
PHYSICAL REVIEW B 15 AUGUST 2000-IVOLUME 62, NUMBER 7
Electronic level structure and density of states of a terminated biperiodic superlattice
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Electronic level structure and density of states~DOS! of a biperiodic superlattice~SL!, whose period consists
in general of two arbitrary wells coupled via two different barriers~the so-called double-well basis!, is inves-
tigated with emphasis placed on surface effects due to SL termination by a substrate or a cladding layer.
Special attention is paid to the possibility for surface states, i.e., the states confined to the SL/substrate
interface, to exist within SL minigaps. Dependence of their properties~i.e., the energy position and the degree
of localization! on the choice of substrate is studied for various terminating configurations~depending on the
sequence of SL layers approaching the surface! of an AlGaAs-based double-well SL. Surface-induced modi-
fications of extended states forming SL minibands are also discussed, indicating a possibility to arrange—in a
controlled manner—different local DOS~LDOS! distributions at the SL end. This might have important
consequences for particular applications of biperiodic SL’s.
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I. INTRODUCTION

The so-called polytype or complex-basis superlatti
~SL’s!, composed of alternating layers of more than two d
ferent materials, attract recently an increasing interest c
nected with the search for microelectronic devices of su
rior characteristics. When additional layers are introduced
each SL period, more degrees of freedom in engineering
desired properties are available as compared to typical,
binary ~two-layer period! SL’s. As a consequence, an u
usual electronic structure can be realized.1–6 In particular, the
ability to control the miniband and minigap widths indepe
dently has proved to be of a great value for modeling inf
red photodetectors, electro-optic switches and modulator
a better performance, as well as for effective-mass filter
and tuning of the tunneling current.1–3,7–12

Electronic characteristics of a polytype SL might be, ho
ever, essentially modified by surface effects due to SL
mination by a substrate or a cladding layer, as it happens
binary SL’s~cf. Refs. 13–15 and references therein!. To ad-
dress this problem, a general effective-mass approach, ta
into account the existence of surface states~i.e., the states
appearing within energy minigaps and confined to the
substrate interface! in an arbitrary multilayer-basis SL, ha
been recently developed16 and applied next to study the su
face electronic structure of a triple-constituent SL with t
so-called step-well basis.17 In the present paper, the energ
spectrum of surface-localized states is investigated for
most commonly studied polytype SL, namely, the so-cal
biperiodic SL, with a general double-well geometry of t
complex basis. Selected surface-state wave functions
plotted in order to illustrate their localization properties.

Moreover, since termination of a binary SL affects su
stantially the extended states forming SL minibands~cf., e.g.,
Refs. 18 and 19!, a similar effect is also expected in polytyp
SL’s. Therefore, the density-of-states~DOS! distributions at
PRB 620163-1829/2000/62~7!/4549~8!/$15.00
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the end of a double-well SL are additionally explored in th
paper. To our best knowledge, this provides the first study
surface-induced DOS modifications in polytype SL’s. Nee
less to say, this might be of relevance for a variety of th
applications.

II. MODEL

The structure under consideration, as schematically
picted in Fig. 1, is a semi-infinite double-well SL, describ
in terms of a generalized Kronig-Penney-type of model t
minated by a potential step representing a substrate or a c
ding layer. The SL basis consists, in general, of four layer
two arbitrary wells coupled by two arbitrary barriers—
labelled withi 5A,B,C, andD, of thicknessesdi , effective-
mass valuesmi , and potential levelsVi , correspondingly;
dSL5dA1dB1dC1dD stands for the SL period. The sub
strate parameters are denoted bymS andVS .

III. METHOD OF CALCULATION

Electronic level structure of a system is calculated usin
general transfer-matrix formalism within an effective-ma

FIG. 1. Potential profile of a terminated biperiodic SL with
general double-well basis consisting of two arbitrary wells coup
via two different barriers. For notation, see the text.
4549 ©2000 The American Physical Society
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approximation, described in detail in Ref. 16. Within th
approach, the bulk dispersion relation as well as the ene
expression for surface states can be derived—unfortuna
no concise analytical formulas can be reached for a gen
double-well basis, so the energy spectrum of the conside
structure has to be entirely determined numerically. The
spective surface-state wave functions are also computed
lowing Ref. 16.

