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Surface electronic structure of a step-well-basis superlattice
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Surface electronic structure of a semi-infinitepolytypesuperlattice~SL! with period consisting of three
different layers~the so-calledstep-well basis! is investigated using a transfer-matrix approach within an
effective-mass approximation. Explicit analytical formulas for the bulk dispersion relation as well as the energy
expression and existence condition for surface states are given for arbitrary terminating medium and their
simplification for particular SL terminations by a substrate identical to one of the SL constituents is discussed.
Dependence of surface-state properties~i.e., its energy position and the degree of localization! on SL param-
eters~i.e., layer thicknesses and potential barrier heights! and different surface configurations~depending on a
sequence of SL layers approaching the surface as well as on the choice of substrate! is studied for a triple-
constituent AlxGa12xAs-based SL. Additionally, surface-state wave functions are plotted in order to examine
the associated space-charge distributions.@S0163-1829~98!04132-0#
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I. INTRODUCTION

With recent advances in epitaxial growth techniques
has become possible to grow—with sufficiently hig
precision—semiconductor superlattices~SL’s! composed of
alternating layers of more than two different materials. Th
so-calledpolytypeor complex-basisSL’s, initially proposed
in Ref. 1, have proved to be useful for specific device p
poses, as they exhibit some superior electronic, optical,
transport characteristics as compared to typicalbinary ~two-
layer basis! SL’s. To be more specific, coupled-well an
step-well bases have been proposed to improve perform
of multi-quantum-well lasers, electro-optic switches, mod
lators, and infrared photodetectors.2–8 A possibility of con-
trolling the miniband and minigap widths independently
complex-basis SL’s has also found application in ba
aligned structures and effective-mass filters as well as in
ing of the tunneling current.3,9–12

Numerous bulk electronic structure calculations repor
for polytype SL’s ~Refs. 9 and 11–17! indicate that their
desired properties can be engineered owing to additional
grees of freedom that are available in a multilayer basis w
respect to a two-layer basis. In reality, however, SL’s con
of a finite number of periods and form interfaces with
substrate and/or a cladding layer~the so-calledinternal
surfaces18!, which give rise to Tamm-like states19,20confined
to the SL end and located within energy minigaps. T
density-of-states analysis performed for a terminated SL
dicated that the occurrence of such surface states cou
under certain conditions—result in a virtual nonexistence
the forbidden energy gap over a few outermost
periods.21,22Thus, it is important to take into account surfa
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effects when determining the electronic characteristics
SL’s.

The existence and properties of electronic surface state
binary SL’s have been thoroughly investigated bo
theoretically21–37 and experimentally.18,38–41 For polytype
SL’s, however, the corresponding studies are rather sca
although such systems provide a richer variety of poss
surface configurations. Only very recently we have propo
a general formalism accounting for surface states in the e
tronic structure of a terminated complex-basis SL,42 and ap-
plied it to biperiodic SL’s with asymmetric-double-well an
asymmetric-double-barrier bases.42,43

In this paper, we investigate the surface electronic str
ture of the so-calledstep-well basisSL, which constitutes the
simplest possible polytype SL, with period consisting
three different layers. The surface-state-energy expres
and the corresponding existence condition are derived
arbitrary terminating medium and the dependence of surfa
state properties~i.e., its energy position and the degree
localization! on SL parameters~i.e., layer thicknesses an
potential barrier heights! as well as on different surface con
figurations~depending on the material by which the grow
sequence ends! is studied.

To the best of our knowledge, this problem has been p
viously addressed only by Masri and Rahmani,44 who, how-
ever, considered just a particular GaSb/AlSb/InAs syst
and concentrated on possible surface states located in
main SL gap. On the contrary, we study here a general tri
constituent AlxGa12xAs-based SL, as this choice enables o
to manipulate a wide range of potential profiles, and inve
gate the properties of surface states appearing within
minigaps in the conduction-band energy range, which se
to be most important for potential device applications. F
4589 © 1998 The American Physical Society
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4590 PRB 58R. KUCHARCZYK et al.
thermore, we plot the wave functions corresponding to s
face states in order to investigate the associated space-c
distributions and, in particular, to show charge confinem
to the SL end. In addition, the tight-binding approach used
Ref. 44 limited the layer widths considered there to a f
atomic planes at most, while the effective-mas
approximation model used here applies to a complemen
range of larger thicknesses of SL layers. Additionally, it e
ables one to obtain entirely analytical closed-form expr
sions on the one hand, and requires very modest comp
tional efforts on the other.

