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Localized electronic states in coupled superlattices
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Theoretical investigation of the electronic structure of GaAs/AlAs superlattices coupled via an
Al ,Ga, _,As 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 shoW®0163-18207)01203-4

INTRODUCTION barrier layer is always lower than that of the SL barriers
V.
In recent years, there is a growing interest in studying the
effect of a carrier localization in the so-called coupled super-
lattices (SL's), i.e., two SL's separated by a spacer-barrier
layer’~® A proper design of SL's and the spacer-layer pa- Following our previous work! we have used the direct
rameters leads to quantum states with eigenfunctions mostiyatching procedure within the envelope-function approxi-
confined to the spacer region. Such a combined SL structun@ation to obtain the energy expression and the correspond-
has been used to show the possibility of localizing the carrieing wave functions for localized electronic states appearing
wave function to a quantum barritThese so-called above- inside the SL minigaps. First, using Bastard’s boundary con-
barrier localized states, recently observed experimentally bgitions and the Bloch requirement the wave function
photoluminescencéresonant Raman scatteritgas well as W (z) for the right-hand-side SL has been constructed,
magnetooptical spectroscopyare very interesting for at which, for the first SL well layer (&cz<a), takes the forrht
least two reasons. One is of a general nature, as the localiza-
tion of an electron in a quantum barrier is in itself a different W (z)=A[sin(k,z) + Acog ka2) ], (1)
guantum-mechanical effect. The other one concerns the pos-
sible applications: if electrons are confined long enough tqyith A; being a constant and
recombine, a possibility of radiative transitions appears in

METHOD OF CALCULATION

the spacer-barrier region, leading to a luminescence at ; +(—1)"Ksi _
shorter wavelength than that available by similar devices. On = sm(ka?) (— 1)"Ksinfkyb)exp( ~ nd) ) 2)
the other hand, Tamm surface states, i.e., electronic states (—1)"costikyb)exp(— ud) —cogk,a)

localized mostly in the outermost SL quantum well, have 12
been investigated theoretically and observed experimentalll? EGS- (1) and (%22: K= (kamp)/(kpmy), ka=(2mgE)™
in SL's (for a review see, e.g., Refs. 9 and)1Gimilar p=[2My(V,—E)]™, d=a+b is the period of the SL, and
surface-localized states, called then interface states, have
also been considered in coupled SE%.

The aim of this work is to study the properties of local- caas S ALGas-yAs
ized electronic states appearing in coupled SL's, and, in par- l l
ticular, their transformation from a Tamm-like interface state — —
to an above-barrier localized state—a problem that has not
been considered in any of the above-mentioned papers. Vy
Moreover, as it is known, the occurence of localized states m, | m, lvs m, |m,|m,
inside the SL minigaps affects also the distribution of ex- ---— — r _ — .
tended states forming the SL minibands. Therefore, we -4, -d,/2 0 a a+tb
present here the density-of-states as well as the space-charge
distributions calculations for a system of coupled SL’s. b a d, aib
semi—infinite spacer semi—infinite
MODEL SL layer

We restrict our considerations to a special class of g 1. potential profile of the structure under consideration.
coupled SL's, namely, to a system of two identical semi-gemi-infinite SL's are composed of GaAs wells of widihand
infinite SL’s with fixed parameters and made of GaAs anda|as barriers of widthb and heightV,,, while the Al Ga, ,As
AlAs layers, and being coupled via a spacer layer Ofspacer-barrier layer is of thicknesk and heightV,. Effective
Al ,Ga; _yAs. Characteristic parameters of the structure arenasses in the corresponding layers are denotechpym,, and
defined in Fig. 1. Obviously, the potentidl of the spacer- m.
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FIG. 2. Electronic structure of GaAs/AlAs SL's coupled via an
Al ,Ga; _ As spacer layer witly=0.5 and variable thickness.

Shaded area represents the lowest miniband, while the two lowest

interface stateg¢even and oddare given by solid lines. For com-
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FIG. 3. Electronic structure of GaAs/AlAs SL'’s coupled via an
Al ,Ga; _yAs spacer layer witlds=80 A and variabley. Shaded
area represents the lowest miniband, while the interface states are
given by solid lines. Broken line denotes the spacer-barrier potential
heightV4(y).

)

parison, the energy position of a surface state appearing in the cofer odd states.

responding semi-infinite SL is indicated by a full dot. Inset: squared

wave function of an interface state fdg=120 A (solid line) and
the respective potential profildroken line.

the imaginary parj. of the Bloch wave number satisfies the
corresponding  Kronig-Penney-like dispersion relation,
namely!!