The DOS, in turn, is determined using a Green’s-funct
formalism within an interface response theory, originally d
veloped to study vibrational properties of SL’s with multip
layers per period.20 The closed-form expressions for loc
DOS ~LDOS!, obtained in Ref. 20 for transverse elas
waves, can be straightforwardly transposed—following R
21—to treat electronic properties of biperiodic SL’s with
an effective-mass approximation. This enables us to com
LDOS as a function of both the electron energyE and the
space coordinatez. Therefore, the space-charge distribution
associated with the localized surface states as well as
extended states forming particular SL minibands, can be
lustrated in a direct way.

IV. RESULTS AND DISCUSSION

For numerical calculations, the AlGaAs-based SL h
been chosen, as it offers a possibility to realize and man
late a rich variety of potential profiles. More specifically, t
potential level and the effective-mass value of a particu
Al xGa12xAs layer can be adjusted by the Al concentrationx,
e.g., according to the empirical relationsV(x)5944x meV
andm(x)5(0.06710.083x)mel , mel being the free-electron
mass~after Refs. 22 and 23!. Since, however, our attention i
focused here on the effects introduced by the SL surface
bulk SL parameters have been kept fixed. Consequently
the computations have been performed for a particular
tem composed of GaAs wells~i.e., VA5VC50) of different
widths dA540 Å and dC545 Å, alternating with
Al0.5Ga0.5As barriers~i.e., VB5VD5472 meV) of different
thicknessesdB525 Å and dD515 Å, which nevertheless
constitutes a rather general example of a double-well bas24

This choice of SL parameters enabled us to avoid, within
considered energy range,25 complications in an adequate d
scription of minibands due to an indirect band-gap nature
the AlxGa12xAs alloy for higher values ofx. Indeed, as con-
firmed by our recent pseudopotential calculations,26 such a
biperiodic SL—as well as any two-component system, i
A/B, A/D, C/B, and C/D binary SL’s—exhibits a direct
band gap, the lowest conduction minibands are clea
G-valley derived, while theG-X intervalley coupling has a
negligible effect on the energy spectrum of interest~see also
Refs. 1, 27, and 28!.

In contrast, the surface conditions—in particular, the t
minating potential stepVS—have been varied assuming
changeable Al concentrationxS in the substrate. Differen
possible terminating configurations, depending on the
quence of SL layers approaching the surface, have also
considered. TheVS(xS)5944xS meV dependence has bee
used to determine the surface-potential-barrier height for
whole range ofxSP@0,1#, although other conduction-ban
offset relations, taking into account terms quadratic inxS ,
have been reported as more appropriate forxS*0.5 ~cf., e.g.,
gy
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Refs. 29 and 30!. The main reason is that energetic positio
of SL surface states, experimentally observed for AlA
terminated binary GaAs/AlxGa12xAs SL’s ~i.e., for xS51),
have been well reproduced by model calculations usingjust
the abovelinear relation for the surface potential step.22,23 In
addition, the obtained surface electronic structure~cf. Sec.
IV A ! appears to be less sensitive to the exact height of
terminating potential barrier forxS*0.5 as compared toxS
&0.5—in this respect, the precise form of theVS(xS) depen-
dence for higher values ofxS seems not to be that crucial fo
the present consideration.31

A. Localized surface states

The resulting surface electronic structure is presented
Fig. 2. As can be seen, the SL has been designed to ex
an energy spectrum consisting of two minibands of a co
parable width, separated by a relatively narrow minig
Such a bulk band structure appears to be desirable for ce
infrared applications of biperiodic SL’s, as reported in R
3.