II. MODEL

The structure under consideration is a semi-infinite st
well basis SL, described by a generalized Kronig-Penn
type model~as in the caption of Fig. 1! terminated by a
potential step representing a substrate or a cladding la
The corresponding potential profile is schematically sho
in Fig. 1. The SL basis consists of three layers, labeled w
A, B, and C, of thicknessesdA , dB , and dC , effective-
mass valuesmA , mB , andmC , and potential barrier height
VA , VB , andVC , respectively. The corresponding substra
parameters are denoted bymS andVS .

III. FORMALISM

Electronic structure of a terminated ternary SL is inves
gated using the transfer-matrix formalism within a
effective-mass approximation, recently proposed to st
surface effects in polytype SL’s and described in detail
Ref. 42. Within this approach, explicit analytical formula
for the bulk dispersion relation as well as the energy exp
-
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sion and existence condition for surface states have b
derived for a general complex basis and any terminating
dium. However, expressions obtained for the case of an
bitrary N-layer basis appear to be rather complicated. On
contrary, applying the general formalism to a tripl
constituent SL results in a significant simplification of th
respective formulas, so they can be written in a quite conc
manner.

In particular, the bulk dispersion relation takes for a ste
well basis SL a simple and closed form, namely,

FIG. 1. Potential profile of the considered structure. Sem
infinite triple-constituent SL is described by a generalized Kron
Penney-type model with a step-well basis, terminated by a pote
step representing a substrate or a cladding layer. For notation
the text.
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In Eq. ~1!, as well as in the forthcoming expressions,ci
5cosh(aidi), si5sinh(aidi), and

Fi5
\2

2mi
a i ,

where

a i5
1

\
A2mi~Vi2E!, i 5A,B,C;

D5dA1dB1dC stands for the SL period,E denotes the en
ergy of an electron, whilek is the corresponding SL Bloch
wave vector.

In such a form, the bulk dispersion relation for a tripl
constituent SL has already been reported~cf., e.g., Refs. 13
and 15!. In particular, the miniband edges can be determin
with the help of Eq.~1! by equatingBABC(E) to 61. This
d

enables one to find the associated energy minigaps, wi
which discrete energy levels of surface-localized states m
appear in a terminated SL.

Electronic band structure of a ternary SL can also be
lated to the band structures of hypothetic binary SL’s built
three-layer-basis constituents. In other words, it is possibl
expressBABC(E) @cf. Eq. ~1!# in terms ofBAB(E), BAC(E),
andBBC(E), where

BAB~E!5cAcB1
1

2S FA

FB
1

FB

FA
D sAsB ~2!

is the right-hand side of the bulk dispersion relation cor
sponding to a virtual binary SL with a basis composed
layerA and layerB ~cf., e.g., Refs. 13 and 15!; BAC(E) and
BBC(E) are defined analogously. The respective express
reads

cos~kD!5cCBAB~E!1cBBAC~E!1cABBC~E!22cAcBcC .
~3!
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As is apparent from Eqs.~1! and ~3!, the bulk dispersion
relation for a step-well basis SL is invariant under any p
mutation of SL layers. In principle, two possible ternary SL
can be built of the same constituents, namely,
. . . ABCABC. . . and . . .ACBACB. . . systems.45 But
the latter sequence is the former spelled backwards—
are, therefore, indistinguishable in aninfinite recurrence,
which leads to identical electronic band structures. If a se
infinite SL is formed, however, the two available configur
tions are no longer equivalent. Moreover, one can distingu
then between terminating the growth sequence at diffe
t
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SL constituents. Therefore, both the sequence of layers in
bulk and the type of the outermost layer have to be speci
for surface electronic structure calculations of a semi-infin
ternary SL. Each of the different possible configurations m
exhibit specific features—this, of course, depends also on
choice of material with which the SL makes contact.

Discrete energy levels of surface states are found wit
SL minigaps with the help of a general expression derived
Ref. 42 for an arbitrary terminated polytype SL. Applying
to a step-well basis yields46
S FSFB

FAFC
2

FAFC

FSFB
D sAsBsC1S FS

FA
2

FA

FS
D sAcBcC1S FS

FB
2

FB

FS
D cAsBcC1S FS

FC
2

FC

FS
D cAcBsC1S FA

FB
2

FB

FA
D sAsBcC

1S FA

FC
2

FC

FA
D sAcBsC1S FB

FC
2

FC

FB
D cAsBsC50, ~4!
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where

FS5
\2

2mS
aS ,

while

aS5
1

\
A2mS~VS2E!.

