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Abstract. The phonon spectra of unstrained and strained quasiperiodic semiconductor superlattices (QSSL) have been calculated using one-dimensional linear chain model. We consider two
types of quasiperiodic systems, namely cantor triadic bar (CTB) and Fibonacci sequences (FS),
constituting of AlAs, GaAs and GaSb of which the latter two have a lattice mismatch of about
7%. The calculations have been made using transfer matrix method and also with and without
the inclusion of strain. We present the results on phonon spectra of two component CTB and two
as well as three component FS semiconductor superlattices (SSL), thickness and order dependence on LO mode of GaAs, effectof strain on LO frequency of GaAs. The calculated results show
that the strain generated due to lattice mismatch reduces significantly the magnitudes of the
confined optical phonon frequency of GaAs.
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1. Introduction

In the recent years with the development of various crystal growth techniques, a great
deal of interest has been generated towards the experimental as well as theoretical
studies of the electronic and vibrational properties of semiconductor superlattices
(SSL) [ 1-111. This is mainly because of the potentiality of the applications of the SSL in
various high speed semiconductor devices.
Although a lot has been studied on the binary SSL having perfect lattice matching
between its components, only a few investigations have been reported on the periodic
strained layer semiconductor superlattices (SLSL) [12-14]. The fabrication and study
of the lattice vibrational properties of superlattices consisting of lattice mismatched
materials are gaining interest because of their applications in various opto-electronic
devices. The strain due to lattice mismatch of the constituting components of the SLSL
is accommodated by each layer in such a way that the system is structurally and
thermodynamically stable. The strain generated in such systems is isotropic in nature
and in most of the cases, it changes the volume of each binary layer without affecting the
crystal symmetry [15,1. Due to this fact, it has now been possible to fabricate
semiconductor heterostructures by avoiding misfit dislocations [14].
On the other hand, the discovery of icosahedral crystallographic symmetry has
proved to be a new dimension to the study of the electronic and vibrational properties
of quasi-periodic systems [16, 17]. Among the quasi-periodic SUl~erlattices, the
Fibonacci superlattices (FSL) have been studied extensively both theoretically [18,1 as
well as experimentally [19]. However, in the case of FSL, the main emphasis has been
on the study of acoustic phonon propagation and their transmission [20-22,1. Other
types of quasi-periodic sequences are Thue-Morse, Cantor bar etc. Recently, some
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theoretical efforts have been devoted to investigate the vibrational properties in such
semiconductor quasi-periodic systems [20].
In a recent paper, we have reported the calculated results of vibrational properties of
(GaAs)nl(GaSb)n ~ SSL [21. In this investigation the effects of strain on the vibrational
modes of a kind of quasiperiodic semiconductor superlattices, the cantor bar semiconductor superlattices (CBSSL) of one and three generations comprising of GaSb and
GaAs as its components. In addition to this, we have also calculated the phonon
spectra for two component GaAs, GaSb and three component GaAs, InAs and GaSb
FSL of four generations. Also, we have studied the thickness dependence on the LO
phonon modes of GaAs. The main objective in investigating this problem has been to
understand the effect of strain on the phonon properties of quasiperiodic superlattices.
The lattice mismatch in GaAs and GaSb is quite large (~ 7%) and these materials are
ideal for observing the effects of strain on the vibrational properties of such quasiperiodic SSL. The phonon dispersion curves (PDC) in CBSSL have been calculated
using a linear chain model [2] and the transfer matrix method. This method has already
been applied to study the PDC in multicomponent SSL [1] and strained layer
superlattice [2]. We present the structure and generation of the sequence of CBSSL in
§ 2 followed by a brief outline of the method of calculation of PDC. The results have
been discussed in § 3.
2. Model structure and dispersion relation
The one-dimensional quasiperiodic semiconductor superlattices under consideration
are generated recursively along Z-direction by two elementary media: media A and
media B. The model structure prescribed in figure 1, maps the mathematical rule of
the cantor triadic bar sequence infinitely as follows [23], CI=B1A1B1,
C2 = B2A2 B2,--. Cn = BnAnBn = Cn-1AnCn- 1 where Bn = Cn_ 1, while An is the same
medium as layer A 1 but with different thickness, dA n =(2 + or)n-IdA1 where the
parameter ~t is the thickness ratio of dA n to dB n. The total thickness of an nth
generation one-dimensional quasiperiodic semiconductor superlattice (QSSL) is
dC n = (2 + ~)ndBl where dB 1 is the thickness of the layer B in the first generation.
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Figure l. Geometry of a cantor bar triadic semiconductor superlattice of one and
three generations.
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The fractal dimension of present model [23] is given by D = In 2/ln (2 + 0t). It is easy
to find that when ~ = 1, the QSSL becomes usual CBSSL with D = In 2/In 3; when
ct = A = (x//5 - 1)/2, the structure of QSSL is somewhat like the Fibonacci superlattice.
If we substitute, A, by C,_ 2 and B, by C a_ 2, it is just the usual Fibonacci superlattice.
Hence, the physical meaning of the quantity ~ can be found from the fact that it governs
the formation of various sequences.
A Fibonacci superlattice comprises of an arrangement of individual building blocks
of type A (each of thickness d A) and type B (each of thickness da) following a concatenation scheme determined by the Fibonacci sequence G 1 = A, G2 = AB, G 3 = ABA .....
G r = G,_ 1G,_ 2 [17]. The rth generation FSL G, consists ofF, type A blocks and F,_ 1
type B blocks, where 17, are the Fibonacci numbers given iteratively F, = F,_ 1 + F,_ 2
for r > 2 with F o = 0 and FI = 1. In order that phonons may recognize the distinct
interfaces spaced in Fibonacci manner, each building block should be subdivided into
two or more layers with different elastic properties. In this paper, we have considered
that both type A and B blocks consist of two and three layers.
In order to calculate the phonon dispersion curves for these QSSL, we have adopted
a linear chain model in one-dimension, details of which have been given in our previous
papers [1, 2]. The general equation of motion of any atom in either of the components
of the QSSL can be written as [1]
mjco2un = -- C i ( u n - 1 + un+