Due to SL termination, the energy levels appear also
side the minigap regions, and they correspond to the st
localized at the SL/substrate interface, i.e., to the SL surf
states.32 As follows from Fig. 2, their existence and energ
position within a minigap critically depend on the sequen
of SL layers approaching the surface. In general, for the s
face potential step different from the SL barrier height, eig
nonequivalent terminating configurations of SL layers can
distinguished. However, no surface states occur—within
considered energy range—for the wider SL barrier~i.e., layer
B) being in contact with the substrate. The remaining six
layer sequences result in distinct surface-state-energy cu
as a function ofxS ~i.e., as a function ofVS). It is interesting
to note that surface states corresponding to the subst
DABC . . . and substrate/DCBA . . . configurations~i.e., for
SL terminated at the narrower-barrier layer—cf. Fig. 1! are
almost insensitive to the substrate parameters@cf. Fig. 2~c!#
and, therefore, seem to originate solely due to the SL po
tial truncation.

It should be pointed out, however, that particular surfa
states differ not only in the energy position, but also in th
localization properties, as clearly shown in Figs. 3 and 4. T
degree of surface-state confinement to the SL end can
conveniently measured by the ratioR of maxima of its
squared wave function in two subsequent~e.g., the second
and the first! SL periods, thus describing the surface-sta
wave function damping towards the SL bulk. As an examp
values ofR for surface states corresponding to the substr
ABCD . . . and substrate/CBAD . . . sequences are given i
Table I, indicating a strong dependence of the localizat
factor on the surface level position relative to the bulk ba
edges. To be more specific, surface states lying close
miniband exhibitR&1, hence extend over several layers
the SL, while those well separated from the miniband ed
become almost completely confined to the outermost SL
riod with R smaller than 0.1. This is illustrated in Fig. 3 fo
a surface state corresponding to the substrate/ABCD . . .
configuration, emerging from the upper bulk miniband
xS&0.75 @cf. Fig. 2~a!#. It is also in correspondence wit
similar findings for binary SL’s.13–15
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In a double-well SL, however, surface states can be a
tionally differentiated in view of their spatial localizatio
within the SL period. Indeed, they may be either selectiv
confined to one of the SL wells or distributed over the wh
SL basis, as can be seen in Fig. 4. To describe the diffe
cases, the ratioQ of squared surface-state wave-functi
maxima in the outermost-but-one and the outermost SL w
~i.e., layer-C–to–layer-A or layer-A–to–layer-C; cf. Fig. 1!
has been introduced. In Table I, values ofQ are collected for
surface states corresponding to the substrate/ABCD . . . and

FIG. 2. Surface electronic structure of a double-w
GaAs/Al0.5Ga0.5As SL with dA540 Å, dB525 Å, dC545 Å,
and dD515 Å, terminated by an AlxS

Ga12xS
As substrate with a

variable Al concentrationxS , for different terminating configura-
tions of SL layers: ~a! substrate/ABCD . . . ~full dots! and
substrate/ADCB . . . ~open circles!, ~b! substrate/CDAB . . . ~full
triangles! and substrate/CBAD . . . ~open triangles!, and ~c!
substrate/DCBA . . . ~full squares! and substrate/DABC . . . ~open
squares!. Shaded areas correspond to SL minibands, while das
lines denote variation of the surface potential barrier heightVS(xS).
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substrate/CBAD . . . configurations. It can be conclude
that, in general, surface states localize predominantly in
terminating SL well~being the narrower or wider one for th
substrate/ABCD . . . and substrate/CBAD . . . sequence, re
spectively!. An interesting exception is seen, for instance,
the substrate/ABCD . . . case at 0.15&xS&0.18, when the
surface-state wave functions for both branches of
surface-state-energy curve exhibit the most pronoun
maximum within the outermost-but-one SL well, i.e., lay
C, with Q.1 @cf. Table I and Fig. 4~c!#. This is due to the
proximity of the lower bulk miniband, which originates from
the eigenstates of wider SL wells, i.e., is formed by the sta
confined mostly to layerC. A similar behavior can also be
noticed for the substrate/CDAB . . . sequence: The SL is
terminated then at the wider well~layer C), while two
branches of the surface-state-energy curve appear nea
upper miniband@cf. Fig. 2~b!#, originating from the eigen-
states of narrower SL wells~layer A). This results again in
surface states confined predominantly to the outermost-
one SL well~layer A).