However, as pointed out in Ref. 42, the energy solution
Eq. ~4!—in order to correspond to a true surface state—m
additionally fulfill the following inequality

UFSS sA

FA
cBcC1

sB

FB
cAcC1

sC

FC
cAcB1

FB

FAFC
sAsBsCD

2
FB

FA
sAsBcC2

FC

FA
sAcBsC2

FC

FB
cAsBsC2cAcBcCU.1.

~5!

Physical meaning of this so-called existence condition is
assure a vanishing character of the surface-state wave f
tion towards the SL bulk.

As one can see, formulas obtained for an arbitrary ter
nating medium are rather complicated. There are, howe
particular cases, corresponding to a substrate made o
same material as one of SL constituents, for which the
spective expressions can be further simplified. Such ter
nating conditions seem also preferred from the growe
point of view, as then the whole structure can be grown w
a reduced number of different materials.

It is worth noticing that in a binary SL terminated by
step potential identical to the SL barriers~the so-calledsym-
metric terminationof the SL potential! surface states canno
o
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appear as long as the outermost SL period is not distorted
any other way~cf., e.g., Ref. 38!, since the corresponding
existence condition is never satisfied. This restriction, ho
ever, does not hold for a semi-infinite SL withN.2 layers
per period.42,43 Consequently, surface states may occur in
ternary SL terminated by a substrate identical to layer-B or
layer-C constituent of the step-well basis~cf. Fig. 1!.

For the substrate made of the same material as la
B, mS5mB and VS5VB ~cf. Fig. 1!, and, consequently,
aS5aB and FS5FB . In such a case, the surface-state
energy expression@cf. Eq. ~4!# reads

S FA

FB
2

FB

FA
D sA@cC22BBC~E!e2aBdB#1S FA

FC
2

FC

FA
D sAsC

1S FB

FC
2

FC

FB
D cAsC50 ~6a!

or, equivalently,

S FB

FC
2

FC

FB
D sC@cA22BAB~E!e2aBdB#1S FA

FB
2

FB

FA
D sAcC

2S FA

FC
2

FC

FA
D sAsC50, ~6b!

while the corresponding existence condition@cf. Eq. ~5!# be-
comes

US cAcB1
FB

FA
sAsBD S cC2

FB

FC
sCD

2S cAsB1
FB

FA
sAcBD S cC2

FC

FB
sCD U.1. ~7!



-

ta
ica

y

re

r
as
s

n
en

om
te
e
w
ul

n
c-

o
th

ta
t o
v
te
by
t,

g
fo

no
nc-
nu-

eris-
nge

rier
are

e is
tial,
an

par-
e

ntu-

er
SL

re
ing

rs
nto
ely,

ns,
of
the

a
est
ind

ed
ell

r

lo-
e

4592 PRB 58R. KUCHARCZYK et al.
Furthermore, since Eq.~7! is to be satisfied just for the so
lutions of Eq. ~6a! or ~6b!, we make use of Eqs.~6! and
arrive at

u2@BAB~E!2cAcB#@BBC~E!2cBcC#1BAC~E!

2BABC~E!e2aBdBu.usBu ~8!

as another form of the necessary condition for a surface s
to appear in a ternary SL terminated by a medium ident
to the central constituent layer of the SL basis.

For the substrate made of the same material as la
C, mS5mC andVS5VC ~cf. Fig. 1!, so aS5aC , and Eqs.
~4! and ~5! can be substantially simplified by puttingFS
5FC . Indeed, after such a substitution, the energy exp
sion for surface states@cf. Eq. ~4!# and the corresponding
existence condition@cf. Eq. ~5!# reduce to

S FA

FC
2

FC

FA
D sAcB1S FB

FC
2

FC

FB
D cAsB2S FA

FB
2

FB

FA
D sAsB50

~9!

and

UFB

FA
sAsB2

FC

FA
sAcB2

FC

FB
cAsB1cAcBU.eaCdC, ~10!

respectively. By combining Eqs.~9! and~10!, another simple
form of the necessary condition for a surface state to occu
a ternary SL terminated by a medium identical to the l
constituent layer of the SL basis immediately follow
namely,

uBAB~E!2BABC~E!e2aCdCu.usCu. ~11!

