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Ion dechanneling due to lattice strains in semiconductor superlattices
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A new source has been considered for the unusual ion dechanneling found in InAs-GaSb superlat-

tices. This new source stems from the strains that occur in the layers because of the slight mismatch

between the lattice constants of the two materials. The strains cause the rows and planes of atoms in

the crystal that are inclined to the surface normal to have small directional misalignments at the in-

terfaces between the layers. The effects of these misalignments have been incorporated into comput-

er simulations of ion trajectories in the crystal and have been shown by means of the simulations to
account in a reasonable manner for the observed dechanneling behavior. Two ways of measuring the

amount of misalignment are suggested as a result of the simulations. Calculations have also been

done as a function of the amount of misalignment to give some indication of how much dechannel-

ing might be expected for superlattices composed of other pairs of materials with different degrees

of mismatch.

INTRODUCTION
Ion dechanneling of an unusual nature has been report-

ed by Saris, Chu, Chang, Ludeke, and Esaki' for (1—2}-
MeV He ions in InAs-GaSb superlattices. With the use of
specimens grown by molecular-beam epitaxy on GaSb sub-

strates with (100) surfaces, they observed that ions
remained channeled to considerable depths for incidence
along the surface normal but were dechanneled near the
surface for incidence along directions such as [110] that
are inclined to the normal. They suggested a model in

which the dechanneling was caused by small offsets in the
rows at each interface of about 0.02 nm produced by
differences in bond lengths at the interfaces.

In order to provide a better understanding of the
dechanneling behavior in these materials, the author has
done a series of computer simulations. In one set of calcu-
lations the effectiveness of row offsets at the interfaces in

producing dechanneling was explored, and it was found
that offsets could produce the observed dechanneling, but

only if they were 0.08 nm or larger. Because of the very

large size of the required offsets and of the indirect
method of inferring them, a second method of observing
the offsets was sought which would confirm their presence
and allow a more accurate determination of their size.
The method proposed involved using planar channeling
under conditions in which the path length through the
first superlattice layer would be about a quarter wave-

length of the oscillation of the iona in the channel. Appli-
cation of this procedure indicated that offsets as large as
0.08 nm were not present although ones of 0.02 nm might
be.

As a result of the contradictions for the row-offset
model, the author was led to consider a source of dechan-
neling that had been overlooked in the earlier considera-
tions. This source is the presence of strains in the super-
lattice layers due to the slight mismatch of their lattice
constants, which results in slight changes at the interfaces
in the directions of non-normal axes such as [110]. Simu-
lations incorporating this feature of the lattice produce a

satisfactory account of all observations. The purpose of
the present paper is to present these new calculations. In
doing so, a discussion will first be given of the strain due
to the lattice-constant mismatch and the resulting produc-
tion of changes in axial directions at the interfaces. Then
the incorporation of these changes into the simulations
will be described and the simulation results will be
presented and discussed.

LATTICE STRAINS

The perfection in an overlayer of one material grown
epitaxially on another depends on the degree of mismatch
of their lattice parameters. If the mismatch is small,
layers of considerable thickness can be grown with the
mismatch being absorbed by lattice strain without defects.
For larger mismatches, misfit dislocations will be created
to avoid large stresses. For very large mismatches, epitax-
ial growth may not even be possible.

Consider the situation in which two cubic materials are
used to grow a superlattice on a (100) substrate of one of
them with the substrate being much thicker than the su-
perlattice. If the lattice mismatch is small enough that
there are no dislocations, the strains may be readily com-
puted. In the layers which are not the same material as
the substrate, the y and z components of the strain will be
equal and will be determined by conformity to the sub-
strate dimensions. The other component of the strain in
the second material will be given by

e~ = —(2C)2/C)) )e~ .

