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Owing to the lattice mismatch between GaSb and A1Sb, a superlattice consisting of alternating
layers of these materials will be strained. We have carried out ion-channeling measurements by
backscattering of 1.76-MeV He ions, and present an experimental procedure and a data-analysis
technique to measure the difference in strain between the two individual layers-of the superlattice.
The data analysis is based on computer simulations of channeling, the accuracy of which is support-
ed by the many fine details of the experiments reproduced in the simulations. X-ray rocking-curve
analysis yielded detailed profiles of strains in directions perpendicular and parallel to the surface.
The x-ray value for the strain present at an unirradiated spot. on the crystal is in excellent agreement
with the value calculated by elasticity theory. In the bombarded region, the values of strain are less
than the value calculated by elasticity theory. It appears that bombardment by the He ions reduced
the strain by 50% and created lateral inhomogeneities in the crystal structure.

I. INTRODUCTION

Superlattices fabricated by the epitaxial growth of alter-
nating layers of two different semiconductors constitute a
group of materials with unique electrical and optical
properties. The introduction of lattice-mismatched super-
lattices' has broadened this group of materials. Under
certain circumstances, the lattice mismatch in these sys-
tems will be accommodated by an approximately uniform
strain. ' This makes it possible to use a larger variety of
semiconductor materials in the alternating layers. More-
over, the strain in each individual layer can be used to
modify the intrinsic physical properties, and the struc-
tures are also of interest for zone-folding experiments. It
is well known that there exists some maximum thickness
of a lattice-mismatched epitaxial overlayer above which
dislocations develop and the strain is less than for thinner
layers. In equilibrium this can be predicted; however, it is
not yet clear where these limits will be for the different
specific growth conditions used to'fabricate various super-
lattices. Furthermore, it is not clear how stable these
structures will be. For these reasons, strain measurements
on superlattices are an important task in the characteriza-
tion of these materials.

Ion-beam channeling and x-ray diffraction have proven
to be valuable tools for characterizing strained-layer su-
perlattices. X-ray diffraction has provided detailed depth
profiles of perpendicular strain in A1As/GaAs superlat-
tices. The first investigation of strained superlattices
with the backscattering channeling method was carried
out on a GaSb/InAs superlattice structure. ' Recently,
various different methods for the characterization and
measurement of the strain in superlattices have been

developed.
We have previously reported on the channeling mea-

surement of strain in a GaSb/AlSb superlattice. The
measurement was based upon the fact that, for a superlat-
tice grown along the [100] direction, the "angle for best
channeling" along the [110]direction will be different for
the individual layers in the superlattice. The difference
between the angle for best channeling of the first and
second layers was measured to be 0. 17 +0.03'. If the lat-
tice mismatch is completely accommodated by strain in
the layers, one can calculate the magnitude of the angle
between the [110] axes of two layers from elastic con-
stants and lattice parameters of the individual layers. We
named that a "kink angle. "

In this paper we will elaborate on the channeling mea-
surements briefly reported earlier and also include x-ray
rocking-curve analysis and computer simulations of the
same GaSb/AlSb superlattice sample. A comparison be-
tween the results and an evaluation of the methods used
will be given.

II. EXPERIMENTAL PROCEDURES

The layered structure of the sample used in this investi-
gation is given in Fig. 1. The sample was a GaSb/AISb
(30 nm/30 nm) periodic structure with a total of 10
periods. The films were grown by molecular-beam epi-
taxy A2-pm-t. hick GaSb buffer layer was first grown on
a GaSb[100] substrate to smooth the surface. Details of
the growth procedure have been given elsewhere. '

Figure 2 shows a schematic model of a strained-layer
superlattice. The GaSb layer is unstrained due to its con-
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the tilt angle 8 and the rotation angle P. A (100) axis is
then found by setting the goniometer to the intersection of
lines through these points, followed by a fine tuning.
Then a (110) axis is found by sliding along a I 100I plane
until the minimum is found close to a (110) direction.
This corresponds to the minimum scattering intensity
averaged over several superlattice periods. The actual an-
gular scan is then performed by varying both 8 and P for
each step in the scan so that the angular scan plane does
not coincide with any major crystallographic planes. The
chosen scan direction in our experiments made an angle of
14' to a I100I plane. The exact angle in the crystal be-
tween the (100) and (110) directions cannot be precisely
determined in our measurements since small inaccuracies
in the experimental setup could influence this. However,
the precision in measuring small differences between an-
gles is very good (+0.02 ). Details on the channeling-
data —reduction procedures will be given in Sec. IV.

