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Resonant Raman scattering in an InSb/In, „Al„Sb strained-layer superlattice
and in In, „Al„Sb epilayers on InSb
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Resonant Raman scattering was used to study an InSb/Inl Al„Sb strained-layer superlattice and the

InSb and In& Al Sb parent materials. Resonant enhancement peaks were observed in epilayer films in

the regions of the El and El+6, optical gaps. In the superlattice, two sets of peaks observed in the

plots of the Raman cross section versus exciting photon energy are shown to originate from the indepen-

dent electronic transitions in the alternating layers. The calculated resonance Raman profiles for two

phonons in the alloy layers are in reasonable agreement with experiment. Estimates of the strain and

confinement effects in these layers were made and these agree with the observed differences from the

parent materials.

I. INTRODUCTION

In recent years considerable theoretical and experimen-
tal interest has been focused on semiconductor superlat-
tices. In these investigations, Raman and, in particular,
resonant Raman spectroscopy has played a significant
role. This method allows one to obtain, for example, in-
formation on the superlattice vibrational properties, on
the crystalline quality, on the strain within the superlat-
tice layers, and on special kinds of ordering within alloy
layers. Resonant Raman scattering (RRS) from phonons
is useful for obtaining information on electronic states of
superlattices. ' Although this method does not allow for
exact determination of transition energies, it provides in-
formation on whether the electronic states under study
are confined within the quantum wells or if they extend
through the whole structure. This possibility is due to
the exploitation of the modulation produced in the elec-
tronic states by the optical lattice vibrations that are
characteristic of each type of layer and that are not
significantly affected by the periodicity of the superlat-
tice. '

Most of the previous RRS work was performed on
direct band-gap materials in the vicinity of the Brillouin-
zone center and the most thoroughly studied system in
the past few years has been GaAs/Ga& „Al„As hetero-
structures. Unfortunately, there is limited experimental
information about the interband transitions in superlat-
tices away from the center of the Brillouin zone. The
first observations of the interband transitions in superlat-
tices at different points of the Brillouin zone were made
with the electroreflectance method: ' the E

&
E &+6 &,

and E 2 electronic transitions were observed in the
electroreflectance spectrum of GaAs/Ga& „Al As super-
lattices, and two sets of electronic structures associated
with GaSb and A1Sb layers in a GaSb/A1Sb superlattice
were found. Hence, in the latter case, it was observed
that there were two bands of E, transitions confined in
alternating layers. Only two investigations of Raman res-

onances at the E, gap of zinc-blende superlattices are
known. ' In these studies the resonant behavior of the
longitudinal-optical (LO) phonons of only one of the two
alternating layers was analyzed.

The aim of this work was to perform an analysis of the
electronic structure of an InSb/Ino s6,A10439Sb superlat-
tice in the region of the E, and E, +6, electronic transi-
tions of the host materials using the resonant Raman
scattering method. Epitaxial InSb and Ino 56A10 44Sb
films have also been probed by the Raman method, since
information regarding InSb-based alloys is very limited,
to reveal the influence of the superlattice effect.

The outline of this paper is as follows. In Sec. II the
experimental details are given and in Sec. III the results
obtained for epilayer films and superlattice are presented
and discussed. A summary and conclusions are given in
the final section.

II. EXPERIMENTAL SETUP AND PROCEDURE

Three samples grown by magnetron sputter epitaxy on
(001)InSb substrates ' were analyzed: (i) InSb single epi-
layer film. (ii) Ino 56Alo 44Sb single epilayer film. The lay-
er thickness of both films was -0.4 pm. The
Ino 56A10 44Sb film showed surface defect lines under opti-
cal phase contrast microscopy indicating strain relaxa-
tion had occurred through misfit dislocation formation.
(iii) InSb/Ino s6,A10 439Sb 20-period strained-layer super-
lattice. The InSb and alloy layer thicknesses were 72.5
and 41.0 A, respectively. An x-ray and Raman scattering
analysis showed ' that the superlattice was of excellent
epitaxial quality.

