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The numerical dispersion calculations in long-period GaAs/AlAs super-
lattice were performed using a local theory with retardation as well as an ef-
fective medium approximation. The splitting of the dispersion branches near
the transverse optical phonon frequencies and phonon-like to photon-like
modes transition were found to depend on the superlattice spatial period.
The characteristic frequencies of bulk modes and crossing point of disper-
sion branches estimated analytically with the use of an effective medium
approximation were found to agree with the results of rigorous solution.

PACS numbers: 78.66.—w

1. Introduction

Semiconductor superlattices are known to support the variety of modes either
non-localized or localized within the layers or at the interfaces. In along-wavelength
limit the superlattice may be considered as a homogeneous uniaxial medium with a
tensorial dielectric permeability [1, 2]. This effective medium approximation yields
the non-localized (bulk) modes arising from the correlated polarization of the su-
perlattice as a whole. The effective dielectric tensor is intensively used to describe
experimental results [3, 4]. Much less work has been done in the field of bulk modes
dispersion, transformation into other modes or coexistence with them. The aim
of present work is to study various modes dispersion in superlattice in order to
estimate their existence conditions as well as the place in the entire excitation
spectrum. In-plane propagation case was chosen as the most convenient for this
purpose.
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2. Theory

Theoretical investigation is based on a local electromagnetic theory, which
is known to be valid for layer thickness values above 100 A. The electromagnetic
field in particular layers obeys the Maxwell equations with boundary conditions
of continuity and periodicity of the tangential components at the interfaces. The
layers are characterized by macroscopic frequency-dependent dielectric functions
of corresponding bulk materials
w2 - w%‘j

gj(w) = (€m)jmj,

(1)

where € is the high-frequency dielectric constant, wr, and wr are the frequencies
of LO- and TO-phonons respectively, j = 1,2 is the index of the layer. The effects
of free carriers as well as of intrinsic phonon damping are neglected. Layer inter-
faces are assumed to be perfectly smooth. With these assumptions the dispersion
equation of an infinite binary superlattice for p-polarized wave may be written as
follows:

efad + efod

sin a1 d; sin aads = cosk, d, (2)
2616‘20’20’2

cos a1d cos apdy —

1/2
where a; 3 = [k%el,z(w) - kﬁ] , d1,2 are the thicknesses of the layers, k"’_j_ are

respectively the in-plane and transverse wave vectors, kg = w/c, d = dy +ds is the
period of the superlattice.

For the case of in-plane propagation (ki = 0) in the limit of a;d; < 1 we
obtained two dispersion equations in the effective medium approximation

d
2 _ k2ey = k2 162 _
k" 06" kO Eldz T €2d1, (3 1)
Eldl = —Ezdz. (32)

The former of them gives the in-plane propagation equation where g) is the lon-
gitudinal component of superlattice dielectric tensor, whereas the latter describes
the set of straight lines w = const.

3. Results and discussion

‘The numerical solution of Eq. (1) was performed for GaAs/AlAs superlattices
with two values of period but the same layer thickness ratio. Indices 1 and 2 are
taken for GaAs and AlAs respectively.

The dispersion picture near the restrahlen regions of the superlattice mate-
rials is presented in Fig. 1 together with the results in effective medium approxi-
mation. The poles of ¢ can be estimated from Eq. (3.1):

Py, % [Py — 4Qu(1 + 1/r))V/?

Wi = 31 +1/7) ’ (4)

where

Py =wi; +why +(I/7) (wis + wy),
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Fig. 1. The dispersion branches in GaAs/AlAs superlattice with layer thickness ratio
di/d2 = 9. d = 2.5 pm for the dotted lines and d = 0.25 pm for the dashed ones. Solid
curves represent the EM approximation.

Qb = wiywhy + (I/r) (w%.z"-”zn) )

_ l= (600)2/(600)1, r= dg/d]_.
Equation (3.1) gives also two zeros of ¢) (i.e. wr;). The cut-off frequencies of
non-dispersive branches wé‘, described by Eq. (3.2), can be obtained by substitut-
ing r instead of 1/r in Eq. (4).

One can suggest non-localized modes to exist in the regions of the coinci-
dence with effective medium (EM) approximation. This coincidence seems to be
very good outside the reststrahlen bands (solid curves in Fig. 1). The bulk-like
transverse excitations do exist there with the field distributed nearly uniformly in
the unit cell of superlattice (SL) (the lowest solid curve in Fig. 1), or concentrated
in the particular kind of layers (two upper solid curves in Fig. 1). The guiding
layers are these with wy, giving the origin to the corresponding branches [5].

Two kinds of non-localized modes were found to exist inside the restrahlen
regions. One of them corresponds to the maximum on the dispersion branch at the
resonant frequency w;" (Fig. 1) or wy (if d1 < d3). Another kind of non-localized
modes are found in the restrahlen regions of both materials at the frequencies
w ~ wF and wave vectors kj < 1/d. These are nondispersive phonon-like modes.

Bulk-to-interface mode transition is clearly seen in Fig. 1 at kj > 1/d. It
gives rise to positive or negative dispersion in restrahlen regions provided that

dy # ds.
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Fig. 2. The dispersion picture near TO-phonon frequency of the thicker (a) and
the thinner (b) layers of superlattice, corresponding to the marked regions in Fig. 1.
d=0.25 pm (1, 1"), d = 2.5 pm (2', 2").

Let us confine our attention to the regions near wr; (marked regions in
Fig. 1). It should be noted that the higher-order modes situated in this region [5]
are out of scope of the present work. It is seen in Fig. 2a,b that none of disper-
sion branches crosses wrj, as it is predicted by EM approximation. The modes
in this regions correspond to the mixed phonon-like and photon-like excitations.
The dispersion branches below wr; tending to this frequency with the rise of k|
show the transition from the bulk or slab-guided modes (1’, 1" in Fig. 2a and b,
respectively) to the confined TO-modes. Dispersion above wr; demonstrates the
transition to the bulk (or interface) modes. If j is an index of the thinner layer
(Fig. 2b), the branch 2’ (2”) is that one possessing a maximum. In the case of
the thicker layer (Fig. 2a) the corresponding branch represents rather virtual bulk
mode influenced strongly by TO-phonons. The upper straight line demonstrates an
excellent coincidence of phonon-like mode dispersion with EM approximation re-
sults. The position of the branch crossing point A can be obtained from Egs. (3.1)
and (3.2):

€oo)id; |[W2(A) — wi

R TR )
where ¢ and k are the indexes of the thinner and the thicker layer respectively, the
sign “4” in wy is taken if wr; > wrt and “—” is taken in the opposite case. It can
be shown that k) (A) and w(A) give the trivial solution of Eq. (1). Therefore in the
absence of damping the branch crossing point is an inherent feature of dispersion
in SL with non-equal layer thicknesses (dy # d).
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