A striking property of this particular termination, appare
from Eq.~9!, is that the surface-state energies do not dep
on the thicknessdC of layerC. Moreover, Eq.~9! is exactly
the energy expression for surface states in a binary SL c
posed of layerA and layerB, and terminated by the substra
with mS5mC andVS5VC . This means that solutions to th
surface-state-energy expression are the same for SL’s
and without the third constituent in the basis. One sho
have in mind, however, that solutions of Eq.~9! correspond
to true surface-state energies provided the existence co
tion is satisfied. But Eq.~10! does not reproduce the respe
tive condition for a binary SL with the layer-A/layer-B basis
being in contact with the substrate withmS5mC and VS
5VC @it would, if the right-hand side of Eq.~10! were equal
to 1#. On the contrary, it indicates a critical dependence
the surface-state occurrence in a triple-constituent SL on
thickness of layerC. In particular, fordC large enough Eq.
~10! is not fulfilled, so surface states cannot appear.

Anyway, we can conclude that as long as the surface s
exists in a ternary SL, its energy position is independen
the width of the last layer composing the SL basis, whene
this layer is identical to the substrate. This, in fact, illustra
a more general peculiarity of polytype SL’s terminated
the same medium as the last complex-basis constituen
has been thoroughly discussed in Ref. 42.

For any energy solution to Eq.~4!, ~6!, or ~9!, the corre-
sponding wave function can also be constructed, followin
general prescription given in Ref. 42. Unfortunately, even
te
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a polytype SL as simple as the triple-constituent one,
concise analytical formulas for the surface-state wave fu
tion can be reached, so it has to be entirely determined
merically.

IV. NUMERICAL RESULTS

For numerical calculations, the AlxGa12xAs-based system
has been chosen, as it exhibits excellent growth charact
tics and enables one to realize and manipulate a wide ra
of potential profiles. In such a structure, the potential bar
height and the effective-mass value of a given region
determined by the Al mole fractionxi in the corresponding
Al xi

Ga12xi
As semiconductor (i 5A, B, and C for the SL

layers and i 5S for the substrate! according to Vi(xi)
5944xi meV and mi(xi)5(0.06710.083xi)mel , respec-
tively, mel being the free-electron mass~after Ref. 18!.

It should be noticed that the surface electronic structur
investigated only for energies up to the substrate poten
i.e., for E,VS , since above this level true bound states c
no longer exist. On the other hand, this energy range is
ticularly interesting from the point of view of possible devic
applications, as it usually comprises the lowest and, eve
ally, the second energy miniband.

As a first step, the influence of variation of different lay
thicknesses on the electronic structure of a step-well basis
is studied. To this aim, we fix all the other structu
parameters—in particular, the semiconductors compos
the SL are settled by assumingxA50 ~layer A made of
GaAs!, xB51 ~layerB made of AlAs!, andxC50.5 ~layerC
made of Al0.5Ga0.5As). This results inmA50.067mel , VA
50, mB50.15mel , VB5944 meV, mC50.1085mel , and
VC5472 meV. Thicknesses of all the constant-width laye
are equal to 20 Å. Various surface conditions are taken i
account by considering two different substrates, nam
AlAs ~substrate identical to layerB) and Al0.5Ga0.5As ~sub-
strate identical to layerC). Consequently,xS5xB51 or xS
5xC50.5, leading to mS5mB50.15mel and VS5VB
5944 meV or mS5mC50.1085mel and VS5VC
5472 meV, respectively.

Results of the surface electronic structure computatio
which take into account different possible configurations
layers in the SL basis, are presented in Figs. 2 and 3 for
substrate identical to layerC and layerB, correspondingly.
In each of these figures, parts~a!, ~b!, and~c! show the effect
of variabledA , dB , and dC , respectively, with all the re-
maining thicknesses kept constant.

As can be seen in Figs. 2~a! and 3~a!, increasing the thick-
nessdA of layerA causes a shift downwards in energy and
simultaneous narrowing of the otherwise narrow low
miniband. This can be easily understood if one has in m
that the first miniband falls into the energy rangeE,VC ,
where the electronic structure is predominantly determin
by the width-sensitive eigenspectrum of a deep quantum w
formed by layerA inside a bigger potential well of joint laye
A and layerC ~cf. Fig. 1!. Figure 3~a! indicates basically the
same behavior of the second miniband, which is already
cated entirely aboveVC , resulting from a broadening of th
step well as a whole.

