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Abstract. The vibrational spectrum of ultra-thin layer GaSb/AlSb superlattices was investigated in detail
by infrared (IR) and Raman spectroscopies. The effect of confinement of the transverse and longitudinal
optical phonons in both types of the layers was studied. The dispersions of optical phonons of the GaSb
and the AlSb obtained from the analysis of the Raman and IR spectra are in a good accordance with the
theoretical data and results of neutron scattering experiments. First- and second-order Raman spectroscopy
indicates the presence of intermixture of atoms at the interfaces in the GaSb/AlSb superlattices.

PACS. 63.20.Dj Phonon states and bands, normal modes, and phonon dispersion –
78.30.Fs III-V and II-VI semiconductors

1 Introduction

The vibrational properties of semiconductor superlattices
(SLs), particularly of those GaAs/AlAs, have been exten-
sively investigated by Raman and infrared spectroscopies
during the past decade [1–4]. Considerable theoretical and
experimental effort has been devoted to the confinement
of the optical phonons in the GaAs/AlAs SLs with ultra-
thin layers [5,6]. In contrast to the nearly-lattice-matched
GaAs/AlAs system the GaSb/AlSb SLs are classified as
SLs with strained layers because of the significant mis-
match of the lattice constants of GaSb and AlSb (0.65%).
These structures attract much attention due to their pos-
sible application in laser diodes [7]. However, only few pa-
pers concerning the study of the vibrational spectrum of
the GaSb/AlSb SLs have been published [8–10].

As in case of the GaAs/AlAs superlattices the cationic
masses in GaSb and AlSb are significantly different. This
causes the confinement of optical lattice vibrations in the
corresponding layers and leads to a quantization of the
phonon spectrum. The selection rules for the Raman and
IR spectroscopy allow different phonon modes in SLs to
be observed. Therefore, the combination of both experi-
mental techniques provides the whole information on the
vibrational spectrum of superlattices.

In this paper the vibrational spectrum of the short-
period GaSb/AlSb SLs, where the effect of quantization
of phonons should be taken into account, has been studied
by means of the FTIR and Raman spectroscopies.
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2 Experimental details

The (GaSb)n/(AlSb)n SLs with systematically varied
layer thicknesses (n = 2, 4, 7, 10, 15 monolayers) were
grown by MBE at a temperature of 470 ◦C on (100) ori-
ented GaAs substrates. A GaAs buffer layer undoped or
doped with Si atoms (nSi = 2× 1018 cm−3) with a thick-
ness of 1 µm grown on the substrate was covered by
an AlSb layer with a thickness of 0.3µm. The number
of periods was 200 for n = 2, 100 for n = 4, 7 and
50 for n = 10, 15. The IR reflection spectra of the SLs
were recorded using a FTIR spectrometer Bruker IFS-
113v in the spectral range of the optical lattice vibra-
tions of the GaSb and AlSb (200–400 cm−1) at a temper-
ature of T = 80 K. The resolution was 1 cm−1 over the
whole spectral range. The number of scans was 2000. IR
spectra using p-polarized light recorded at the off-normal
incidence (θ ≈ 70◦) were measured to analyze both the
transverse optical (TO) and longitudinal optical (LO) vi-
brational modes [11].

The Raman scattering experiments were performed at
T = 80 K using the 514.5 nm (2.41 eV) line of an Ar+

laser with a power of 8 mW entering the sample surface.
The scattered light was analyzed in backscattering geom-
etry using a Dilor XY triple monochromator equipped
with a CCD camera for multichannel detection. The scat-
tering geometries employed were z(xx)−z and z(xy)−z
with x, y and z parallel to the [100], [010] and [001] direc-
tions, respectively. The monochromator slits were set to a
spectral resolution of 2.9 cm−1 controlled by the Rayleigh
scattered laser light.
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Fig. 1. Transmission electron microscopy photograph of
the cross-sectional view of the (GaSb)10/(AlSb)10 SL. Light
regions are the AlSb layers, dark regions are the GaSb layers.

Fig. 2. HRTEM image of the (GaSb)4/(AlSb)4 SL. Light
regions are the AlSb layers, dark regions are the GaSb layers.

3 Results and discussion

To validate the quality of the grown GaSb/AlSb SLs the
cross-sectional transmission electron microscopy (TEM)
experiments were performed. The TEM image of the
(GaSb)10/(AlSb)10 SL shown in Figure 1 demonstrates
a good crystalline quality of the sample. The strain in the
SLs leads to appearance of the misfit dislocations. The
high resolution TEM (HRTEM) experiments show that a
crystalline quality, uniformity and the periodicity of the
SL layers are conserved up to extremely thin SLs. Figure 2
shows that intermixing of atoms at the interface region in
the (GaSb)4/(AlSb)4 SL of only 1–2 ML takes place.

