers were GaAs or AlAs.

The topographic height contrast from GaAs to AlAs a
back to GaAs is not steplike but rather smoothly varyin
Furthermore, asymmetry in the topographic contrast at
interfaces is observed. This is not, however, the same kin
asymmetry as the roughness asymmetry between the ‘‘
mal’’ and ‘‘inverted’’ interfaces described previously, for ex
ample in the case of AlGaAs/GaAs heterointerfaces.8–11 At
the interface where AlAs is grown on GaAs, the height of t
individual peaks appears to drop off gradually while at t
other interface they rise up quite suddenly, giving the sup
lattice a ‘‘shingled’’ appearance, with the shingles slopi
down from right to left.

Shown in Fig. 2~a! is a zoom-in view of the~4/2! super-
lattice of Fig. 1. The topographic asymmetry effect is ev
better seen in the averaged line cut shown below in Fig. 2~b!
~a slice of the image containing the two bright contaminat
features has been removed from the average!. We label the
transition which appears to be more gradual as type ‘‘A’’ a
the steeper one as type ‘‘B.’’ In this case, the type A tran
tion corresponds to the interface where AlAs is grown
GaAs while the type B transition corresponds to the interf
where GaAs is grown on AlAs. The relative orientation
the cations and anions for this surface is shown in Fig. 2~c!.

Next, consider the~4/2! superlattice image shown in Fig
2~d! which was acquired using similar bias conditions as
image of Fig. 2~a! but on a different sample using a differe
J. Vac. Sci. Technol. B, Vol. 13, No. 4, Jul/Aug 1995
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tip. Notice that the growth direction for the samples shown i
Figs. 2~a! and 2~d! is the same. But in contrast to the sample
shown in Fig. 2~a!, the interface where AlAs is grown on
GaAs is now type B while the other interface is type A. This
is seen clearly in the averaged line cut shown in Fig. 2~e!. In
fact, these two samples have just the opposite asymme
Shown in Fig. 2~f! is the relative orientation of cations and
anions for the sample shown in Fig. 2~d! which is also op-
posite to the orientation shown in Fig. 2~c!. We thus con-
clude that the observed asymmetry effect is primarily due
the cation-anion orientation.

We now consider an additional effect which is based o
the detailed atomic bonding configurations at the interface
Since we are imaging the filled states of the sample surfac
we are not directly probing the aluminum and gallium atom
themselves but rather the electronic effects these two atom
species have on the surface arsenic atoms. Neverthele
Johnsonet al., for example, indicated that the apparent dept
of an arsenic site should be dependent on its number of a
minum nearest neighbors for the filled-state image.3 One way
then to predict how much the tip should respond to th
changing electronic density of states across the interface is
simply count the number of aluminum atoms bonded to su
face arsenic atoms.

For a given cation-anion orientation, there are two pos

FIG. 2. ~a! Small scale image of~4/2! superlattice of sample type 1.~b!
Average line profile for image~a! showing ‘‘A’’ and ‘‘B’’ type transitions at
the interfaces.~c! Crystal lattice orientation corresponding to image~a!. ~d!
Image of ~4/2! superlattice of sample type 2~sample voltage22.59 V,
tunneling current 0.1 nA! with its average line cut shown in~e! and sym-
metry reversal indicated by the exchange of the assignment of ‘‘A’’ and ‘‘B
type interfaces. In~f! is shown the crystal lattice orientation corresponding
to the image shown in~d!.
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sible atomic models for aperfect~4/2! superlattice, as shown
in Figs. 3~a! and 3~b!. In these two models, arsenic atoms a
represented as open circles, gallium atoms as shaded ci
and aluminum atoms as solid circles. Each period of the~4/2!
superlattice contains 4 bilayers of aluminum. The first mod
shown in Fig. 3~a!, has the first~in order of growth direction!
of the four aluminum bilayers intersecting the~110! surface
along a surface zig-zag chain. Once the positioning of
bilayer is assigned, there are no other arbitrary choices t
made regarding the model. In the second model, show
Fig. 3~b!, the first of the four aluminum bilayers intersec
the surface along a second-layer-down zig-zag chain, and
rest of the model is then completely determined. For
other anion-cation orientation, we obtain equivalent but m
rored lattice models. Furthermore, it is important to real
that the difference between the two models is only a sin
~110! plane of atoms. Cleaving a crystal produces two fre
cleavage faces. If one face is of the type shown in Fig. 3~a!,
then the othermustbe of the type shown in Fig. 3~b!.

We can now count the number of aluminum atoms bon
to surface arsenic atoms. In the case of the model show
Fig. 3~a!, we obtain the very symmetric-looking sequen
$...0000330000330000...%, which does not seem to explai
the asymmetric-appearing profiles in the data. On the o
hand, the model shown in Fig. 3~b! gives us the asymmetric
looking sequence$...000231000231000...%, which seems to
agree with the appearance of the data at least in a qualita
way. If we now simply take this result at face value and p
these numbers as a function of position across the inter

FIG. 3. Two possible surface atomic bonding models for the~4/2! superlat-
tice are shown in~a! and~b! for a lattice orientation equivalent to~c! of Fig.
2. The average line cut across a single period of the~4/2! superlattice of Fig.
2~a! is plotted in~c!, which correlates remarkably well with the number
aluminum atoms bonded to surface arsenic atoms,NAs , for the asymmetric
bonding model.
JVST B - Microelectronics and Nanometer Structures
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together with an actual line profile for the~4/2! superlattice,
we obtain a reasonably good agreement as seen in part~c! of
Fig. 3. Despite the success of this comparison, this is not
a complete picture since, as suggested above, there is
reason why we should not observe the more symmetric
perlattice. After all, every cleave produces both kinds of s
faces.