On the contrary, varying the widthdB of layer B leaves
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the first-miniband-center position virtually unchanged, b
dramatically influences its bandwidth@cf. Figs. 2~b! and
3~b!#. Such a significant miniband narrowing is, in fact, e
pected for increasing the thickness, i.e., decreasing the tr
parency, of the SL barriers~please keep in mind that bot

FIG. 2. Influence of different layer thickness variation on t
electronic structure of a step-well basis SL withxA50, xB51, and
xC50.5, terminated by a substrate identical to layerC (xS50.5):
~a! dA variable,dB5dC520 Å; ~b! dB variable,dA5dC520 Å;
~c! dC variable, dA5dB520 Å. Shaded areas correspond to t
minibands while full dots and open circles indicate the position
surface states for the substrate/ABCABC. . . and
substrate/ACBACB. . . configuration, respectively~no surface
states appear for the substrate/BACBAC. . . and
substrate/BCABCA. . . sequences!. Dashed line in part~a! denotes
the surface potential levelVS .
t

s-

layerB and layerC act as a potential barrier forE,VC). For
the upper miniband a similar, but less pronounced, effec
observed@cf. Fig. 3~b!#, since for E.VC layer B alone
stands for the SL barrier.

Finally, changing the thicknessdC of layerC again causes
a movement of the first miniband towards lower energies@cf.
Figs. 2~c! and 3~c!#, which can be explained in terms of
simple potential-profile-picture argument. Introducing lay
C into the SL basis creates a medium-height potential sta
one of the steep walls formed at the interfaces between la

f

FIG. 3. The same as in Fig. 2, but for a substrate identica
layer B (xS51). Full dots and open circles indicate the position
surface states for the substrate/ABCABC. . . and
substrate/CBACBA. . . configuration, respectively, while no su
face states appear for the substrate/ACBACB. . . and
substrate/CABCAB. . . sequences.
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A and layerB ~cf. Fig. 1!. As a result, the eigenstates of
quantum well of layerA are slightly shifted downwards in
energy. This effect reaches a kind of saturation for grea
potential-step widths—therefore, for large enoughdC (dC
*20 Å) the lowest miniband position remains essentia
unchanged@cf. Figs. 2~c! and 3~c!#. The respective band
width reduction again is a straightforward consequence
enlarging the quantum potential barrier of joint layerB and
layerC. Dependence of the second miniband ondC @cf. Fig.
3~c!# resembles—to a large extent—the effect of variabledA
@cf. Fig. 3~a!#, as the band structure in the energy rangeE
.VC originates from intermixed eigenstates of layerA and
layer C.

As expected, terminating the SL potential introduces
ditional energy levels inside energy minigaps, correspond
to the states localized at the SL end. However, not all av
able configurations of SL layers provide surface states. To
more specific, for the substrate identical to layerC they only
occur if layerA stands for the outermost SL layer, while n
surface-related features are present in the spectrum for
substrate/BCABCA. . . and substrate/BACBAC. . . se-
quences~cf. Fig. 2!. On the contrary, for the substrate ide
tical to layer B surface states appear for either layerA or
layer C being in contact with substrate~cf. Fig. 3!.

For the Al0.5Ga0.5As substrate, sinceVS5VC , surface-
localized levels only exist in the energy rangeE,VC , i.e.,
within a quantum well corresponding to layerA, while joint

FIG. 4. Squared wave functions~normalized to reach a maxi
mum value of 1! of surface states corresponding to~a!
substrate/ACBACB. . . and~b! substrate/ABCABC. . . configu-
ration of layers of a step-well basis SL withxA50, xB51, xC

50.5, anddA5dB5dC520 Å, terminated by a substrate withxS

50.5, i.e., identical to layerC ~solid lines!. Short-dashed lines de
pict schematically the respective potential profiles, while the lo
dashed curve in part~a! represents the wave function enlarg
within the second SL period.
er

f

-
g
l-
e

he

layerB and layerC act as a steplike potential barrier~cf. Fig.
1!. This geometry influences most features of the surf
states and, in particular, determines their space-charge d
butions. As can be seen in Fig. 2, for the substrate ident
to layer C all the surface-state-energy curves appearbelow
the first miniband, since the terminating potential step
lower than an average potential barrier inside the SL, in
cordance with earlier findings for semi-infinite binary SL
~cf., e.g., Refs. 27 and 29!. Moreover, surface states corre
sponding to the substrate/ACBACB. . . sequence have al
ways smaller energies than those of t
substrate/ABCABC. . . configuration—this is because th
outermost layerA, if treated as an isolated quantum well, h
its ground eigenstate at a lower energy when cladded on
sides by potential barriers of a smaller heightVC .