The IR spectra of p-polarized reflectivity of the
(GaSb)n/(AlSb)n SLs with different thickness of lay-
ers measured in the spectral range of the GaSb optical
phonons at oblique incidence of the light are presented in
Figure 3. Features in the IR spectra marked by arrows are
caused by the LO1 and TO1 vibrational modes localized
in the GaSb layers. A shift of the fundamental LO and TO
confined modes towards lower frequency with a decrease
of the layer thickness is observed and reveals a strong

Fig. 3. IR reflection spectra of the (GaSb)n/(AlSb)n super-
lattices in the spectral range of the optical phonons of the
GaSb measured at off-normal incidence in the p-polarized light
(θ ≈ 70◦) where n = 2 (curve 1), n = 4 (curve 2), n = 7
(curve 3), n = 10 (curve 4).

evidence of the confinement of the optical phonons in the
GaSb layers of these SLs. Similar spectra were observed
in the spectral range of optical phonons of AlSb.

In order to determine the frequency position of the con-
fined modes a curve fitting procedure was employed. The
theoretical spectra calculated byE−H matrix method [12]
are included in Figure 3 by the dashed lines. It was as-
sumed that each layer of SL can be described by the fol-
lowing dielectric function:

ε1(2) = ε∞1(2) +
∑
i

Ω2
pi1(2)

ω2
ti1(2) − ω

2 + iωγi1(2)
(1)

where ε∞1(2) is the high-frequency dielectric constant and
ωti1(2), Ωpi1(2), γi1(2) are the frequency of the ith confined
TO modes, the plasma frequency of the ith mode and the
damping coefficient of ith mode, respectively. The index
1 corresponds to the GaSb layer and 2 to the AlSb layer.
The best agreement of experimental and calculated spec-
tra was obtained with the following parameters: εs = 10.2,
ε∞1 = 12.44, ε∞2 = 10.24 are the high-frequency dielec-
tric constants, γs = 2, γ11 = γ12 = 1.5 are the damping
coefficients of the GaAs substrate and the first confined
optical modes localized in the GaSb and AlSb layers, re-
spectively.

In comparison to the IR experiments the Raman
spectra produce more detailed information on the reso-
nance vibrations in SLs. Due to the selection rules in the
GaSb/AlSb SLs the odd and even LO confined modes
are active in z(xy)−z and z(xx)−z scattering geome-
try, respectively. Figures 4a and 4b shows the first-order
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Fig. 4. Raman spectra of the (GaSb)n/(AlSb)n superlattices in the spectral range of the optical phonons of the GaSb measured
for z(xx)−z (a) and z(xy)−z (b) scattering where n = 10 (curve 1), n = 7 (curve 2), n = 4 (curve 3), n = 2 (curve 4).

Raman spectra of GaSb/AlSb SLs with different thickness
of the layers measured for z(xx)−z and z(xy)−z scatter-
ing geometries in the spectral range of the optical phonons
of GaSb. The Raman spectra reveal LO phonons and much
weaker TO vibrational modes, forbidden in this configura-
tion, confined within the GaSb layers. The assignment of
the TO1 confined modes in the Raman spectra measured
for z(xy)−z scattering geometries was performed due to
a good coincidence of the frequency positions of the TO
modes observed in the Raman and IR spectra. Here and
further on the following notation is used. The subscripts
1 and 2 denote the quantum number of confined modes,
the subscript a corresponds to the alloying mode and the
superscripts g and a correspond to the GaSb- and AlSb-
like phonons, respectively. To obtain the frequency posi-
tion of vibrational modes a fitting of Raman spectra by
Lorentzian peaks was performed.

With decreasing layer thickness of SLs the fre-
quency position of the confined modes decreases. On the
other hand, as it was shown earlier [13], the strain in
(GaSb)n/(AlSb)n SLs causes the shift of the confined
modes of about 1 ÷ 2 cm−1 for SL with n > 7 ML; in
the SLs with a layer thickness less than 7 ML the strain
is completely relaxed in the alloy interface region. In the
ultra-thin layer SLs (n < 10 ML) the confined effect dom-
inates and causes the decrease of the frequency position
of the optical modes in these SLs.

In addition, broad features are observed in the spectral
range below the TO phonons at a frequency ≈ 220 cm−1.
The intensity of these peaks increase with decreasing the
SL periods. These vibrational modes were assigned to the
LO GaSb-like modes (LOg

a) originating from alloy inter-
face layers. The thickness and the Ga content of these
layers calculated with the use of frequencies of the allow-

ing modes in the frame of next-nearest-neighbour linear
chain model [3] are in good agreement with reference [13].
The weak features located between TO and LO modes of
GaSb at the frequency ≈ 230 cm−1 were assigned to the
SL interface (IF) modes [10].

The shift of the frequency position of vibrational
modes as a function of layer thickness was observed also
in the Raman spectra measured for z(xx)−z and z(xy)−z
scattering geometries in the spectral range of the optical
phonons of AlSb and presented in Figures 5a and 5b, re-
spectively. The smaller downward shift of the LOa

1 and
LOa

2 confined modes is explained by the negligible phonon
dispersion of the LO phonons in AlSb in comparison with
the dispersion of the LO phonons in GaSb. The features at
the frequency 315 cm−1 and near 330 cm−1 are assigned
to LO(Σ) phonon of AlSb [14] and interface modes [10],
respectively. The vibrational modes placed near the LO
and TO confined modes are related to the LO and TO
AlSb-like modes from the alloy interface region (LOa

a and
TOa

a modes).