1 -

2u,)

(1)

where C~(i= A, B) are the nearest neighbour force constants, u, are the displacements,
and mj are respective masses of the atoms. By using the transfer matrix method as in our
earlier papers [1, 2], we get
cosQD = 1/2 tr T

(2)

where T is a unimodular (2 x 2) transfer matrix which has the property of relating the
coefficients of the displacement vectors in one cell (l + 1) to those in the previous one (/)
and is given by

T= I-I Kil H.K~I H,-1K~-~I...H2K~ H1

(3)

where H i and K i (i = 1, n) are (2 × 2) unimodular matrices and defined in ref. [1].
In the present paper, we have calculated the dispersion curves for diatomic one and
three generation CBSSL and two and three component four generation FSL. The
transfer matrix in the case of one generation CBSSL reduces to

T= K~l H3Kal HzK21H1.

(4)

This equation is similar to that which has been reported earlier by us in the case of
multicomponent SSL [2], where there are only two components, the middle one being
different than the two adjacent neighbours. The dispersion relation for three generation
CBSSL as well for two and three component four generation FSL have been calculated
using (2) and (3) [24].
The effect of strain due to lattice mismatch at the interface of the two components has
been considered in the usual manner, as discussed in our previous paper [2]. We have
calculated the phonon dispersion relation by considering the effect of strain also, to
reveal its role in the dispersion of phonons in such systems. Also we have investigated
Pramana- J. Phys., Vol. 45, No. 1, July 1995
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the effect of change in layer thickness on the highest longitudinal optical mode of GaAs
by varying the value of at.
3. Results and discussion

We have calculated the phonon dispersion curves (PDC) of unstrained and strained
one, three generation CBSSL and two, three component four generation FSL. The
constituents of CBSSL and two component FSL are GaAs and GaSb and that of three
component FSL are GaAs, InAs and GaSb. The various parameters and force
constants have been calculated in the usual way as explained in our earlier papers [ 1, 2-].
The calculated bulk dispersion curves (longitudinal modes) for GaAs and GaSb,
compared with the experimental values [25, 26] have been reported in ref. [1, 2-].
In figures 2(a) and 2(b), we have plotted the PDC of one and three generation CBSSL
with the components B and A as (GaAs),, and (GaSb)n 2 respectively with the thickness
n~ = n 2 = 10. In this calculation, we have not considered the effect of strain. These
figures reveal that they adequately explain the usual features of the superlattice
vibrations. It is also seen from these figures that with the increase of the thickness of
GaSb from one to three generations, the number of confined modes of GaSb increases.
This fact is true in both one and three generation CBSSL. However, when the order of
the components is reversed with a motivation to study the effect of increased thickness
of one of the constituents, the number of GaAs layers increases as the number of
generations increase resulting into the increase in the number of confined optical
modes. It is observed from these figures that the self similarity nature increases with
increase in the generation number. In addition to this, we have also calculated the
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Figure 2. Phonon dispersion curves of CBSSL with layers A and B as (GaSb)I o
and (GaAs)lo respectively for (a) one and (b) three generations.
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Figure 3. Phonon dispersion curves of strained CBSSL with components A and
B as (GaSb)lo and (GaAs)lo respectively for (a) one and (b) three generations.