The same samples used in the channeling measurements
were also characterized by x-ray rocking-curve analysis.
Details about experimental procedure to characterize the
depth distribution of strain in strained-layer superlattices
have previously been described. ' ' ' In this investiga-
tion, a double-crystal diffractometer with Fe Ea& radia-
tion was used. A [100] GaAs crystal was used as the first
crystal, with (400) reflections for both sample and first
crystal. The experimental data are analyzed by compar-
ison with computer-calculated reflection intensities. ' The
computer program assumes a certain strain distribution
with depth, and scattered x-ray intensities are modeled by
kinematical theory, which is a good approximation under
the present circumstances. A detailed discussion of x-ray
analysis of superlattices and additional information on
measurements of the present samples is given elsewhere. '

III. STRAIN CALCULATIONS

In this section we present the values for 'the expected
lattice constant in the superlattice structure under study,
and also the expected values for the angle between the
[110] directions of each of the layers in the superlattice
based on the elasticity theory of layered structures.

GaSb and AlSb, which contribute the individual layers
in the superlattice, both have the zinc-blende crystal struc-
ture, and their lattice constants are only slightly different
from each other. In Fig 2, a~ an. d az are the bulk lattice
constants for GaSb and AlSb, respectively. a2 is slightly
larger than a ~. The lattice mismatch f, defined by

2(az —a&)f=
aq+a&

is 0.65%.
When a thin layer is grown on the substrate, atoms will

register at the atoms of the substrate. The lattice constant
a~~ in the growth plane (Fig. 2) will then conform to that
of the substrate. As the substrate is much thicker than
the layers in the superlattice, the changes in the, lattice
constant of the substrate will be insignificant. Thus, the
A1Sb layers in the superlattice will register with a parallel
lattice constant close to that of the substrate (i.e., a~~ -a

~ ).
The lattice constant perpendicular to the plane a& can be
calculated from the Poisson effect,

gy —g) = —2 (~,
~

—~&),
11 Gasb

(2)

(2)a J
—az ———2 (a(] —az),

11 Alsb

where, az" and aq ' are the lattice constants perpendicular
to the plane for GaSb and AlSb, respectively. C&] and
C&z are the elastic stiffnesses corresponding to stress
along the growth direction and a direction in the growth
plane, respectively. In our case, the GaSb layer can be
practically unstrained since a~~ is very close to a &.

The directions of [110] axes of the strained layers are
changed, while no change occurs in the unstrained layers
with respect to the [110] axis of the substrate. The angle
b,8 between the [110] axis of the two different layers can
be calculated from

(2)az az69=82 —8& ——arctan —arctan
ail

60 is the "kink angle, " which is a way to express the
strain of the system, and 8z and 8& are defined in Fig. 2.

A tabulation of calculated values of the "kink angles"
for the superlattice under study is shown in Table I for
two different values of the lattice constant of GaSb cited
in the literature. We expect the lattice parameter of Ref.
19, which is in agreement with the published value of the
National Bureau of Standards (NBS), to be a more accu-
rate one. A similar calculation, assuming that both layers
of the superlattice are strained, as would have been the,
case if the growth had started with an infinitesimally thin
substrate or with a buffer layer decoupling the superlattice
layer from the substrate completely, does not make any

TABLE I. Lattice constant and "kink-angle" calculation.

a ~(GaSb)
(A)

6.095'
6.118'

a2(AlSb)
(A)

6 135'
6.135

a
( )

(CxaSb)

(A)

6.095
6.118

a] (GaSb
(A)

6.095
6.118

a &2'(Alsb)

(A)

6.175
6.152

50
("kink angle" )

(deg)

0.374
0.159

'Reference 19.
Lattice parameter of Ref. 19 is believed to be more accurate.