When the widthdA of layer A is increased, both surface
state-energy curves fall down in energy following the min
band variation@cf. Fig. 2~a!#. One of the surface states, co
responding to the substrate/ACBACB. . . sequence,
remains clearly separated from the miniband edge for
whole range of considered layer-A thicknesses. Analysis o
its wave function, plotted in Fig. 4~a! for dA520 Å, indi-
cates a strong confinement to the outermost SL layer with
squared-wave-function amplitude decaying by a factor
large as 800 in each subsequent SL period as one move
the SL surface. Consequently, any electron in such a s
would be, in fact, captured in asingle subsurface potentia
well. The other surface state, corresponding to
substrate/ABCABC. . . configuration, lies much closer t
the miniband edge and approaches it with increas
dA—therefore, its localization at the SL surface is getti
poorer and poorer.47 In particular, fordA520 Å this surface
state exhibits already a Bloch-like character with almost
damping towards the SL bulk, as is apparent from the sh
of its wave function shown in Fig. 4~b!. Eventually, fordA
'25 Å it merges into the miniband and ceases to exist.

A similar surface state approaching the lowest energ
miniband has been reported in Ref. 44 for a semi-infin
GaSb/AlSb/InAs SL terminated at the In-cation plane.
has been noticed, transfer of electrons to such a surf
localized level—though it can hardly be separated from
miniband-associated bulk transitions—results in a cha
confinement to the SL end and, therefore, might have imp
tant consequences for specific electronic characteristics.

The effect of varying the thicknessdB of layer B is pre-
sented in Fig. 2~b!. As expected, no surface states exist
dB50, since then our structure becomes a binary lay
A/layer-C SL terminated in a symmetric way. However,
surface state appears for layerB as thin as a few angstro”ms
for the substrate/ACBACB. . . configuration. On the othe
hand, that corresponding to the substrate/ABCABC. . . se-
quence detaches from the miniband only atdB'20 Å. En-
ergies of both of them are almost insensitive to the variat
of dB , but increasing the SL barrier thickness enhances t
confinement to the SL end. Of course, each of the surf
states exhibits a different degree of localization~cf. Fig. 4 for
the corresponding wave functions plotted fordB520 Å) due
to a distinct energy separation from the miniband edge.47

Figure 2~c! shows a dependence of surface-state-ene
curves on the widthdC of layer C. As can be seen, in the
limit of dC50 both of them reach the same energy lev

-
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corresponding to the surface state of a binary layer-A/layer-B
terminated by a potential stepVC . With increasingdC , the
substrate/ACBACB. . . configuration-derived surface sta
falls down in energy in the same way~and for the same
reason! as the lowest miniband does, which results in a
sically constant energy separation from the miniband ed
On the contrary, the energy position of a surface state co
sponding to the substrate/ABCABC. . . is completely inde-
pendent of the layer-C thickness, so it relatively approache
the falling miniband. This agrees with Eq.~9! and clearly
illustrates the already discussed~cf. Sec. III! peculiar behav-
ior of surface states of a ternary SL terminated by the sa
medium as the last constituent of the SL basis. FordC large
enough (dC'20 Å) this surface state merges into the min
band and—in accordance with Eq.~10!—ceases to exist.

As can be seen in Fig. 3, altering the terminating con
tions by taking the AlAs substrate~identical to layerB) in-
stead of the Al0.5Ga0.5As one ~identical to layerC), influ-
ences quite noticeably the surface electronic structure of
considered triple-constituent SL. In particular, configuratio
of layers of the step-well basis, for which surface-localiz
levels occur, change. To be more specific, t
substrate/ACBACB. . . geometry no longer exhibits an
surface-related features in the spectrum, and neither doe
substrate/CABCAB. . . one. The substrate/ABCABC. . .
sequence, however, again provides a surface state. More
its dependence on the width of particular SL layers is sim
to that observed for the Al0.5Ga0.5As substrate: it falls down
in energy with increasingdA , while varyingdB anddC has a
negligible effect on its energy position@cf. Figs. 3~a!, 3~b!,
and 3~c! versus Figs. 2~a!, 2~b!, and 2~c!, respectively#. But
this time it exists, in fact, for the whole range of consider
layer thicknesses. In addition, the respective surface-s