(—1)"cosh ud)=cogk,a)coshk,b)
+ 1 (K™1=K)sin(k,a)sinh(k,b),
3

wheren=0,1,2, ... numbers the subsequent SL minigaps.
Inside the spacer layer(d;<z<0) the wave function
has the following form:

¥ (z)=A,sinh(ksz) + Azcoshksz), (4)

where kg=[2my(Vs—E)]¥2, while A, and A; are deter-
mined from the matching o¥(z) to ¥¢(z) [given by Eg.
(1)] atz=0, and read
AZZAIG, ASZAl)\, (5)
with G=(k,ms)/(ksm,).
The symmetry property of the considered struct(ok
Fig. D implies

(6)

for even states and

Imposing Eqgs(6) or (7) on Eq.(4) yields the following
energy expression:

N[k

atam‘( > )— 8
or

N (ks

ECOﬂ'( T) =1 (9)

for even and odd localized states, respectively.

The local density of states is calculated using the fac-
torization and direct methods within a framework of the
Green function formalism(see, e.g., Ref. 12 The corre-
sponding expression at any arbitrary paigtreads®

1
p(z9;E)=— ;Img(zo,zo;E)

2

o

\P;(Zo+;E)
M m(zo+) ¥, (20:E)

V' (zg —:E) -t

T m(zo —)V _(z0;E)

(10)

Here,G is the Green function of the whole system, whereas
¥, (z;E) and ¥ _(z,E) are the linearly independent solu-
tions to the Schidinger equation for the energy which
satisfy the given one-sided boundary conditigositgoing
propagation or exponential evanescene¢ z— +% and
respectively. In Eq.(1), ¥.(zy*;E) and

z— —»,
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FIG. 5. Layer density-of-states distributions inside the lowest
miniband for GaAs/AlAs SL’s coupled via an /Ba, _,As spacer
FIG. 4. Squared wave functioigsolid lineg of the lowest{a—d layer with ds=80 A and diferent values o§: y=0 (curve A),
and higheste) interface states of Fig. 3 for different concentration y=0.1 (curve B), y=0.15 (curve C), y=0.2 (curve D), y=0.25
y of Al'in an Al,Ga;_,As spacer layer(a) y=0.4 (E;y=254.24  (curveE), y=0.3(curveF), andy=0.4 (curveG). Arrows denote
meV; V=377.6 meV, (b) y=0.3 (E;v=223.55 meV;V,=283.2  a position of the highest interface state of Fig. 3 in the proximity of
meV), (¢) y=0.2 (E;x,=174.30 meVV,=188.8 meV, (d) y=0.1  the miniband edges. Inset: space-charge distribution of an interface
(Eine=106.17 meV;V,=94.4 meVj, and(e) y=0.3 (E;x=374.57 resonance with the energy corresponding to the maximum of curve
meV; V¢=283.2 meV. Corresponding potential profiles are also D (solid ling) as well as the respective potential profilaroken

presentedbroken line$. line).

m(zy =) denote the right- and left-hand-side limits ztof RESULTS

the derivative of¥ . and the effective mass, correspond- . , ,
ingly. Numerical computations have been performed for SL's

Since forE from the SL minigap regions, the density of made of GaAs and AlAs with the following fixed parameters