'Reference 20.
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significant difference in the value of the calculated "kink"
angle ht9. Experimental measurement of the "kink angle"
is given in the next section.

IV. CHANNELING MEASUREMENTS

Figure 5 shows some typical experimental backscatter-
ing spectra from the GaSb/AISb superlattice. The oscilla-
tions seen in the scattering yield in the spectra are due to
the variation in composition with depth. The spectrum
labeled "[100] aligned" was obtained with the analysis
beam incident along the [100] direction of the superlattice.
The one labeled "[110] aligned" was obtained by the
analysis beam incident along the average [110] direction
of the superlattice layers. They indicate that the dechan-
neling is higher along the [110] direction than along the
[100] direction, as is normally observed in strained-layer
superlattices. ' The spectrum labeled "random" was
obtained with the incident-beam direction making an an-
gle of 3' with the [110]axis and 10 with the (110) plane.
For the measurements of the "kink angle, " we collected a
large number of individual spectra, all with the beam
direction lying in a plane that makes an angle of 14' with
a {100I plane, as indicated in Fig. 4. The angular differ-
ence between the analysis direction for consecutive spectra
was 0.05' or 0.1. Figure 5 shows three out of a total of
52 such spectra. Since the energy scale in Fig. 5 can be
c6nverted to a depth scale, the above-mentioned data al-
low us to plot the yield at different depths as function of
tilt angle from the [110] axis of the first layer. In Fig. 5,
the energy intervals corresponding to the individual GaSb
(layers 1, 3, and 5) and AISb (layers 2, 4, and 6) have been
indicated for the Sb part of the spectrum (1.4—1.6 MeV)
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FIG. 5. Energy spectra of 1.76-MeV He+ ions backscattered
from [100] CxaSb/AlSb superlattices. Depth scales based on
both Sb and Ga signals are marked in units of the number of
layers (30 nm per layer), [100]- and [110]-aligned spectra, and a
random spectrum taken at an angle of 3' with respect to the
[110] direction, and three more spectra between the [110] and
random spectra are given.

and for the superimposed contribution from Ga and Sb
(below 1.4 MeV). The energy positions for each individu-
al layer have been assumed to be identical for a random
direction and an aligned direction, neglecting differences
in stopping cross section and energy straggling for the
random and aligned cases. For the purpose of converting
the energy scale to a depth scale, this is a reasonable ap-
proximation.

Figure 6 shows angular yield curves extracted from ex-
perimental measurements, such as Fig. 5, at four different
depths. The yields have been normalized to the random
yield. From each of these curves, we find an angular posi-
tion termed the direction or angle for "best channeling"
for a given depth. It is defined as the midposition be-
tween the intercept of half-heights of the left- and right-
hand portions of the angular yield curve, respectively.
This parameter serves to quantify the observed effect. It
is interesting to note that the direction for "best channel-
ing" shifts back and forth from layer to layer in the su-
perlattice. We attribute the observed periodic changes in
the angular yield curves to the periodic changes of the
[110]direction in the superlattice structure.