FIG. 5. The same as in Fig. 4, but for a substrate identica
layer B (xS51) and for ~a! substrate/ABCABC. . . and ~b!
substrate/CBACBA. . . sequence of SL layers.
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energy curves appear nowabovethe lowest miniband, since
the terminating potential step for the AlAs substrate ishigher
than an average potential barrier inside the SL~cf., e.g., Refs.
27 and 29!. The corresponding surface-state wave functi
plotted in Fig. 5~a! for dA5dB5dC520 Å, resembles that o
Fig. 4~b!—the only changes concern, in fact, a different d
gree of localization. Here, we again deal with a state alm
completelyconfined to the single outermost SL layer.

Another surface state, absent in Fig. 2, occurs at hig
energies for the substrate/CBACBA. . . configuration~note
that the energy rangeVC,E,VB becomes now available fo
surface-localized levels, sinceVS5VB for the AlAs sub-
strate!. Its energy position is almost insensitive to the var
tion of dA anddB , as is apparent from Figs. 3~a! and 3~b!,
respectively. Changing the widthdC of layer C, however,
causes the corresponding surface-state-energy curve to
down in energy, in accordance with the second miniba
variation @cf. Fig. 3~c!#. Additionally, since for the
substrate/CBACBA. . . geometry the outermost layerC is
cladded on both sides by layer-B material, hence creating
potential well of depth (VB2VC) and widthdC in the sub-
surface SL region, a surface state corresponding to such
minating conditions is assumed to originate from a lay
C-associated eigenstate. To confirm such character of
surface state, its wave function has been plotted in Fig. 5~b!

o
FIG. 6. Influence of variation of the Al mole fraction in laye

C, xC , on the electronic structure of a step-well basis SL withxA

50, xB51, and dA5dB5dC520 Å, terminated by a substrat
with xS50.5. The shaded area corresponds to the lowest minib
Full dots and squares indicate the position of surface states fo
substrate/CBACBA. . . and substrate/CABCAB. . . configura-
tion, while open circles and squares—for th
substrate/ABCABC. . . and substrate/ACBACB. . . sequence,
correspondingly ~no surface states appear for th
substrate/BACBAC. . . and substrate/BCABCA. . . configura-
tions!. Short- and long-dashed lines denote the surface pote
level VS and the potential stair heightVC , respectively.
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for dA5dB5dC520 Å. As can be clearly seen, it is indee
predominantly localized in the outermost quantum we
moreover, within each step-well SL period it exhibits
maximum in layerC rather than in layerA, in contrast to a
surface state corresponding to the substrate/ABCABC. . .
configuration@cf. Fig. 5~b! versus Fig. 5~a!#.

It should be pointed out that if a SL consists of afinite
number of periods, two surfaces are created, so two sur
states, confined to distinct SL ends, can appear in the e
tronic structure~cf., e.g., Ref. 37!. In a polytype SL, both
surfaces might differ not only by substrate parameters,
also by a sequence of layers approaching the surface.
instance, when the substrate/ABCABC. . . configuration is
formed at one end of a triple-constituent SL, t
substrate/CBACBA. . . geometry corresponds to the oth
end. However, as follows from Fig. 3~a!, for appropriately
chosen SL and substrate parameters, the surface-state-e
curves corresponding to these sequences may cross
other @cf. Fig. 3~a! for dA'7 Å#. Since both surface state
would interact with one another, exhibiting a mixed chara
ter with nonzero amplitudes at either of the SL ends,
interesting anticrossing behavior should be observed for
lected layer thicknesses. This effect, of course, depend
an overlap of their wave functions, and thus—in principle
can be tuned by varying the degree of localization of in
vidual surface states.