The Raman scattering measurements were performed,
as before, ' at room temperature in a quasibackscattering
geometry" using this time the various lines of Ar+ and
Kr+ ion lasers, as well as a rhodomine-6G dye laser. The
incident power was always 300 mW. The incident light
was polarized in the scattering plane and the polarization
of the scattered light was not analyzed. This
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configuration corresponds closely to z(y'y'+y'x')z polar-
ization within the sample, where z is along the I001 j
direction.

For backscattering at the (001) face of zinc-blende type
crystals, the total Raman tensor for allowed (a) and for-
bidden (aF ) LO-phonon scattering is given by'

10
InSb
T=300K
Laser 647. 1 nm
z(y'y'+ y'x')z

6

LO 2LO

aF a 0
R= a aF 0

0 0 aF

where a is the sum of deformation potential and electro-
optical contributions (the interband terms of the Frohlich
interaction). The electro-optical term is small for InSb. '

The diagonal elements in Eq. (1) are due to the intraband
terms of the Frohlich interaction' ' or are surface field
induced. '

The impurity-induced Raman tensor has the form' '
0aF; 0

RF;= 0 aF; 0

0 0 aF;

(2)

III. RESULTS AND DISCUSSION.

A. IBSb epilayer

InSb has been amply studied by the Raman scattering
method' ' ' ' and has become one of the classical
materials for resonant Raman measurements.

Figure 1 shows the Raman spectrum of the InSb epi-
layer film. The peaks at 188 and 180 cm ' are the first-
order LO and transverse optical (TO) phonon modes, re-
spectively. The latter is much weaker, because it is near-
ly forbidden in the experimental scattering configuration.
The other features in the spectra are second order in ori-
gin. The peak at 378 cm ' is the first harmonic of the
LO phonon, the 2LO overtone. The dependencies of the
bulk-InSb LO and 2LQ line intensities on the exciting
light wavelength are well known from the litera-

Earlier measurements and their analysis' ' have shown
that most of the forbidden scattering is impurity induced
even for the purest of samples.

The final result for the Raman tensor in the scattering
configuration used in these experiments is

la„—a
I

+ la„; I
for z(y'y')z,

R' cx: (3)
laF+al +la„;I for z(y'x')z,

and thus contributions of all possible scattering mecha-
nisms into the Raman intensity are expected. The ten-
sors (1) and (2) were squared before adding terms, because
the final states are different. ' '

The spectrometer response and other experimental
corrections' to the measured Raman intensities were
performed by the sample-substitution method' with pure
silicon (whose susceptibility is well known' ) as the stan-
dard. The additional correction to the alloy layer intensi-
ties for the light absorption in the top InSb layer of the
superlattice structure was made using the data of Ref. 19.

0
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ture' ' ' ' and only one RRS investigation was per-
formed on an InSb film grown on a (001) GaAs substrate
by the metalorganic magnetron sputtering technique.

Besides the fundamental direct band gap (Eo =0.17 eV
at room temperature ), InSb has a second set of direct
critical points, the E& gap and its spin-orbit split counter-
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FIG. 2. Measured resonances in the Raman cross section of
the InSb epilayer for LO and 2LO phonons. The arrows show
the positions of the E, and E&+b &

optical gaps found from ex-
periment. The solid lines are guides for the eye.

Raman shift (cm ')

FIG. 1. Raman spectrum of the InSb epilayer recorded with
647. 1 nm excitation. The spectral resolution was 2.3 cm
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part E, +6&. These critical points are attributed to tran-
sitions between the upper spin-orbit-split valence and
conduction bands along the (111)directions. The tem-
perature dependences of the critical-point energies for
bulk InSb were studied in Ref. 28. Using the values ad-
duced in this reference and Varshni's experimental rela-
tion we calculate E j =1.86 eV and E&+6,=2.37 eV at
300 K, which lie close to the average values E, = 1.85 eV
and E&+6,=2.39 eV determined from the various ex-
perimental measurements.

