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Localized electronic states in coupled superlattices
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~Received 2 August 1996!

Theoretical investigation of the electronic structure of GaAs/AlAs superlattices coupled via an
Al yGa12yAs spacer layer is presented. A direct matching procedure within an envelope-function approxima-
tion is used to derive the expressions for the energy and the corresponding wave function of localized elec-
tronic states appearing inside the minigaps. The transformation from a Tamm-like interface state to an above-
barrier localized state is discussed. The density-of-states distributions inside the minibands are computed using
the factorization and direct Green function methods. A possibility of the existence of a well-defined interface
resonance in the lowest miniband is shown.@S0163-1829~97!01203-4#
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INTRODUCTION

In recent years, there is a growing interest in studying
effect of a carrier localization in the so-called coupled sup
lattices ~SL’s!, i.e., two SL’s separated by a spacer-barr
layer.1–8 A proper design of SL’s and the spacer-layer p
rameters leads to quantum states with eigenfunctions mo
confined to the spacer region. Such a combined SL struc
has been used to show the possibility of localizing the car
wave function to a quantum barrier.1 These so-called above
barrier localized states, recently observed experimentally
photoluminescence,2 resonant Raman scattering,5,6 as well as
magnetooptical spectroscopy,8 are very interesting for a
least two reasons. One is of a general nature, as the loca
tion of an electron in a quantum barrier is in itself a differe
quantum-mechanical effect. The other one concerns the
sible applications: if electrons are confined long enough
recombine, a possibility of radiative transitions appears
the spacer-barrier region, leading to a luminescence
shorter wavelength than that available by similar devices.
the other hand, Tamm surface states, i.e., electronic s
localized mostly in the outermost SL quantum well, ha
been investigated theoretically and observed experimen
in SL’s ~for a review see, e.g., Refs. 9 and 10!. Similar
surface-localized states, called then interface states,
also been considered in coupled SL’s.3,4

The aim of this work is to study the properties of loca
ized electronic states appearing in coupled SL’s, and, in
ticular, their transformation from a Tamm-like interface sta
to an above-barrier localized state—a problem that has
been considered in any of the above-mentioned pap
Moreover, as it is known, the occurence of localized sta
inside the SL minigaps affects also the distribution of e
tended states forming the SL minibands. Therefore,
present here the density-of-states as well as the space-c
distributions calculations for a system of coupled SL’s.

MODEL

We restrict our considerations to a special class
coupled SL’s, namely, to a system of two identical sem
infinite SL’s with fixed parameters and made of GaAs a
AlAs layers, and being coupled via a spacer layer
Al yGa12yAs. Characteristic parameters of the structure
defined in Fig. 1. Obviously, the potentialVs of the spacer-
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barrier layer is always lower than that of the SL barrie
Vb .

METHOD OF CALCULATION

Following our previous work,11 we have used the direc
matching procedure within the envelope-function appro
mation to obtain the energy expression and the correspo
ing wave functions for localized electronic states appear
inside the SL minigaps. First, using Bastard’s boundary c
ditions and the Bloch requirement the wave functi
Csl(z) for the right-hand-side SL has been construct
which, for the first SL well layer (0,z,a), takes the form11

Csl~z!5A1@sin~kaz!1lcos~kaz!#, ~1!

with A1 being a constant and

l5
sin~kaa!1~21!nKsinh~kbb!exp~2md!

~21!ncosh~kbb!exp~2md!2cos~kaa!
. ~2!

In Eqs. ~1! and ~2!, K5(kamb)/(kbma), ka5(2maE)
1/2,

kb5@2mb(Vb2E)#1/2, d5a1b is the period of the SL, and

FIG. 1. Potential profile of the structure under considerati
Semi-infinite SL’s are composed of GaAs wells of widtha and
AlAs barriers of widthb and heightVb , while the AlyGa12yAs
spacer-barrier layer is of thicknessds and heightVs . Effective
masses in the corresponding layers are denoted byma , mb , and
ms .
1574 © 1997 The American Physical Society
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55 1575LOCALIZED ELECTRONIC STATES IN COUPLED . . .
the imaginary partm of the Bloch wave number satisfies th
corresponding Kronig-Penney-like dispersion relatio
namely,11

~21!ncosh~md!5cos~kaa!cosh~kbb!

1 1
2 ~K212K !sin~kaa!sinh~kbb!,

~3!

wheren50,1,2, . . . numbers the subsequent SL minigap
Inside the spacer layer (2ds,z,0) the wave function

has the following form:

Cs~z!5A2sinh~ksz!1A3cosh~ksz!, ~4!

where ks5@2ms(Vs2E)#1/2, while A2 and A3 are deter-
mined from the matching ofCs(z) to Csl(z) @given by Eq.
~1!# at z50, and read

A25A1G, A35A1l, ~5!

with G5(kams)/(ksma).
The symmetry property of the considered structure~cf.