The superlattice layers of the same material as the sub-
strate will be unstrained. An example of such a pair of
materials with a small mismatch (0.14%} is GaAs-A1As
on a GaAs substrate, which has been studied by
Segmiiller, Krishna, and Esaki using x-ray diffraction.
Their measurements were in excellent agreement with
strains computed in the manner just described, and there
was no evidence for the presence of any appreciable num-
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ber of dislocations.
For InAs and GaSb the lattice constants are 0.605 S4

and 0.60954 nm, respectively. This mismatch of 0.61%
is still small enough that dislocations should not occur for
sufficiently thin layers, although they may occur for
thicker ones. Under the assumptions in the preceding
paragraph, the y and z dimensions of the unit cell of InAs
must increase by 0.00370 nm so as to conform to those of
GaSb. When the elastic constants of InAs (Ref. 8) are
used in Eq. (1), the x dimension of the unit cell in InAs is
found to decrease by 0.00402 nm. The resulting deforma-
tion of InAs in the superlattice is shown in Fig. 1. In this
situation, the InAs is tetragonal and the [110]axis makes
an angle of 45.36 with the surface normal. A GaSb layer
of the superlattice will be undistorted and its [110] axis
will remain at 45.00. This change in direction at each in-
terface of an off-normal axis such as [110]will be referred
to subsequently as axis tilt. A similar calculation can be
done assuming that the stresses in the two types of layers
of a superlattice are equal in magnitude but of opposite
sign; this will involve the elastic constants of GaSb as well

as of InAs. The difference in direction of [110] in this
second case is 0.35' so that the axis tilt is virtually in-
dependent of how the strain might be shared between the
layers of the superlattice.

Before proceeding to the computer simulations, howev-
er, something should be said about the possible effects of
misfit dislocations. For larger amounts of misfit, there
will be a limit to how thick an overlayer can be before
dislocations begin to occur in it to relieve some of the
strain. When layer thickness and other conditions are
favorable to the existence of misfit dislocations, the max-
imum relief of strain occurs when the dislocations are lo-
cated at the interfaces. However, the conditions in super-
lattices composed of semiconductors may not be favorable
to the motion of dislocations from potential sources into
the layers. Dislocations already present in the substrate
are one possible source, a source which is most likely to be
effective in the layers closest to the substrate. ' A reduc-
tion in the tendency to introduce misfit dislocations can be
achieved by having the lattice constant of the substrate
matched to the average lattice constant of the overlayers. '

Since the first overlayers form part of the substrate for the
later ones, more misfit dislocations may occur in the ear-
lier layers until the desired average lattice constant is

reached. All in all, the density of dislocations in the
InAs-GaSb superlattices of interest here is very difficult to
predict, and definitive knowledge of the extent to which
they are present and act to relieve some of the misfit strain
is probably obtainable only by electron microscopy.

COMPUTER SIMULATIONS
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Computer simulation of channeling is a calculational
technique in which a large number of trajectories are fol-
lowed collision by collision through a lattice. It has been
described previously" so that only the special features in-

volved in the present calculations will be mentioned here.
Electron multiple scattering has been incorporated as in
the earlier superlattice calculations. For the thermal vi-

bration amplitude, Kyutt's measured value' of
u, = (x ) '~ =0.0108 nm in GaSb has been used. At each
interface, the positions of the high-charge (In or Sb) and
low-charge (Ga or As) rows were interchanged as is ap-
propriate for the [110] direction, and for convenience in
doing the calculations the high-charge rows always had
Z=SO and the low-charge rows Z=32. The rows were
offset at each interface by 0.02 nm in accord with the 7%
difference in bond lengths expected there. Finally, the
direction of the [110] rows was changed at each interface

by 0.36' as calculated above or by other amounts as
desired. It was assumed that no dislocations were present
to relieve any of the strain.

The quantity generally calculated for comparison with
experiment was the distance into the lattice required to
dechannel half the beam or, more specifically, to bring the
backscattered yield up to 0.5 of the value for a random
direction in the solid. The calculated dependence of this
quantity on layer thickness is shown in Fig. 2 together
with measured values. The error estimates for the calcu-
lated values in the figure as well as similar estimates else-
where in this article are statistical ones associated with the
finite number of trajectories and do not incorporate any
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FIG. 1. Distortion of InAs in an InAs-GaSb superlattice
grown on a GaSb(100) substrate when there are no misfit dislo-
cations. This information is given in the text.
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FIG. 2. Dependence on layer thickness of the dechanneling
distance for 2.225-MeV He incident along [110] in an InAs-
GaSb superlattice with an axis tilt of 0.36'. (The measured
values were obtained from Figs. 9 and 10 of Ref. 2.)
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TABLE I. Variation with energy of the dechanneling distance
for He ious incident along [110] in an InAs-GaSb superlattice
with an axis tilt of 0.36'.