The resonant behavior of the LO and 2LO phonons is
shown in Fig. 2. The resonant shape is characteristic of
two-band terms' with two peaks near E, and E, +6„
respectively. The arrows in Fig. 2 indicate the experi-
mental values for the critical point energies at 300 K. As
in most RRS experiments, the position of the peak ob-
served near E, is shifted to higher energy than the value
Rcoz =E, +A'cosh/2 expected for in-going resonance (the
incident light energy %col equals the energy of the elec-
tronic transition) and out-going resonance (the scattered
light energy equals the energy of the electronic transition)
occurring together. Here, co h is the LO-phonon frequen-
cy. Such shifts, larger than cosh/2, are common in RRS
spectroscopy and their origin is not totally understood. '

In so far as the small electro-optic contribution to the
Raman intensity in InSb need not be taken into ac-
count, ' the expression for the Raman polarizability asso-
ciated with allowed LO scattering near the E, and
E& +6& gaps based on the quasistatic approximation has
the form' '

t2o 1 s E dg(E) a
16m/6 2Q2 ' E, dE E

+2ds X (E) X
3,p +C

1

(4)

where ap is the lattice constant, d
& Q and d 3 Q are the two-

and three-band deformation potentials, respectively, c is
the contribution of interband transitions far from the E,
and E&+b,

& gaps, and a=5/2. Equation (4) is given in
terms of the following analytical expressions for the opti-
cal susceptibility y

y(E) =y+(E)+y (E),
a+

(E, +b, , /3)in[1 —(E/E& ) ],E2
y+(E) =—

(5a)

(5b)

(E)= — (E&+26&/3)in[1 —[E/(E&+b &)] },A

(5c)

where A + = A =4&3 e /9mao =0.54 eV for InSb and
e is the free-electron charge.

An expression similar to Eq. (4) and y(E) obtained
from ellipsometric measurements were used in fitting the
RRS curves measured at low temperature in Refs. 14 and
15. There was a good coincidence of the theoretical and
experimental data. Our attempt to fit the room-

temperature spectral dependence of the LO-phonon RRS
with Eqs. (4) and (5) and with d, o

= —16.2 eV, '

d3 Q
32.9 eV, ' 3+=0.54 eV, and A =0.49 eV leads

to agreement in the ratio of the peak intensities at the E&
and E&+5, resonances, but the linewidth of the theoreti-
cal peaks is approximately four times narrower than the
experimental ones. Thus, the broadening of the critical
points with the increasing temperature must be taken
into account for the correct fit to the peak widths.
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FIG. 3. Raman spectrum of the Inp 56Alp 44Sb epilayer
recorded with 530.9 nm excitation. The spectral resolution was
3.5 cm

B INp 56Alp 44Sb epilayer

The existence of In& Al Sb solid solutions over the
whole composition range was shown as long ago as
1960, ' but a Raman scattering study of this system was
not carried out until now. Figure 3 shows a roorn-
temperature Raman spectrum of the Inp 56Alp 44Sb alloy
epilayer film. As expected, ' two strong LO-phonon
peaks at 183 cm ' (InSb-like mode) and 306 cm
(AlSb-like mode) are observed in the spectrum. The
weaker structures observed near 40, 130, and 350 cm
are second order in origin. The frequency versus concen-
tration dependence of the A1Sb-like LO mode position for
bulk (fully relaxed) In, „Al Sb predicts' the position of
the A1Sb-like mode to be 312.6 cm ' at x =0.44. The
shift of this line to lower frequency in the x =0.44 epi-
layer is evidence of incomplete relaxation in the as-grown
film.

The InSb-like and A1Sb-like modes in Fig. 3 show reso-
nance enhancements at exciting laser light energies of
col =2. 14 eV and col =2.50 eV (see Fig. 4) that roughly
correspond to the values of the E j and E

&
+b

& gap ener-
gies deduced for an Inp56Alp44Sb bulk sample. The
reasonable fits of Eqs. (4) and (5) to the experimental
room-temperature spectral dependences of the InSb-like
and A1Sb-like LO-phonon resonance scattering are also
shown in Fig. 4. Values for the deformation potentials of
d3 p =32.9 eV and d

& p
= —16.2 eV, as obtained in Ref.

13 for InSb, were used and 2 +, A, and c were taken as
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FIG. 4. Measured resonances in the Raman cross section of
the Inp 56Alp 44Sb epilayer for LO InSb-like and LO AlSb-like
phonons. The arrows show the positions of the E& and E& + 6&

optical gaps. The solid lines are guides for the eye. The dashed
curves show the theoretical spectra calculated in the manner de-
scribed in the text.