phonon dispersion curves in another quasiperiodic system, the two and multicomponent Fibonacci SSL. The results are quite similar to that of CBSSL.
In order to understand the effect of strain generated due to lattice mismatch, we have
plotted in figures 3(a) and 3(b), the PDC of one and three generation CBSSL with the
components GaSb and GaAs for the above mentioned order and thickness. It is
observed from these figures, that in addition to the self similarity nature and other usual
features observed in quasi-periodic SSL, there is a downward shift of the highest LO
mode frequency of GaAs for both the cases and generations. This is attributed to the
fact that the lattice mismatch is accommodated by tensile strain in GaAs and as
compressive strain in GaSb. Thus, it reduces the lattice constant of GaSb and enhances
that of GaAs. However, when the order of the components is reversed, the downward
shift increases more because of the increase in the number of the GaAs layers. Our
arguments can be justified from our earlier papers [1,2] and Raman scattering
measurements made on InGaAs/GaAs [13] and GaSb/AISb [27] SLSL, respectively.
To the best of our knowledge, we have calculated for the first time the PDC of
a multicomponent four generation Fibonacci SSL without and with the effect of strain
included. The FSL comprises of building blocks A as (GaAs)lo(GaSb)10(InAs)20 and
that of B as (GaAs)lo(GaSb)xo(InAs)4. The calculations here are carried out with the
assumption that GaSb and InAs are perfectly lattice matched and there occurs a lattice
mismatch between InAs and GaAs. The PDC have been plotted in figures 4(a) and 4(b).
This figure reveals that there occurs a considerably large amount of frequency shift of
the highest GaAs LO mode which is more prominent in this case than the two
component FSL with all usual features observed in quasiperiodic systems.
To investigate the effects of strain on the LO phonon modes quantitatively, we plot
in figure 5, the highest LO mode of GaAs fo~ three generation CBSSL for cases
Pramana- J. Phys., Voi. 45, No. 1, July 1995
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Figure 4. Phonon dispersion curves for FSSL of four generations with blocks
A = (GaSb)lo(InAs)2o(GaAs)lo, B =(GaSb)lo(InAs)4(GaAs)lo for unstrained (a)
and strained (b) systems.
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Figure 5. Thickness ratio ~tas a function of highest GaAs LO frequency of strained
CBSSL for three generations with layers A and B as (a) (GaSb)lo and (GaAs),; (b)
(GaAs)l o and (GaSb), respectively.

(a) B = GaAs and A = GaSb, (b) B = GaSb and A = GaAs. Considering the first case in
which the thickness of the GaSb layer is kept constant and that of GaAs is varied
resulting into the variation of the parameter ct from 0.01 to 10. It is observed that as the
value of the parameter ~t increases from 0-01 to 10, the thickness of GaSb increases as
compared to that of GaAs leading to the downward shift of the GaAs LO mode. At
= 10, the system behaves as bulk GaSb and the frequency is very near to that of GaSb
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LO mode. But as at decreases to 0.01, the strain induced effect on the LO modes of GaAs
relaxes thereby saturating at a frequency quite close to that of experimental zone centre
value. This is due to the fact that around ct = 0.01, the thickness of GaAs layers is very
large as compared to GaSb and hence the system behaves as bulk GaAs. Similar
arguments hold good when the order is reversed (case (b)) thereby showing reverse
nature.
In conclusion, we have investigated the effect of built-in strain on the PDC of
quasiperiodic CBSSL and FSL thereby observing that the change in the in-plane lattice
parameter subsequently, enhances (or suppresses) the highest LO mode of GaAs.
However, so far no efforts have been made from the experimental point of view on
the phonon properties of such systems. We emphasize the need of Raman measurement
for such systems.
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