Energy (MeV)

Distance for half-
dechanneling (p,m)

Expt. ' Calc.b

1.01
1.SO

2.23

0.53
O.S2
0.48

0.61+0.04
0.53+0.04
0.5420.04

'From Figs. 9, 11, and 12 of Ref. 2 for a specimen with 41-nm-
thick layers.
For 50-nm-thick layers.

allowance for possible inaccuracies in the treatment of
thermal vibrations, electron multiple scattering, or other
factors. In earlier results it was found that the calculated
minimum yield and dechanneling rate for the GaSb sub-

strate were underestimated when using the simulation con-
ditions outlined in the preceding paragraph and that an in-

crease of u& to 0.0156 nm gave very nearly the measured
minimum yield and dechanneling rate for GaSb. The use
of a larger vibration amplitude in the earlier calculations
was regarded only as a convenient way of introducing
more multiple scattering, and it was felt that any addition-
al scattering would more likely be from some other un-

kown or inadequately treated source. Results for a larger
vibration amplitude have been obtained for only one of the
layer thicknesses in Fig. 2. For the 50-nm layer a distance
for half-dechanneling was calculated for u~ ——0.0156 nm;
the value of 0.32+0.04 turn. It is to be expected that lower
results would also be obtained for the other thicknesses if
a larger value of u~ were used. However, the agreement
betwen calculated and measured valaues in Fig. 2 is satis-
factory in view of the uncertainties in both the calculated
and measured values so that calculations for other layer
thicknesses with u i

——0.0156 nm were not done. The cal-
culated values are higher toward either the left or the right
of Fig. 2, and the two separate reasons for this can be
seen. For a small layer thickness, as on the left, the ion
beam does not travel far enough in a layer to encounter
the rows and get adjusted to the direction in that layer be-
fore the direction switches to that for the other layer.
Consequently, for thin layers the full effect of the axis tilt
is not felt. For larger thickness the ion beam does travel
far enough to feel and accomodate to the direction in a
layer, and dechanneling takes place primarily during the
readjustment period. For the thicker layers, the tendency
is to require about the same number of layers for a given
amount of dechanneling so that the distance to dechannel
the ions is then somewhat in proportion to the layer thick-
ness.

A second calculation done for comparison with experi-
ment was the dependence on energy. The calculated and
measured dependences on this parameter are shown in
Table I. As the ion energy increases, the acceptance angle
for channeling decreases as E ', which would produce a
variation in the same sense as, but stronger than, that
shown in the table. As the energy increases, however, the

Do 5
——(0.32+7.6a' ) (2)

multiple scattering decreases, producing a variation in the
opposite sense to that shown in the table. It appears that
the two tendencies nearly balance with only a slight energy
dependence remaining. The trend in the calculated values
agrees very well with the trend in the experimental ones,
and the magnitudes again agree within the uncertainties in
calculation and experiment.

Enhanced dechanneling should be expected in a strained
superlattice for planes inclined to the surface normal, just
as it is for inclined axes, since the planes will have small

misalignments at the interfaces just as the axes do. An in-

teresting comparison to make would be between two sets
of planes having the same spacing with one set normal

and one set inclined to the surface. Measurements have
been made recently for two such sets, (022) and (220), in

an InAs-GaSb specimen having 19- and 14-nm-thick

layers, respectively. When a pair of thicknesses for a su-

perlattice is given in this way, the first is for the InAs
layers and the second is for the GaSb layers; when a single
thickness is given, it is for all layers. Because the back-
scattering yield for the planes starts with a value of
0.3—0.4 near the surface, the quantity selected for com-
parison between experiment and calculation was the depth
at which 0.7 of the beam was dechanneled, which wi11 be
called D07. The observed values for this depth were 0.71
pm for (022) and 0.33 pm for (220). The simulations for
(022) were done with zero row offset and zero axis tilt, and