FIG. 5. Raman spectrum of the InSb/Inp 56&Alp 439Sb
strained-layer superlattice recorded with 647.1-nm excitation.
The spectral resolution was 2.3 cm '. The inset shows a
higher-resolution Raman spectrum of the folded longitudinal
acoustic phonons.
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fitting parameters. An important fact to be noticed is
that a background with a marked dependence on the in-
cident laser energy is present on the spectral dependen-
cies of the LO-phonon Raman intensities in the
Ino 56A1044Sb alloy sample. This is most obvious for the
AlSb-like mode. In our opinion, the most likely explana-
tion of this energy-dependent background is the existence
of an electronic transition at higher energy. It is not pos-
sible to say more about the origin of these electronic tran-
sitions, because the electronic band structure of
In& Al Sb alloys is not known.

C. InSb/Ino 56&Alp 439Sb superlattice

The Raman spectrum of the InSb/In056, A10 439Sb su-

perlattice obtained using 647.1-nm Ar+ ion laser exciting
light is shown in Fig. 5. In the frequency region shown,
the spectrum exhibits sharp peaks due to LO vibrations
of the InSb (labeled LO,„sb and 2LO, „sb) and In, Al„Sb
(InSb-like and A1Sb-like modes labeled LO,„sb&;k, and

LOA&sb &;k„respectively) layers. In the low-frequency re-
gion (see inset to Fig. 5), the folded longitudinal acoustic
(LA) phonons are seen. ' The absolute and relative inten-
sities of these modes were found to be strongly dependent
on the laser excitation energy. All other weaker struc-
tures observed in the spectra are second order in origin.

Figure 6 shows the resonant Raman profiles for LO
and 2LO phonons of the InSb layers. The arrows indi-
cate the positions of the respective E& and E, +6, peaks
found in the Raman results for the InSb epilayer. The
shapes and energy positions of the peaks in Fig. 6 are in
good agreement with the corresponding peaks found for
the InSb epilayer (see Fig. 2). The superlattice effect,
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FIG. 6. Measured resonances in the Raman cross section of
the InSb/Inp 56& Alp439Sb superlattice for LO InSb and 2LO
InSb phonons. The solid lines are guides for the eye. The ar-
rows indicate the experimental peak positions near the E& and

E& +6& gaps in the InSb epilayer results of Fig. 2.
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InSb/Inp 56) Alp 439Sb
T= 300 K E, + a,

which shifts the peak positions towards higher energies
due to strain and confinement, ' is thus quite small. The
strain-dependent shift can be neglected for the InSb lay-
ers, as they are essentially unstrained. ' A possible
confinement effect shift is expected to be less than 0.01 eV
(Ref. 7) and this small value is diKcult to resolve in the
room-temperature experiment.

The Raman efficiencies of the two main optical vibra-
tions of the In056iAlo439Sb alloy layer are presented in
Fig. 7. In contrast to the results of Ref. 7, two weak but
distinct resonant features are observed for the InSb-like
mode. In addition, similar resonances are observed for
the A1Sb-like mode. It is also seen from Figs. 6 and 7
that the enhancements in the LO phonons originating in
the alloy layers are much smaller than those for the LO
phonon originating in the pure InSb layers. Peak posi-
tions in Fig. 7 are shifted to higher energy relative to the
positions of the corresponding peaks of InSb in Fig. 6 by
values approximately equal to the differences in the E~
and E, +6, gaps of InSb and Ino, 6,Alo 439Sb.

' The ob-
servation of the separate resonant enhancements in the
InSb and Ino 56,Alo 439Sb layers close to the E, and
E&+6& gap energies in the respective bulk materials
means that the electronic transitions that produce the
resonances in the Raman scattering are independent, or
nearly independent. ' A simple test was suggested in Ref.
33 for determination of the degree of independence of the
electronic states: the ratio of the scattering intensities of
the AlAs barrier modes to those of the GaAs well modes
was measured. However, it is difficult to apply such a
test in our case and the main reason is that the ratio of
the scattering intensities of the InSb-like mode to the

InSb mode is changing from —1.0 to -0.14 in the ana-
lyzed energy region.