Another feature of the surface electronic structure of po
type SL’s, which contrasts with binary SL’s, is the possib
ity of surface-state existence for the substrate identical to
barriers~cf. Refs. 15 and 16 for a general discussion of t
effect!. This pecularity is indeed seen for the considered
periodic SL, with well-defined surface states occuring atxS
50.5 for the substrate/ABCD . . . as well as substrate
CBAD . . . configurations33 ~cf. Fig. 2!. In should be empha-

l

ed

FIG. 3. Squared wave functions~normalized to reach a maxi
mum value of 1! of surface states from the upper branch of
surface-state-energy curve corresponding to the subst
ABCD . . . configuration of the considered double-well SL, for d
ferent substrate parameters:~a! xS50.75, ~b! xS50.65, and~c! xS

50.40 @cf. Fig. 2~a!#. Localization factorR gives the ratio of
maxima in the second and first SL periods. Dashed lines de
schematically the underlying potential profiles.
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FIG. 4. Squared wave functions~normalized to reach a maxi
mum value of 1! of surface states from the upper branch of
surface-state-energy curve corresponding to the subst
ABCD . . . configuration of the considered biperiodic SL, for d
ferent substrate parameters:~a! xS50.20, ~b! xS50.18, and~c! xS

50.16 @cf. Fig. 2~a!#. Confinement factorQ gives the ratio of
maxima in the outermost-but-one and the outermost SL well~i.e.,
layer-C–to–layer-A). Dashed lines depict schematically the und
lying potential profiles.
.

sized that the substrate identical to SL barriers often con
tutes the conditions preferred from the grower’s point
view, as only two different materials are used then to gr
the whole structure. On the other hand, such a particular
potential truncation, without perturbation of the outermo
SL period, is also interesting from the fundamental point
view, being reminiscent of the so-called Shockley termin
ing conditions.34 This paves a way for an experimental in
vestigation of the existence and properties of class
Shockley-type surface states using a biperiodic semicond
tor SL, in a similar manner the Tamm-like states have be
observed—for the first time in their pure form—in AlGaAs
based binary SL’s.22,23

B. Density-of-states distributions

As can be expected, terminating the SL potential lea
also to a redistribution of extended states within SL mi
bands. In general, the most pronounced DOS modificati
at the SL end are found whenever a surface-state-en
curve emerges from the bulk miniband. To illustrate this
fect, LDOS distributions have been computed35 for the
substrate/ADCB . . . configuration and different substra
parameters corresponding to 0<xS<0.5 @cf. Fig. 2~a!#. The
resulting series of gray-scale LDOS maps over a few ou
most SL periods is presented in Fig. 5.

As can be seen, the states forming the lower~upper! mini-
band are always predominantly localized within wider~nar-
rower! SL wells, which is a purely bulk property of a bipe
riodic SL, related to the origin of particular minibands~bulk
DOS features of SL’s with different geometry of a compl
basis are thoroughly discussed in Ref. 36!. For xS50.5 @cf.
Fig. 5~a!#, when no surface states exist for the substra
ADCB . . . configuration@cf. the open-circle curve in Fig

te/

-

cond
t SL
rve

4

5.31

36

85

0

72

7

3

TABLE I. Localization properties of surface states for~a! substrate/ABCD . . . and ~b! substrate/
CBAD . . . terminating configuration of a double-well GaAs/Al0.5Ga0.5As SL with dA540 Å, dB525 Å,
dC545 Å, anddD515 Å, for different Al concentrationxS in the substrate.ESS stands for the energy of a
surface state~in meV!, R gives the ratio of maxima of the squared surface-state wave function in the se
and first SL periods, whileQ denotes the ratio of maxima in the outermost-but-one and the outermos
well. Upper~lower! row corresponds to the upper~lower! branch of the respective surface-state-energy cu
~cf. Fig. 2!.

~a!

xS 0.10 0.16 0.18 0.20 0.30 0.40 0.50 0.60 0.70 0.72 0.7

ESS 76.89 91.46 93.06
100.90 101.55 103.13 112.02 117.82 121.55 123.90 125.12 125.24 12

R 0.002 0.113 0.507
0.878 0.385 0.194 0.077 0.099 0.165 0.308 0.624 0.724 0.8

Q 0.024 0.393 1.254
3.345 1.030 0.372 0.032 0.008 0.000 0.032 0.116 0.147 0.1

~b!

xS 0.10 0.20 0.24 0.26 0.34 0.36 0.40 0.50 0.60 0.80 1.0

ESS 70.20 88.08 91.57 92.71
101.04 101.52 102.75 105.61 107.79 110.79 112.