DO 7 was calculated to be 2.1+0.2 pm. The simulations
for (220) were done with a row offset of 0.02 nm and an
axis tilt or misalignment of the [110]axis of 0.36'. When
the beam was aligned with the center of (220) in the sur-

face layer, over 0.7 of the trajectories were dechannled
after passing through the first interface. However, at
small tilts further away from the surface normal, channel-

ing conditions are improved. The optimum angle is about
0.22', and this orientation would have the appearance of
being the channel center. For this optimum direction Do 7

was calculated to be 0.32+0.04 y, m. The variation of
channeling behavior with angle will be discussed more ful-

ly in the following paragraph. Because the calculated
value for (022) is so much higher than the measured one, a
calculation was done with the larger value of u&, 0.0156
nm, just as done earlier' for axial channeling; the resulting

D07 was 1.2+0.1 pm. Although there is poor agreement
between the calculations and experiments for planar chan-
neling with regard to the intrinsic dechanneling mecha-
nisms of the crystal, the simulations do show that the ex-
pected axis tilt provides a satisfactory prediction for the
difference between the dechanneling observed in (022) and
(220).

For InAs-GaSb there is no strong reason to consider
other values for the axis tilt than the one calculated above.
However, pairs of materials with other degrees of
mismatch would have other values of axis tilt. For this
reason it is of interest to consider how the distance for
half dechanneling varies with this parameter, and such re-
sults are shown in Fig. 3. The results shown in the figure
together with a value of 3.1+0.3 pm calculated for zero
axis tilt are all fit very well by the empirical expression



28 ION DECHANNELING DUE TO LATTICE STRAINS IN. . . 2331

0
E

CD
Z

W

Z

O
4J
Ci

1.0
X

z 0.5

V)

Ci

0.0
0.0 0.1

I I

0.2 0.3
AXIS TILT (deg)

0.4 0.5

FIG. 3. Dependence on axis tilt of the dechanneling distance
for 2.225-MeV He incident along [110] in an InAs-GaSb super-
lattice with layer thicknesses of 50 nm.

where Do 5 is the distance for half-dechanneling in pm
and a is the axis tilt in degrees. If the value for zero axis
tilt is not included, the points in the figure are fit with a
lesser but still acceptable accuracy by Do &

——0.186la. Al-
though there is no obvious reason why either of these rela-
tionships should hold, one of them, together with the re-
sults in Fig. 2 and some form of scaling according to the
critical angle for channeling, might provide a useful guide
for predicting behavior in other cases.

As pointed out above, the row-offset model had a seri-
ous defect in that the offset required to account for the ob-

served dechanneling was at least 4 times larger than the
offset expected on reasonable physical grounds. The axis-
tilt model has no such defect since the expected amount of
axis tilt accounts for the observed dechanneling behavior

very satisfactorily. Nevertheless, it would be desirable to
demonstrate the axis tilt and measure its magnitude in a
more direct way. Although such a measurement might be
made by x-ray diffraction, as it was for GaAs-A1As,
InAs-GaSb presents some difficulty because of the nearly
identical x-ray scattering power of these two materials.
Channeling and backscattering might offer a useful alter-
native, and one specific method would be to use planar
channeling under conditions for which the path length
through the first superlattice layer is a near match to a
quarter wavelength of the oscillations of the ions in the
channel, just as proposed earlier to look for large offsets.
Accordingly, a series of simulations were done at various
angles to the (220) planes. The results are shown in Fig. 4
as contours over the angle-depth plane of backscattering
yield relative to that from a random direction in the solid.
The contours were constructed by means of a standard
computer algorithm, and the simulations used the estimat-
ed axis tilt, a row offset of 0.02 nm, the kinematic factor
for each element, and a Gaussian depth resolution with 20
nm full width at half maximum (FWHM}. The layer
thicknesses used correspond to those of the most suitable
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FIG. 4. Backscattering contours for 1.9-MeV He ions in
InAs-GaSb with 19- and 14-nm-thick layers, respectively. The
beam direction was 7' from [110], and the axis tilt was 0.36'.
The levels of local maxima and minima are shown, and the in-
terval between contours is 0.1.