Figure 8 shows the resonant Raman efficiency of
the InSb-like and A1Sb-like optical modes of the
Ino ~6Alo 44Sb epilayer and InSb/Ino 56,Alo 439Sb superlat-
tice versus the energy of the incoming laser light. It
seems that under resonant conditions the LO-phonon
modes in the superlattice are from two to three times less
intense than in the epilayer film and such behavior is ap-
parently connected with the tensile stress in the superlat-
tice alloy layers. ' ' It is well known that under stress
the LO-phonon scattering intensity in InSb is de-
creased. " Approximately the same ratio of intensities, as
here, was observed for GaSb LO phonons in bulk materi-
al and in a GaSb/A1Sb superlattice grown on
(001)GaAs.

The energies of resonant peaks in superlattice and bulk
material are related by

E~(E,d ) =E~"'"+b,, (E)+b,,(d),
where h, (s) and b,,(d) are energy shifts produced by
strain and confinement, respectively. The strain-induced
shift is calculated to be b,, (E)=0.043 eV using the depen-
dence A, (E)=3.016E eV (b,, in eV) for InSb from Ref. 7
and c evaluated from Ref. 10. The strain-induced shift is
evaluated to be A, (d)=0.011 eV from the experimental
dependence of the position of the resonant maxima
(corrected for strain) versus d for the
InSb/In& Al„Sb superlattice, where d is the well width.
Thus, the shifts of approximately 0.05 eV (see Fig. 8) be-
tween the positions of the experimentally observed reso-
nant peaks near the E& and E, +6, gap energies in the
superlattice and alloy epilayer with nearly the same Al
content are very close to the calculated one of
b, , (E)+b, , (d) =0.054 eV.
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FIG. 7. Measured resonances in the Raman cross section of
the InSb/Inp &6&A1 0439Sb superlattice for LO InSb-like and LO
A1Sb-like phonons. The solid lines are guides for the eye. The
arrows show the positions of the E& and E&+6& optical gaps in
the corresponding bulk alloy material. The dashed curves show
the theoretical spectra calculated using Eqs. (4) and (5). The ra-
tio d3 0/d & 0

= —2 was used and A+, 2, and c were taken as
fitting parameters.
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FIG. 8. Raman efficiency of LO InSb-like and

AlSb-like modes of the Ino, 6Alo 44Sb epilayer and the
InSb/Ino &6&A10439Sb superlattice versus the energy of the in-
coming laser light. The energy-dependent backgrounds have
been substracted for this comparison.
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IV. SUMMARY AND CONCLUSION

InSb and Ino 56Alo 44Sb epilayers and an
InSb/Ino 56&A10 439Sb strained-layer superlattice have
been prepared by the technique of magnetron sputter epi-
taxy and probed by Raman scattering spectroscopy. To
our knowledge, this is the first time that the Raman
scattering method has been used in the study of the
In, Al Sb alloy and only the second time in the study
of the InSb/In, „Al Sb superlattice. The two-mode
behavior of the In& „Al„Sb alloy phonons was clearly
confirmed.

Resonant Raman experiments have allowed us to ob-
serve the spectral dependencies of the Raman cross sec-
tion for LO phonons in the entire E, and E, +6& energy
regions of InSb and Ino 56A1044Sb. Measurements per-
formed on the InSb/Ino 56,Alo439Sb superlattice reveal
the existence of two sets of interband transitions in the
regions of the E& and Ej+5& optical gaps of the host
materials. The existence of these two separate sets of res-

onances indicates that the electronic energy levels of the
respective layers are essentially independent, i.e., the su-
perlattice comprises a double set of multiple quantum
wells for the E& and E& +b, , transitions. By reference to
the two epilayers, the resonance positions indicate that
the InSb layers are not strained while the superlattice
Ino ~6&Alo 439Sb layers are strained and the effects of both
strain and confinement were evaluated.

In addition, the resonant behavior of the folded
longitudinal-acoustic phonons in the superlattice was ob-
served. Such modes are propagating through the super-
lattice and analysis of their resonant behavior would pro-
vide direct evidence of the degree of independence of the
electronic states in the InSb/In, „Al„Sb superlattice al-
ternating layers.
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