R 0.001 0.027 0.120 0.304
0.627 0.395 0.219 0.115 0.091 0.078 0.07

Q 0.008 0.045 0.109 0.202
0.120 0.054 0.016 0.000 0.009 0.021 0.03
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FIG. 5. LDOS distrbutions for the substrate/ADCB . . . configuration of a double-well GaAs/Al0.5Ga0.5As SL with dA540 Å, dB

525 Å, dC545 Å, anddD515 Å, terminated by an AlxS
Ga12xS

As substrate with different Al concentrationxS : ~a! xS50.5, ~b! xS

50.4, ~c! xS50.3, ~d! xS50.2, and~e! xS50.0. The space coordinatez, measured from the SL/substrate interface atz50, ranges over four
outermost SL periods. Dark- and light-gray areas correspond to high and low values of LDOS, respectively.
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2~a!#, the LDOS distribution takes—inside bot
minibands—anunperturbedshape~cf. Ref. 34!, characteris-
tic also for binary SL’s terminated by a substrate identica
SL barriers.18,19 More specifically, in the vicinity of the SL
surface LDOS vanishes at the miniband edges and exhib
smooth maximum in the middle, whereas in the subsequ
SL periods it shows more and more oscillations within ea
miniband, reproducing finally, deep inside the SL bulk,
typical divergent behavior at the band edges, in accorda
with one-dimensional van Hove-like singularities.

Already for xS50.4 @cf. Fig. 5~b!#, however, a noticable
rearrangement of states—in particular, an energy shift
LDOS maxima in the subsurface SL layers—takes pl
within the upper miniband, being associated with the form
tion of a surface state near the band edge. Essentially
same happens to the lower miniband forxS50.3 @cf. Fig.
5~c!# as a result of the second branch of the surface-st
energy curve emerging below this miniband@cf. Fig. 2~a!#.
Furthermore, since the upper surface state becomes alr
well localized forxS50.3, a deficiency of states forming th
upper miniband is observed within the outermost SL peri
in correspondence with similar findings for binary SL’s.18,19

This effect, reflecting the charge conservation rule, is e
more pronounced forxS50.2 @cf. Fig. 5~d!#, when both sur-
face states are almost completely confined to the subsur
SL period, while the LDOS within both minibands is re
o

a
nt
h

ce

f
e
-
he

e-

dy

,

n

ce

pelled by one period towards the SL bulk, taking again
unperturbed shape@cf. Fig. 5~d! vs Fig. 5~a!#. In such a case
the outermost double-well basis appears to be decou
from the rest of an otherwise undisturbed semi-infinite S
with the LDOS distribution of the whole system resembli
a simple superposition of distributions corresponding to
noninteracting subsystems.

Finally, for xS50 the substrate becomes identical to S
wells, so the substrate/ADCB . . . configuration coincides
with the substrate/DCBA . . . one and the actual SL surfac
is shifted by nearly half a SL period with respect to its orig
nal position atz50 @cf. Fig. 5~e!#. Moreover, since the con
duction band lies now entirely above the surface-poten
barrier, surface states start to interact with the continuum
states of the substrate. As a result, they cease to exist as
localized discrete levels, but the corresponding LDOS dis
butions may still exhibit well-defined features, characteris
for surface resonances. Such a resonance, located abov
lower miniband and confined predominantly to the outerm
SL well ~i.e., to layerC) can be clearly recognized in Fig
5~e!. It is interesting to note that its energy position almo
coincides with that of a surface state appearing for
substrate/CBAD . . . sequence and the substrate identica
SL barriers@cf. Fig. 2~b! for xS50.5#. It means that actually
the same surface state/resonance originates while termin
the SL at layerC either by a semi-infinite~substrate! or a
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FIG. 6. LDOS distributions of a double-well GaAs/Al0.5Ga0.5As SL with dA540 Å, dB525 Å, dC545 Å, anddD515 Å, terminated
by an AlAs substrate, for different configurations of SL layers:~a! substrate/ABCD . . . , ~b! substrate/ADCB . . . , ~c! substrate/DABC . . . ,
~d! substrate/DCBA . . . , ~e! substrate/CDAB . . . , ~f! substrate/CBAD . . . , ~g! substrate/BCDA . . . , and~h! substrate/BADC . . . . The
space coordinatez, measured from the SL/substrate interface atz50, ranges over four outermost SL periods. Dark- and light-gray a
correspond to high and low values of LDOS, respectively.
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finite-width ~layer D) barrier of the same height. This sup
ports a conclusion of Sec. IV A that it indeed occurs sol
due to the SL potential truncation. It should be stressed h
that the possibility of formation of well-defined surface res
nances is a unique feature of semi-infinite SL’s w
multilayer basis, as they never occur in terminated bin
SL’s.15