specimen available for use in a possible experiment, the
top layer of which was GaSb. In Fig. 4, the minimum
yield occurs for an angle of 0' from the plane in the sur-
face layer but is shifted to angles between 0.2 and 0.35' in
the deeper layers. The shift puts the minimum further
from the surface normal in the deeper layers than in the
surface layer, just as would be expected from the strains
estimated above. Since the shifts in most regions appear
to have no definite relationship to the axis tilt of 0.36' in-
corporated into the simulations, it is to be expected that
values of axis tilt that may be inferred from experiment
will be somewhat imprecise. The measurements made to
look for large row offsets are of the general nature needed
to look for these angular shifts. Consequently, they were
anlayzed by finding the angular dependence for the aver-
age yield in several depth ranges. At the time the experi-
ment was done, the specimen was estimated to have the
layer thicknesses shown in the figure caption, and an ener-

gy of 1.9 MeV was judged to give the best match of the
quarter wavelength to the path length through the top
layer on the crystal. From the analysis of the experiment,
it was observed that the minimum yield was shifted by
about 0.1' in all of the deeper layers relative to the surface
layer. The conditions of the experiment were such as to
allow these relative measurements between layers, but not
measurements with sufficient accuracy relative to the sur-
face normal, to be meaningful. Measurements at 1.0 MeV
were also made, and their analysis in the same way
showed the angle giving the minimum yield in all of the
deeper layers to be shifted by about 0.2' relative to the sur-
face layer. It seems puzzling to see a shift twice as large
at 1.0 MeV energy as at 1.9 MeV, which was the energy
that was expected to give the best match of quarter wave-
length to path length in the top layer. However, there was
later evidence that the layers were thinner than originally
thought, so that 1.0 MeV might have been a good energy
for matching the quarter wavelength to the path length in
the top layer. The experiments just discussed were not
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FIG. 5. Backscattering contours for 1.9-MeV He in InAs-
GaSb with 19- and 14-nm-thick layers, respectively. The bean
direction was 7 from [110]and the axis tilt was 0.36'. The solid
hnes are contours for a row shift of 0.02 nm, and the dashed
lines are contours for no row shift.

made with the present analysis in mind and were not made
under the best conditions for measuring the shift between

layers of the angle of the minimum; it would be desirable
to have a better set of measurements. Nevertheless, within

their limited accuracy they do appear to be in agreement
with the results in Fig. 4.

The 7% difference in bond length and the resulting
0.02-nm row offset suggested by Saris and co-workers'
seem to be very reasonable expectations, and it is of in-

terest to look for their consequences. In doing the simula-
tions reported above for the distance for half-
dechanneling, an effort was made to assess the role in the
presence of axis tilt of the proposed row offsets at each in-

terface due to the differences in bond lengths. With the
use of an axis tilt of 0.36', simulations with no offset and

with a 0.02-nm offset showed no difference in dechannel-

ing distance. However, the contours in Fig. 4 differ from
ones done with zero row offset; the differences are illus-

trated in Fig. 5 by shying a comparison of the two cases.
The two sets of contours were calculated for exactly the
same conditions except for the magnitude of the rom

offset. Only two contour levels are shown to avoid clutter
in the figure. The contours are very similar except in the
depth range between 20 and 50 nm, which encompasses
the encounter of the beam with the first interface. '

Within this depth range there are two differences. The
first is a general shift in angle of the dip containing the
yield minimum. Since the position of this dip also de-

pends on the axis tilt in a somewhat uncertain way, its po-
sition might be an unreliable test for row offset. The
second difference is in the 1.0 contour level in the vicinity
of —0.02' in angle and 35 nm in depth. This difference is
of a qualitative nature and should be a more definitive
manifestation of the expected row offset of about 0.02 nm.
An average of the yield over depths between 35 and 40 nm

should show a shallow local minimum at about —0.2' for
the expected row offset but no such minimum for zero
offset. An experimental demonstration of such a secon-
dary minimum would provide evidence for the existence
of a change in bond length at the interfaces, perhaps the
only way such evidence could be obtained.