Fig. 1! implies

Cs8S 2
ds
2 D50 ~6!

for even states and

FIG. 2. Electronic structure of GaAs/AlAs SL’s coupled via a
Al yGa12yAs spacer layer withy50.5 and variable thicknessds .
Shaded area represents the lowest miniband, while the two lo
interface states~even and odd! are given by solid lines. For com
parison, the energy position of a surface state appearing in the
responding semi-infinite SL is indicated by a full dot. Inset: squa
wave function of an interface state fords5120 Å ~solid line! and
the respective potential profile~broken line!.
,

.

CsS 2
ds
2 D50 ~7!

for odd states.
Imposing Eqs.~6! or ~7! on Eq. ~4! yields the following

energy expression:

l

G
tanhS ksds2 D51 ~8!

or

l

G
cothS ksds2 D51 ~9!

for even and odd localized states, respectively.
The local density of statesr is calculated using the fac

torization and direct methods within a framework of th
Green function formalism~see, e.g., Ref. 12!. The corre-
sponding expression at any arbitrary pointz0 reads

13

r~z0 ;E!52
1

p
ImG~z0 ,z0 ;E!

52
2

p
ImF C18 ~z01;E!

m~z01 !C1~z0 ;E!

2
C28 ~z0 2;E!

m~z0 2 !C2~z0 ;E!
G21

. ~10!

Here,G is the Green function of the whole system, where
C1(z;E) andC2(z;E) are the linearly independent solu
tions to the Schro¨dinger equation for the energyE which
satisfy the given one-sided boundary conditions~outgoing
propagation or exponential evanescence! at z→ 1` and
z→ 2`, respectively. In Eq. ~1!, C68 (z0 6;E) and

st

or-
d

FIG. 3. Electronic structure of GaAs/AlAs SL’s coupled via a
Al yGa12yAs spacer layer withds580 Å and variabley. Shaded
area represents the lowest miniband, while the interface state
given by solid lines. Broken line denotes the spacer-barrier poten
heightVs(y).
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m(z0 6) denote the right- and left-hand-side limits atz0 of
the derivative ofC6 and the effective massm, correspond-
ingly.

Since forE from the SL minigap regions, the density o
states is zero except for the discrete energies of local
states, whereG has poles giving rise tod peaks in the spec
trum, only the distributions within the SL miniband region
are of interest, as the density of states is finite there.

In this work, the logarithmic derivative ofC1 (C2) at
z0 in Eq. ~10! is evaluated, forE from the SL miniband
regions, by multiple matching of the Schro¨dinger equation
solution for the layer containingz0 to those for the right-
hand-side~left-hand-side! layers, with a final matching@at
the right-hand-side~left-hand-side! SL section# to the SL
Bloch wave function traveling towards1` (2`). The cor-
rect assignment ofC1 andC2 to the respective SL Bloch
functions in each miniband is based on the group velocity
an electron.

Equation~10! enables one to calculate the local density
statesr as a function of energy for a given pointz0 as well
as a function of space coordinate for a given energy le
E, i.e., the space-charge distributions. The layer density
states can also be computed by integratingr over the region
under consideration.

FIG. 4. Squared wave functions~solid lines! of the lowest~a–d!
and highest~e! interface states of Fig. 3 for different concentratio
y of Al in an Al yGa12yAs spacer layer:~a! y50.4 (Eint5254.24
meV; Vs5377.6 meV!, ~b! y50.3 (Eint5223.55 meV;Vs5283.2
meV!, ~c! y50.2 (Eint5174.30 meV;Vs5188.8 meV!, ~d! y50.1
(Eint5106.17 meV;Vs594.4 meV!, and ~e! y50.3 (Eint5374.57
meV; Vs5283.2 meV!. Corresponding potential profiles are als
presented~broken lines!.
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RESULTS

Numerical computations have been performed for S
made of GaAs and AlAs with the following fixed paramete
~cf. Fig. 1!: a5b520 Å,ma50.067,mb50.15~note that all
the effective masses are given in units of a free-elect
mass!, and Vb5944 meV. The SL’s are coupled via a
Al yGa12yAs spacer layer of different thicknessesds and
variable y, resulting in Vs5Vs(y)5944y meV and
ms5ms(y)50.06710.083y.14 The electronic structure an
the density of states of such a system of coupled SL’s
been calculated for energies around the lowest miniband
is the range of most experimental interest.