Figure 7 shows the angular position of the best-
channeling direction as a function of depth. The depths
corresponding to the individual layers are also indicated in
the figure. The error bars are typical for all the data
points. Data points of layers deeper than the fourth layer
are somewhat doubtful since, they have been extracted
from portions of the spectrum where the Ga signal from
one depth overlaps the Sb signal from other depth. One
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FIG. 6. Angular scan done by setting an energy window from
the first to fourth layer from 52 spectra run at 52 different an-
gles. The center position of the angular scan changes from layer
to layer, indicating that the [110]direction varies. The vertical
dashed line is the limiting center position for layers much deeper
in the specimen.
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can see from Fig. 7 that the damping of the oscillations is
quite clear. This damping occurs because the ions become
increasingly insensitive after passage through many layers
to the direction of the layer they are in, and the direction
for best channeling tends towards a steady value deter-
mined by the cumulative history through the layers nearer
the surface. This steady value will have a complex depen-
dence on the relationship of the wavelength of the ions
within the layers to the path length through the different
layers. The only simple situation which is known to
occur is for layers that are very thin compared to the
wavelength, in which case the direction for best channel-
ing is an average of the directions in the two types of
layers. The observed differences between the best-
channeling direction for the first two layers is 0. 17
+0.03', which should be a lower limit for the "kink an-
gle." These findings will be compared with the
computer-simulation and the x-ray rocking-curve rnea-
surements.

I I I I I I I

-2.00 -I.50 —I.OO -0.50 0 0.50 I.OO I.50 2.00
TILT ANGLE (deg)

FIG. 8. Monte Carlo simulation backscattering probability
contours for 1.76-MeV He ions in GaSb/A1Sb. The "kink an-
gle" assumed was 0.37 . The level of local maxima and minima
are shown, and the interval between contours is 0.1.

although minor asymmetry due to ions incident close to
group III as opposed to V is present. The simulation
scanning profiles shown in Fig. 10 were extracted from
the data of the contour diagram at the different depths
given in Fig. 8. One can see that the angle for best chan-
neling as previously defined oscillates with depth, in good
agreement with our experiments (see Fig. 7), and tends to
a steady value at greater depths, as expected. %'e have
done other simulations with other "kink angles, " but with
all other parameters unchanged. Figure 11 shows the an-
gle difference b,f between the "direction for best channel-

V. COMPUTER SIMULATIONS Depth

Monte Carlo simulations of ion channeling in the crys-
tal can be used to infer more precise inform. ation from
measurements. A description of such computer simula-
tion has been given previously ' ' and applied to the
analysis of experiments ' on InAs/GaSb superlattices.
Only one modification has been added to that program for
the present purposes; this modificatiori is for the purpose
of keeping separate records of ion encounters with the
group-III and -V atoms in each layer. This feature turns
out to be important in reproducing the correct shapes for
the shoulders in angular scans such as that observed in
Fig. 6.

Figure 8 shows the contour diagram of a Monte Carlo
simulation run on GaSb/AlSb. The contour levels over
the depth —incident-angle plane are of scattering probabil-
ities. The "kink angle" for Fig. 8 was chosen to be 0.37
for the simulation. It is quite evident that the contours of
Fig. 8 are asymmetric with respect to the angle of in-
cidence. Figure 9 shows the contour diagram of a simula-
tion assuming zero "kink angle. " It is seen therein that
the major asymmetry due to "kink angle" is not apparent,
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FIG. 9. Monte Carlo simulation backscattering probability
contours for 1.76-MeV He ions in GaSb/AlSb. The "kink an-
gle" assumed was zero. The level of.local maxima and minima
are shown, and the interval between contours is 0.1.
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where Et' is tilt angle in Figs. 8—10. b,8 is tilt angle in
Figs. 6 and 7. 8&-45' is the angle between the beam
direction and the P rotatory axis of the goniometer during
the experimental angular scan. 82-45' is an angle be-
tween the ( 100) axis and the average ( 110) axis. The ex-
perimentally measured value for b.g was 0.176. From
Fig. 11 this corresponds to a "kink angle" of 0.28 +0.04'.
The shoulders of the simulated scan profiles in Fig. 10
reproduce the shoulders of the experimental ones in Fig. 6
in great detail. This close agreement gives strong support
to the use of the simulations to make quantitative infer-
ences from the measurements. Almost the only way in
which the two sets of scans differ is that the simulated
profiles are somewhat broader'and flatter-bottomed than
the experimental ones, a difference that is typical of such
comparisons. In the present comparison there may be
specific contributions to this difference from not using the
correct thermal-vibration amplitudes or not including, in
the simulations, the effects of surface roughness, surface
oxide, beam divergence, or defects in the superlattice.