Similar LDOS perturbations have been, in fact, also n
ticed for the substrate/ABCD . . . terminating configuration
Then, however, because of a surface state crossing the l
y
re
-

y

-

er

miniband for 0.12<xS<0.22 @cf. Fig. 2~a!#, even slight
changes to the substrate composition within this narr
range dramatically influence the space-charge distributio
the SL end. Pronounced LDOS modifications are additi
ally seen for the SL terminated by a substrate identica
either SL wells or SL barriers.

For completeness, differences in DOS characteristics
various possible configurations of SL layers have been
amined for fixed substrate parameters. Results obtained
the AlAs substrate~i.e., for xS51) are presented in Fig. 6. I



iti-
nc

od
th

t
e
s

on

tio
th
he
ap
n

te
e
ha

in

as
im-
eris-

L’s
er-
ing
i-
the
ific,
pa-
be
ding

a

ti
s
us

of

PRB 62 4555ELECTRONIC LEVEL STRUCTURE AND DENSITY OF . . .
is clear that the LDOS distribution near the SL surface cr
cally depends on the type of layer by which the SL seque
ends. Indeed, a direct comparison of Figs. 6~a! and 6~e!,
Figs. 6~b! and 6~f!, Figs. 6~c! and 6~g!, or Figs. 6~d! and
6~h!, respectively, indicates that adding half a SL peri
modifies quite substantially space-charge distributions at
SL end by affecting the surface-state existence condition~see
also Fig. 2!. As a matter of fact, only SL’s terminated a
layer B ~i.e., when the wider barrier is in contact with th
AlAs substrate! exhibit unperturbed LDOS characteristic
within both minibands@cf. Figs. 6~g! and 6~h!#. This should
be taken into account when considering specific applicati
of double-well SL’s.

V. CONCLUDING REMARKS

As has been shown, the energy spectrum and localiza
properties of surface states of a biperiodic SL, as well as
corresponding LDOS distributions, critically depend on t
choice of substrate and the configuration of SL layers
proaching the surface. In particular—in contrast with sta
dard ~i.e., binary! SL’s—surface states~resonances! can ap-
pear while terminating a double-well SL by a substra
identical to SL barriers~wells!. Furthermore, they can b
predominantly confined to the outermost-but-one rather t
s

k

tt
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e
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e

e

s

n
e
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n

the outermost SL well layer, which is also never the case
standard SL’s.

Owing to some peculiarities of surface-localized levels
compared to SL bulk states, their presence might have
portant consequences for various optoelectronic charact
tics of double-well SL’s, as it happens for binary SL’s.37

Therefore, the existence of surface states in biperiodic S
and an opportunity of tailoring their unusual properties m
its further theoretical and experimental investigation. Hav
in mind different applications of double-well SL’s, the ind
cated possibility to arrange various LDOS distributions at
SL end is also of considerable interest. To be more spec
by an appropriate choice of terminating conditions, the s
tial overlap of states forming particular SL minibands can
tuned in the subsurface SL region, hence the correspon
interminiband optical transition rates can be modified in
controlled manner.
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Phys.43, 899 ~1993!.
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