Localized states

It is natural to expect that when the spacer-barrier laye
thick and high enough, the left- and right-hand-side SL’s
not influence each other: they are decoupled and, thus,
have as two independent semi-infinite SL’s terminated b
potential barrierVs,Vb . Indeed, as can be seen in Fig. 2,
the lowest minigap there exist a~doubly! degenerate state
with the wave function~see the inset of Fig. 2! localized at
the outermost quantum well of each of the SL’s. Certain

FIG. 5. Layer density-of-states distributions inside the low
miniband for GaAs/AlAs SL’s coupled via an AlyGa12yAs spacer
layer with ds580 Å and diferent values ofy: y50 ~curve A),
y50.1 ~curveB), y50.15 ~curveC), y50.2 ~curveD), y50.25
~curveE), y50.3 ~curveF), andy50.4 ~curveG). Arrows denote
a position of the highest interface state of Fig. 3 in the proximity
the miniband edges. Inset: space-charge distribution of an inter
resonance with the energy corresponding to the maximum of cu
D ~solid line! as well as the respective potential profile~broken
line!.
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55 1577LOCALIZED ELECTRONIC STATES IN COUPLED . . .
its energy coincides with that of a Tamm-like surface state
a corresponding semi-infinite SL~see, e.g., Ref. 10!. When
the thickness of the spacer-barrier layer decreases, the
become really coupled which causes the degenerate sta
split into two: even and odd, and we are dealing then w
interface rather than surface states.

Figure 3 shows the behavior of the interface states w
the spacer-barrier layer has a fixed widthds580 Å but vari-
able heightVs5Vs(y). As expected, the energy splitting o
the lowest states increases with the decrease of the sp
barrier height. Fory small enough, another interface sta
appears in the vicinity of the lowest miniband and its ene
is always above the spacer-barrier potentialVs(y).

It is interesting to examine, with the help of the corr
sponding wave functions, the change of the localizat
properties of the interface states when the spacer-barrier
tential is varied. For clarity, and without any loss of gen
ality, we restrict our considerations to the lowest~even! state,
as shown in Fig. 4. When the spacer barrier is still quite h
(y50.4), SL’s are weakly coupled and the wave functi
exhibits two distinct maxima in the outermost SL wells a
takes very small values inside the spacer region@Fig. 4~a!#.
As the potential of the spacer barrier decreases,
maximum-to-minimum difference becomes smaller a
smaller@Figs. 4~b! and 4~c!# until one pronounced maximum
is reached@Fig. 4~d!# for y50.1, when the lowest interfac
state energyEint is already higher than the spacer-barr
potential Vs . Physically this means that an electron wi
such an energy is localized in the whole region between
two SL’s. It is reminiscent of an above-barrier localize
state—in fact, whenever the energyEint of any interface state
is higher thanVs , we are dealing then with an above-barri
localized state. As an example, the squared wave functio
the highest interface state of Fig. 3 is plotted in Fig. 4~e!.

Density of states

Density-of-states computations have been performed
order to follow the distribution of extended states inside
lowest miniband. The most pronounced modifications of
density of states are expected around such values ofy for
which an interface~above-barrier localized! state crosses th
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miniband ~cf. Fig. 3!. This particular case is explored i
more detail in Fig. 5 via the layer density-of-states distrib
tions, i.e., the local density of states integrated over
spacer layer. Fory50 andy50.4, when the interface state
well separated from the miniband edges, the layer dens
of-states curves exhibit a shape typical for a semi-infin
periodic structure~cf. curves A and G). However, for
y50.15 andy50.25, when the interface state comes clo
to the miniband edges, the layer density-of-states distri
tions show a pronounced maximum lying close to the app
priate miniband edge~cf. curvesC and E). Finally, for
y50.2, when the interface state merges into the miniba
the density-of-states distribution exhibits a sharp and v
strong peak~cf. curveD—please note the different scale!.
The space-charge distribution corresponding to this p
maximum~see the inset of Fig. 5! indicates clearly that we
are dealing with a well-defined interface resonance, wh
existence—to our best knowledge—has not been dem
strated before.

SUMMARY

In this paper, we have presented theoretical investigati
of the electronic structure of GaAs/AlAs SL’s coupled via
Al yGa12yAs spacer layer. Using a direct matching proc
dure within an envelope-function approximation we have
rived expressions for the energy as well as the correspon
wave function of localized electronic states appearing ins
the minigaps. This enabled us to follow the transformat
from a Tamm-like interface state to an above-barrier loc
ized state.

In addition, the density-of-states distributions inside t
minibands have been studied and their modifications du
the change of spacer-layer parameters have been exam
In particular, a possibility of the existence of a well-defin
interface resonance in the lowest miniband has been poi
out to be an interesting result.
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