-2.00 -l.50 -l.00 -0.50 0 0.50 l.OO l.50 2.00
0'

TILT ANGLE (decj)

FIG. 10. Angular scan profiles abstracted from the computer
simulation of Fig. 8 for the first four layers of GaSb/A1Sb
under the same depth conditions as those in the experiments
(Fig. 6).

ing" of the first and second superlattice layers as a func-
tion of assumed "kink angles" b,8. It is noted that the an-
gle difference between first and second layer is always
somewhat smaller than the assumed "kink angle. " One
can use Fig. 11 to extract the "kink angle" from the chan-
neling measurements. It should be noted that the tilt an-
gles in Figs. 6 and 7 are different from those in Figs.
8—10. In Figs. 6 and 7, "tilt angle only" denotes the
change in 0, while "tilt angle" denotes the real change
from the combination of 8 and P in Figs. 8—10. For
comparison between the values of the tilt angles, the scale
should be enlarged by 3.8% in Pigs. 6 and 7. The percen-
tage was obtained from a simple geometric consideration. .

The formula we derived is as follows:

cos(b%) =cos(b 8)cos(bg)+cos(82)cos(8&)[1 —cos(bP)],

VI. X-RAY ROCKING-CURVE MEASUREMENTS

100.0

I 0.0—
EXPT.

CALC.

The x-ray measurements were performed on the same
sample as the channeling measurements. A large differ-
ence. in structure was found between data taken on the
Rutherford-backscattering (RBS) spot, i e , th.e .spot bom-
barded by the He beam during the channeling measure-
ments, and data taken a few millimeters away. Figure 12
shows the experimental (dashed curve) and calculated
(solid curve) Fe ICa~ (400) rocking curves for an unirradi-
ated spot away from where the channeling measurements
were taken. Since there is no phase detection, a direct in-
version of an experimental rocking curve into a strain pro-
file is not possible. Instead, a strain-versus-depth profile
is first assumed, and a computer program then calculates
the expected x-ray-intensity variations. When a good fit
is obtained, it is assumed that the correct strain profile
has been found. It should be mentioned that the calcula-
tions are very sensitive to small differences in assumed

0.30

O. 20

O-10

0.10 0.2O 0.30
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OAO
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FICi. 11. Angle difference (dig) between "directions for best
channeling" of the first and second layers, plotted as a function
of assumed "kink angle" 60.

FIG. 12. Experimental (dashed curve) and calculated (solid
curve) Fe Kal {400) x-ray rocking curves of GaSb/A1Sb super-
lattice on'the unirradiated spot.
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strain profiles ( —1%). The strain is defined here with
respect to the lattice constant a~ of the substrate: For
parallel strains,

(&)
a~~

—a~
6((

and for perpendicular strains,
(&) (2)

(&) ~ a~ (2)
Ej Ey

(4)

where the superscripts (1) and (2) denote GaSb and A1Sb
separately. The best fit was constructed from a profile us-
ing 10 periods of GaSb(30 nm)/A1Sb(30 nm) with a per-
pendicular strain of 1.25% and —0.03% in the A1Sb and
GaSb layers, respectively. Symmetric reflections, such as
the (400), are sensitive only to perpendicular strain.
Asymmetric reflections are sensitive to ez and e~~, and
combination with symmetric reflections produces values
for both. Using Fe Ka~ (422) reflections, a uniform
e~~

——(+0.03+0.02)% was measured throughout the super-
lattice. '