The dependence of channeling behavior on the angle

discussed in the preceding two paragraphs is very com-
plex. It is appealing to search for any limiting cases that
might have simpler behavior. Two possibilities would
seem to be ~hen the path length through a layer is either
very large or very small compared to the wavelength of
the ions in the channel. As an approach to the thick-layer
limit, simulations were done for [110] and (220) channel-
ing of I-MeV He ions in a superlattice with 50-nm layers.
For (220) the path through one layer constituted between 1

and 1.5 wavelengths. For axial channeling the oscillations
are more complex in character but the ratio of the path
through a layer to wavelength would be comparable for
[110] to what it is for (220). The angular dependence was
quite strong and assymetrical for (220), and was different
for different depth ranges. For [110]the behavior was less
striking but exhibited considerable complexity. It did not
appear that any limiting behavior had been reached at this
thickness. This limiting case was not pursued to greater
thicknesses because it was felt that the necessary thickness
would be so great that a large amount of dechanneling
would occur within just one or a few layers, due mostly to
intrinsic dechanneling processes and only slightly to super-
lattice structure. As an approach to the thin-layer limit,
simulations were done for [110] and (220) channeling of
2.5-MeV He ions in a superlattice with 5-nm layers. For
these conditions, the path through a layer was about one-
tenth of a wavelength. For both [110]and (220), the back-
scattered yield for layers deeper than the first was centered
at 0.18, which is just the average of the axial direction for
the two layers. The thin-layer limit does appear to be
achievable and gives just the result one would expect.
There was one observation' in the original set of experi-
ments which was not reported but which might be
relevant to the simulations discussed just above. This ob-
servation, made for 2.225-MeV He on the specimen with
41-nm layers, was that the angle between [110]and [110]
was 90.0'+0. 1'. The measurements in this case were made
by averaging the yield over several superlattice layers
deeper into the crystal than in the simulations just
described. The experimental conditions provide a
wavelength-to-thickness ratio slightly smaller than for the
simulation done above as a probe for the "thick-layer"
limit. Because of the different depth ranges averaged
over, it is not clear what correspondence is to be expected
between this experiment and the "thick-layer" simulation
or how any disagreement between them might be com-
pared to the computational and experimental uncertainties
involved.

One dechanneling mechanism which was not of impor-
tance for InAs-GaSb, and which was not included in the
simulations, but which might be important for certain
other pairs of superlattice materials is the variation of
atomic number between layers. One example of such a
pair is GaAs-A1As, wherein Al has an atomic number less
than half that for the other elements involved. Although
this dechanneling mechanism might be observable, it is
probably not large since the interchange of high-charge
and low-charge rows that occurs at each interface in the
present set of simulations, although less extreme than
switching between Ga and Al, produced only a barely no-
ticeable amount of dechanneling. Other superlattices
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would not have to be composed of semiconductors but
could be made of pairs of metals or alloys or of any other
pair of materials that would grow epitaxially.

CONCLUSION

The new source of dechanneling introduced into the
computer simulations described above provides satisfacto-
ry agreement of the calculated results with the various
channeling measurements. ' ' ' on InAs-GaSb superlat-
tices. This new source is the axis tilt or small misalign-
ment of off-normal directions in different layers of the su-
perlattice caused by strains due to the slight mismatch of
lattice constants between the layers. For axial channeling
the calculated and measured values are in good agreement,
including the dependence on layer thickness and energy of
the ion beam. The measured distances for half dechannel-
ing are all slightly below the calculated distances, which is
probably due to the fact that the simulations do not pro-
vide enough intrinsic dechanneling to agree with measure-
ments for the GaSb substrate crystal; this is undoubtedly
the largest systematic source of uncertainty in the calcula-
tions. For planar channeling the agreement between the
calculations and the limited experimental results is not as
good as for axial channeling but is acceptable. In the
simulations it was assumed that there were no misfit dislo-
cations present to relieve the strain, and the axis tilt was
calculated from the lattice-constant mismatch. The good
agreement between theory and published experiments sug-
gests several conclusions. The first is that there are prob-
ably too few dislocations in the specimens used to affect
the dechanneling in a significant way. In this regard it is
to be noted that when misfit dislocations are known to ex-
ist, as in PbSe-PbS bicrystals, their dechanneling effect
can be observed, even for channeling along the growth
direction. ' For a small number of dislocations, the reduc-
tion of dechanneling by relieving misfit strain and thereby
reducing axis tilt might be more important than the in-
creased atomic scattering produced by distortions of the
lattice around the dislocation itself. A second conclusion
is that row offsets at the interfaces due to different bond
lengths there produce only a very minor amount of
dechanneling. The change in bond length required to pro-
duce significant dechanneling is too large to appear
reasonable and is ruled out by the planar channeling mea-
surements. A third conclusion from the simulations is
that the interchange of high- and low-charge rows at each
interface also produces only a minor contribution to the
dechanneling. Clearly, the principal source of the unusual
dechanneling observed in InAs-GaSb superlattices is the
strain and resulting axis tilt produced by the lattice-
constant mismatch between the two materials.