The frequency positions of the confined modes ob-
tained from the analysis of the IR and Raman spectra
were used for the study of the phonon dispersion curves
in GaSb and AlSb. Two treatments are used usually for
determination of the dispersion curves from analysis of
vibrational spectrum of SLs. The first one based on the
three-dimensional lattice dynamic model (Ref. [15] and
references therein) is more adequate but requires consider-
able calculations. The alternative approach assumes that
optical vibrational modes are confined within the corre-
sponding layers and their can be determined as follows

qm =
mπ

LCa
(2)
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Fig. 5. Raman spectra of the (GaSb)n/(AlSb)n superlattices in the spectral range of the optical phonons of the AlSb measured
for z(xx)−z (a) and z(xy)−z (b) scattering where n = 10 (curve 1), n = 7 (curve 2), n = 4 (curve 3), n = 2 (curve 4).

where LC = n+ δ is the localization length, n is the num-
ber of monolayers in corresponding layer, m is the quan-
tum number of confined mode, a is the lattice parameter
and δ is a measure of a depth to which a confined mode
penetrates into the neighbouring layers. Parameter δ re-
flects the nature of interfaces in interdiffused SLs. In this
paper we use the second approximation taking δ = 1 [10].
The quantum number and the frequency position of the
confined modes allow the dispersion of the TO and LO
phonons in GaSb and in AlSb to be obtained (Fig. 6).
The dispersions deduced from the analysis of the IR and
Raman spectra were compared with neutron [14,17] and
previous Raman scattering data [9,16] and with calculated
phonon dispersions [14,16]. As one can see from Figure 6
the experimental data are in good agreement with the the-
oretical calculations and the data obtained with another
techniques. Due to tensile (compressive) stress in GaSb
(AlSb) layers of the SLs we expect of systematical shift of
the dispersion curves which does not exceed 2 cm−1. The
knowledge of dispersion is particularly important for TO
phonons in the hygroscopic AlSb crystal, which is unsta-
ble in air, and for which there was no experimental data
available up to now.

The second-order Raman scattering spectra measured
in z(xx)−z and z(xy)−z geometries are presented in Fig-
ures 7a and 7b, respectively. The second-order Raman
modes revealed in the spectra were attributed to overtones
and combinations following the previous theoretical and
experimental results [14,18,19]. The strongest maxima in
Figure 6a correspond to 2LOg

2 and TOg
2 +LOa

2 modes. The
frequency position of these modes is shifted with the de-
creasing thickness of SL layers in the low-frequency range
according to the dispersion law of optical phonons in GaSb
and AlSb. With decrease of the layer thickness new fea-

Fig. 6. Dispersion of the optical phonons of GaSb and AlSb.
Our IR and Raman data are shown by the black solid squares
and triangles, respectively, ©, �, O are the neutron data, 4
are Raman data from [9,14]. The theoretical dispersion curves
are presented by solid lines.

tures assigned to the combination of alloying modes (2LOg
a

and LOg
a + TOa

a) appear at frequencies ≈ 430 cm−1 and
≈ 535 cm−1. The weak features at frequencies ≈ 425 cm−1

and ≈ 441 cm−1 are related to 2TO(X)g and 2TO(L)g

modes measured earlier in bulk GaSb [18]. The same alloy-
ing modes are presented in the Raman spectra measured
in z(xy)−z geometry (Fig. 7b). Moreover, these spectra
reveal a combination of the confined modes 2LOg

1 and
TOg

1 + LOa
1 which are shifted downward with decreasing

layer thickness.
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Fig. 7. The second-order Raman spectra of the (GaSb)n/(AlSb)n superlattices measured for z(xx)−z (a) and z(xy)−z (b)
scattering where n = 10 (curve 1), n = 7 (curve 2), n = 4 (curve 3), n = 2 (curve 4).

4 Conclusion

In conclusion we present an IR and Raman investigation
on the optical vibrational spectrum of the GaSb/AlSb su-
perlattices classified as SL with strained layers. The con-
finement of the optical phonons in the high-quality ultra-
thin layer GaSb/AlSb superlattices with a thickness of the
layers up to 2 ML was observed by IR and Raman spec-
troscopies. The dispersion of optical phonons of the GaSb
and the AlSb obtained from analysis of the IR and Ra-
man spectra is in a good accordance with the theoretical
data and results of neutron and previous Raman scat-
tering experiments. The analysis of IR and Raman data
and the HRTEM experiments show that intermixing of
atoms in the GaSb/AlSb SLs at the interface region of only
1–2 ML takes place that leads to a relaxation of the strain
in the ultra-thin layer GaSb/AlSb SLs. The second-order
Raman scattering spectra are dominated by overtones and
combinations of the confined longitudinal and transverse
optical GaSb and AlSb and GaSb-like and AlSb-like al-
loying modes which were identified also.

One of us (A.M.) acknowledge SMWK for financial support.
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