As mentioned previously, the~4/2! superlattice shown in
Figs. 1 and 2~a! was grown using a 30 s growth interrupt o
top of an AlGaAs layer. The~4/2! superlattice grown on top
of AlGaAs using only 5 s ofgrowth interrupt was not distin-
guishable from a ternary AlGaAs region. The~4/2! superlat-
tice shown in Fig. 2~d!, on the other hand, was grown usin
only a 5 sgrowth interrupt. Although the image quality is no
excellent due to the STM tip condition, the periodicity ap
pears to be just as good as that seen in Fig. 2~a! for the 30 s
growth interrupt. The key difference is that this superlatti
was grown on top of a layer of GaAs. It seems, therefo
that the material on which these short period superlattices
grown plays an important role in the interface formation.
this case, the result implies that GaAs is a superior subst
material compared with AlGaAs.

IV. RESULTS FOR (2/1) SUPERLATTICES

The atomic resolution image for the 5 s~2/1! superlattice
grown on top of a layer of GaAs is diplayed in Fig. 4~a!. The
device structure is indicated at the top where each dark re
angle represents one unit cell of AlAs. While the image loo
faintly periodic, the periodicity does not show very clear
for a single line cut as shown in Fig. 4~c!. However, averag-
ing along the vertical direction can be used to boost up
coherence, resulting in the nicely periodic profile shown
Fig. 4~b!. While there does appear to be a shift to the rig
for several of the peaks, similar to what was seen in the~4/2!
superlattice shown in Fig. 1, most of the peaks line up p
fectly with their expected positions. Here is a case in po
where a signal averaging technique~such as XTEM! can
reveal a very beautiful, periodic looking superlattice whi
locally it is really not so good due to fluctuations at th
atomic scale.

On the other hand, the vertical average profile reveals t
the ~2/1! superlattice also exhibits topographic asymmetry
was seen in the case of the~4/2! superlattice. A similar
counting analysis can be applied to try to understand
origin of this observed asymmetry. This has been done, a
the results are shown in Fig. 5. Figure 5~a! is the more asym-
metric of the two possible atomic models and shows 2 bila
ers of aluminum atoms sandwiched in between bilayers
gallium atoms. Counting the number of aluminum atom
bonded to surface arsenic atoms, we obtain the asymmet
sequence$...0210210...% as opposed to$...00300300...% which
would be obtained if the other model was used. This h
been plotted together with the averaged line cut data fo
single period of the~2/1! superlattice in~b!. Similar to the
case of the~4/2!, the agreement between this simple-mind
counting and the actual data is quite good.

f
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V. CONCLUSION

We have used the method of cross-sectional STM to
vestigate the influence of key growth parameters on the
sulting interfacial quality of AlAs/GaAs short period supe
lattices. We find that there are two essential conclusions.
first is that when growing superlattices on top of AlGaA
periodicity shorter that 4 unit cells of GaAs and 2 unit ce
of AlAs and growth interrupts shorter that 30 s makes
superlattice difficult if not impossible to observe at t
atomic scale. Second, when the same superlattices are g
on top of GaAs using as little as 5 s ofgrowth interrupt, they
can be resolved very nicely, indicating that the growth p
rameters are sufficient for the formation of abrupt interfa
for this substrate material. We conclude that the materia
which the superlattices are grown is very important. In p
ticular, GaAs as a substrate material seems to provid

FIG. 4. ~a! 200 Å3200 Å STM image of the~2/1! superlattice of sample
type 2 acquired with a sample bias of22.59 V and a tunneling current o
0.1 nA. In the device structure indicated, each dark rectangle represe
single unit cell of AlAs. The superlattice periodicity can be seen faintly
the image where about every third row appears slightly brighter des
many fluctuations.~b! Vertical averaging boosts up the coherence result
in peaks, most of which line up perfectly with their expected positio
according to the intended device structure. In addition, several of the p
indicated with dashed arrows appear to be shifted to the right by one
cell from their expected positions.~c! A single line cut showing that the
superlattice is not well-defined at the atomic scale.
J. Vac. Sci. Technol. B, Vol. 13, No. 4, Jul/Aug 1995
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smoother starting surface compared with AlGaAs. In ad
tion, we have found that the superlattices seem to hav
characteristic line profile which depends on the relative o
entation of the cations and anions. We have also discus
some simple models of short period superlattices and fr
these models made some comparisons with our experime
STM results.

Finally, it is interesting that we have not yet observed t
more symmetrical structure in our data. Understandably,
first sample set~superlattices grown on AlGaAs! was studied
many times in the attempt to observe the ultrashort~2/1!
superlattice, always without success. However, after obta
ing the new sample set~superlattices grown on GaAs!, the
first data run already revealed the~2/1! superlattice grown
with only 5 s of growth interrupt. While further experimen
may be able to achieve slightly better image quality, it w
not change the primary conclusions of this work but mig
be able to verify the observation of the symmetric structu
as discussed.
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