Another topic explored was whether the axis tilt for su-
perlattice materials could be observed directly by ion back-
scattering and channeling. Planar channeling measure-
ments of the kind shown in Fig. 4 offer the best possibility
for such an observation. The most desirable type of mea-
surernent would be to measure for any given layer the an-

gle between a direction such as [110]and the surface nor-
mal or a symmetrically located direction such as [110].
Such a measurement requires a goniometer that can mea-
sure large angular differences with very high accuracy.
An easier type of measurement, as made in Ref. 5, is to
make relative measurements between different layers. Ei-
ther type of measurement will be most accurate for layers
nearest the surface but can be made for deeper layers as
well. A limiting case of some simplcity is provided when
the path length through a layer is very small compared to
the wavelength of the ions in the channel; in this situation
averaging over some depth into the crystal allows a direct
measurement of the average axis tilt for either axial or
planar channeling. X-ray measurements, as in Ref. 6, pro-
vide what is probably a generally more accurate alterna-
tive for measuring the strain averaged over all layers of
the same composition in the superlattice. However, the
x-ray technique cannot single out one layer of a superlat-
tice at or near the surface as ion scattering can do; so the
two techniques tend to be complimentary. An additional
ability of the ion scattering technique would be to make
measurements on a top layer which had a thickness as
small as only a few atomic planes. A related use of ion
scattering to measure strains in a single epitaxial overlayer
has been demonstrated by Larson, White, and Appleton'
for B-doped Si on Si and more recently by Tromp, van
Loenen, Iwami, and Saris' for PdzSi on Si.

One further measurement that should be possible is to
demonstrate the existence of bond lengths at the interfaces
shorter or longer than the average value, which would
manifest themselves by producing row offsets at the inter-
faces. The demonstration again would involve setting up
experimental conditions such that a quarter wavelength
for the ions in a planar channel would approximately
equal the path length through the first layer of the super-
lattice. As discussed in connection with Fig. 5, the expect-
ed amount of offset should produce a small secondary
minimum in an angular scan at the depth of the first in-
terface. This method would have limited accuracy but
offers what is probably the only way to demonstrate the
existence of a different bond length. Clearly, planar chan-
neling with a quarter wavelength for the ions approxi-
rnately equal to the path length through the first layer has
multiple uses and is an important measuring technique
when using ion beams to study superlattices.

Any pairs of semiconductor or other superlattice ma-
terials to which the ion backscattering and channeling
method might be applied will have other amounts of axis
tilt than that of InAs-GaSb. For those materials, the
dependence of dechanneling distance on axis tilt shown in
Fig. 3 might provide helpful guidance. With other materi-
als, it is possible that large variations of atomic number
between alterate layers could make a significant contribu-
tion to the dechanneling. It should also be remembered
that materials with a large lattice-constant mismatch are
more likely to have misfit dislocations which could relieve
the strain leading to the axis tilt and could become a direct
source of dechanneling themselves. Another measuring
technique that might be useful for superlattices that are
suspected or known to have misfit dislocations is to use
channeling measurements to find the spatial distribution
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of misfit dislocations. ' ' For superlattices the best chan-
neling direction for this purpose might be along the sur-
face normal so as to suppress axis tilt as a source of
dechanneling.
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