states is zero except for the discrete energies of localizetff- Fig- D: a=b=20 A, m,=0.067,m,=0.15(note that all
states, wherg has poles giving rise té peaks in the spec- the effective masses are given in units of a free-electron
trum, only the distributions within the SL miniband regions mas$, and V,=944 meV. The SL's are coupled via an
are of interest, as the density of states is finite there. AlyGa;_yAs spacer layer of different thicknesseg and
In this work, the logarithmic derivative o¥, (W¥_) at  variable y, resulting in V=V (y)=944 meV and
Zo in Eq. (10) is evaluated, forE from the SL miniband m¢=my(y)=0.067+0.083/.'* The electronic structure and
regions, by multiple matching of the Scliinger equation the density of states of such a system of coupled SL’s has
solution for the layer containing, to those for the right- been calculated for energies around the lowest miniband as it
hand-side(left-hand-sid¢ layers, with a final matchingat is the range of most experimental interest.
the right-hand-sidgleft-hand-sid¢ SL sectiorj to the SL
Bloch wave function traveling towards « (—o§). The cor- Localized states
rect assignment o , and¥ _ to the respective SL Bloch ] ] ]
functions in each miniband is based on the group velocity of It is natural to expect that when the spacer-barrier layer is
an electron. thick and high enough, the left- and right-hand-side SL'’s do
Equation(10) enables one to calculate the local density ofnot influence each other: they are decoupled and, thus, be-
statesp as a function of energy for a given poirg as well  have as two independent semi-infinite SL’s terminated by a
as a function of space coordinate for a given energy levepotential barrieN,<V,,. Indeed, as can be seen in Fig. 2, in
E, i.e., the space-charge distributions. The layer density othe lowest minigap there exist @oubly) degenerate state
states can also be computed by integrapngyer the region with the wave functior(see the inset of Fig.)2ocalized at
under consideration. the outermost quantum well of each of the SL’s. Certainly,
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its energy coincides with that of a Tamm-like surface state iriniband (cf. Fig. 3. This particular case is explored in
a corresponding semi-infinite Sisee, e.g., Ref. 0When  more detail in Fig. 5 via the layer density-of-states distribu-
the thickness of the spacer-barrier layer decreases, the Sliens, i.e., the local density of states integrated over the
become really coupled which causes the degenerate state dpacer layer. Foy=0 andy= 0.4, when the interface state is
split into two: even and odd, and we are dealing then withwell separated from the miniband edges, the layer density-
interface rather than surface states. of-states curves exhibit a shape typical for a semi-infinite
Figure 3 shows the behavior of the interface states wheperiodic structure(cf. curves A and G). However, for
the spacer-barrier layer has a fixed widtf=80 A but vari-  y=0.15 andy=0.25, when the interface state comes closer
able heightV,=V4(y). As expected, the energy splitting of to the miniband edges, the layer density-of-states distribu-
the lowest states increases with the decrease of the spacéipns show a pronounced maximum lying close to the appro-
barrier height. Fory small enough, another interface state priate miniband edgdcf. curvesC and E). Finally, for
appears in the vicinity of the lowest miniband and its energyy=0.2, when the interface state merges into the miniband,
is always above the spacer-barrier potengly). the density-of-states distribution exhibits a sharp and very
It is interesting to examine, with the help of the corre- strong peak(cf. curve D—please note the different scale
sponding wave functions, the change of the localizatioriThe space-charge distribution corresponding to this peak
properties of the interface states when the spacer-barrier pmmaximum (see the inset of Fig.)Sndicates clearly that we
tential is varied. For clarity, and without any loss of gener-are dealing with a well-defined interface resonance, whose
ality, we restrict our considerations to the lowésten state, existence—to our best knowledge—has not been demon-
as shown in Fig. 4. When the spacer barrier is still quite highstrated before.
(y=0.4), SL's are weakly coupled and the wave function
exhibits two distinct maxima in the outermost SL wells and SUMMARY
takes very small values inside the spacer redfig. 4a)].
As the potential of the spacer barrier decreases, the N this paper, we have presented theoretical investigations
maximum-to-minimum difference becomes smaller andof the electronic structure of GaAs/AlAs SL’s coupled via an
smaller[Figs. 4b) and 4c)] until one pronounced maximum Al yGa;_,As spacer layer. Using a direct matching proce-
is reachedFig. 4d)] for y=0.1, when the lowest interface dure within an envelope-function approximation we have de-
state energyE; is already higher than the spacer-barrierfived expressions for the energy as well as the corresponding
potential V. Physically this means that an electron with Wave _fu_nctlon of !ocallzed electronic states appearing |n§|de
such an energy is localized in the whole region between thée minigaps. This enabled us to follow the transformation
two SL's. It is reminiscent of an above-barrier localized from a Tamm-like interface state to an above-barrier local-
state—in fact, whenever the enerfy, of any interface state 1zed state. . o o
is higher tharV, we are dealing then with an above-barrier I addition, the den5|ty—'of—states dI'StI’IbutI.O.nS 'lnS|de the
localized state. As an example, the squared wave function dpinibands have been studied and their modifications due to

the highest interface state of Fig. 3 is plotted in Figg)4 the change of spacer-layer parameters have been examined.
In particular, a possibility of the existence of a well-defined

interface resonance in the lowest miniband has been pointed

_ _ ~out to be an interesting result.
Density-of-states computations have been performed in

order to follow the distribution of extended states inside the
lowest miniband. The most pronounced modifications of the
density of states are expected around such values fof This work has been supported by the University of
which an interfacéabove-barrier localizedstate crosses the Wroctaw within the Grant No. 2016/W/IFD/96.
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