Since the cross section of the x-ray beam can be con-
fined by slits to less than 1 mm, we can analyze different
areas of the surface. In particular, we were able to per-
form the analysis. of the same spot where the channeling
measurement had been carried out, since this (RBS) spot
is clearly visible, probably due to cracking of diffusion-
pump oil by the He beam during the channeling analysis.
Because of the amorphous structure and limited thickness
of this layer, it should not have any effect on the strain in
the underlying superlattice. The experimental rocking
curve on the RBS spot is shown in Fig. 13. The structure
of the experimental rocking curve indicates that the strain
in the A1Sb layer is about half of what it is for the unirra-
diated spot. The reduction in the intensities of peaks lo-
cated away from zero angle is due to broadening caused
by lateral nonuniformities in the sample. The x-ray
rocking-curve data and channeling data are summarized
in Table II. The value of strain in the GaSb layers is so
small that it can be considered to be zero in the theoretical
calculation like the one we did previously.
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FIG. 13. Experimental — x-ray Fe Ea& rocking curve of
GaSb/AlSb superlattice on the RBS-investigated spot.

TABLE II. Experimental results.

(~& ) (%)
&y

' (%)
(&)

(2)

Ag ("kink angle" )

X ray'

—0.03
1.25

0.03
0.03

(deg) 0.365+0.004

X ray

-0
-0.6
-0
-0
-0.17

RBS

(0)

0.98+0.14

(0)

(0?

0.28+0.04

'On unirradiated spot.
On RBS spot.

VII. DISCUSSION

VIII. CONCLUSIONS

From our channeling and x-ray-diffraction measure-
ments on strained-layer superlattices of A1Sb/GaSb, we
conclude the fo11owing.

(1) X-ray rocking-curve analysis is a very powerful
method for characterizing the strain in superlattices as a
function of depth, since it determines the geometry of the
distortion (parallel, perpendicular, negative, or positive

We have studied GaSb/A1Sb superlattice structures by
a combination of channeling scans and computer simula-
tions, and by x-ray rocking-curve measurements.

The value of the "kink angle" detected by x-ray on an
unirradiated spot is in good agreement with an elasticity
calculation. However, on the spot used for channeling
measurements, the value of the "kink angle" detected by
x-ray is different from that obtained by channeling scans
combined with computer simulation. It is reasonable to
assume that the He bombardment has caused structural
changes in the superlattice. We should mention that in
the present case much of the bombardment was done on
the sample during test runs and during the alignment pro-
cedures of crystal before the channeling scans. In addi-
tion, further ion-scattering experiments were made on the
same sample after the channeling scans and before the x-
ray measurements. Our results reveal that the strain in
the superlattice is slowly released during mega-electron-
volt ion bombardment. It would be highly desirable to
ascertain the critical dose below which channeling can
measure the actual strain in a certain superlattice without
perturbing it. The damage-production mechanism is not
clear. The initial mechanism could be direct knock-on
(nuclear stopping) to create Frenkel pairs, or the effect of
ionization-in bond breaking. The generation of vacancies
could facilitate intermixing of the individual layers, al-
though no evidence for this has been observed by us. Our
observation on the change of strain may help -to answer
questions about how stable these strained-layer superlat-
tices are. There have been several reports on degradation
of strained superlattice layers. I.udowise et al. reported
upon continuous (CS) 300-K laser operation of a
GaAs/In„Ga~ „As (x-0.2) superlayer with a strain of
0.7% and of a GaAs~ „P /GaAs (x -0.25) layer with a
strain of 0.45%. The superlattice with the lowest stress
had the lowest failure rate.
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strain). The strain determined by this method is in excel-
lent agreement with that calculated from the elastic con-
stants and lattice misfit of the layer materials.

(2) Backscattering and channeling measurements, com-
bined with computer simulation, also allow a determina-
tion of the strain by providing a value of the associated
"kink angle. " The strain determined in this way is in
reasonable agreement with the x-ray and elastic-misfit
values.

(3) He-ion-beam bombardment at extended doses re-
lieves. a large portion of the strain of the AISb/GaSb
strained superlattice. This limits the beam dose that can
be used in ion-backscattering measurements without per-
turbing the specimen. On the other hand, this ion-beam
perturbation might be utilized to modulate strain in super-
lattices in a controllable manner. This has potential pro-
cessing applications in integrated optics involving super-
lattice layered structures.
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