Another way of modifying the geometry of the SL ste
well basis is to change the potential stair height while ke

FIG. 7. Squared wave functions~normalized to reach a maxi
mum value of 1! of a surface state corresponding to t
substrate/CABCAB. . . configuration of layers of a step-well bas
SL with dA5dB5dC520 Å, xA50, xB51, and~a! xC50.1 and
~b! xC50.45, terminated by a substrate withxS50.5 ~solid lines!.
Short-dashed lines depict schematically the respective potential
files, while the long-dashed curve in part~a! represents the wave
function enlarged within the second SL period.
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ing all the layer thicknesses constant. This can be done,
by varying the Al mole fractionxC in layer C within the
limits set by fixedxA and xB . The resulting effect on the
surface electronic structure is illustrated in Fig. 6 for a S
with dA5dB5dC520 Å, xA50, xB51, and substrate pa
rameters corresponding toxS50.5.

For such a system, only the lowest miniband falls into t
investigated energy rangeE,VS . IncreasingxC ~i.e., in-
creasingVC) causes its shift upwards in energy, in acco
dance with a similar behavior of the ground eigenstate o
corresponding isolated step quantum well. Additionally,
miniband narrowing is observed due to a decreasing tra
parency of the SL barriers.

As can be seen in Fig. 6, only four SL layer configur
tions ~out of six possible! provide surface states. In particu
lar, no surface-related features occur in the spectrum if
SL is terminated at layerB. Moreover, those correspondin
to the SL termination at layerC appear only forVC&VS .
This indicates that—in order to obtain a surface state—
potential of the outermost SL layermust notbe significantly
higher than the substrate potential. In other words, the e
tence of a well-defined surface state depends on the for
tion of a potential well in the subsurface SL region. In su
port of this, both the substrate/ABCABC. . . and
substrate/ACBACB. . . sequences provide surface states
the whole range of considered parameters.

Each of the surface-state-energy curves plotted in Fig
exhibits a different behavior. Those corresponding to
substrate/ACBACB. . . and substrate/CABCAB. . . con-
figurations are located entirely beneath the first miniband
the limit of xC50, they converge to the position of a surfa
state of the substrate/AABAAB. . . system~cf. Fig. 1!, i.e.,
the binary~40 Å!–GaAs/~20 Å!–AlAs SL terminated by the
Al0.5Ga0.5As substrate. With increasing xC , the

ro-

FIG. 8. The same as in Fig. 7, but for a surface state corresp
ing to the substrate/ACBACB. . . sequence of SL layers.
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substrate/CABCAB. . . configuration-derived surface sta
follows the miniband variation, gradually approaching t
miniband edge. This causes its wave function@shown in
Figs. 7~a! and 7~b! for xC50.1 andxC50.45, respectively#
to delocalize. Finally, forxC'0.55 it merges into the mini-
band and ceases to exist.

On the contrary, a surface state corresponding to
substrate/ACBACB. . . sequence occurs for all values
xC . Considerable energy separation from the miniband b
tom results in a strong localization of its wave function at t
SL end, as illustrated in Fig. 8. In each of Figs. 7 and
changes of the respective surface-state-associated charg
tribution over the SL period can additionally be seen: a bro
wave-function maximum extending over layerA andlayerC
for xC&0.2 @cf. Figs. 7~a! and 8~a!# gets confinedsolely to
layer A for larger values ofxC @cf. Figs. 7~b! and 8~b!#. For
xC51, when the substrate/ACBACB. . . sequence become
the substrate/ABBABB. . . one~cf. Fig. 1!, the correspond-
ing surface state reproduces that of the binary~20 Å!–GaAs/
~40 Å!–AlAs SL terminated by the Al0.5Ga0.5As substrate.

The same holds, in this limit, for a surface state of t
substrate/ABCABC. . . configuration. As can be seen
Fig. 6, its energy position is, in practice, insensitive to the
mole fraction variation in layerC. AroundxC50.5, this sur-
face state crosses the bulk miniband.48 As a consequence, i
ceases to exist for a small range ofxC values and reappear
above the miniband forxC&0.47. Eventually, forxC50, the
surface state of the substrate/ABCABC. . . configuration
coincides with that of the substrate/CBACBA. . . sequence
as then each of them corresponds to
substrate/ABAABAA. . . system~cf. Fig. 1!, i.e., the semi-
infinite binary ~40 Å!–GaAs/~20 Å!–AlAs SL with the out-
ermost GaAs quantum well two times narrower than the
terior ones~the so-calledembedded quantum well38!.

Finally, the surface-localized level provided by th
substrate/CBACBA. . . configuration appears in the highe
energy region only forxC&0.4 and is roughly pinned to th
potential step heightVC . As already discussed, its wav
function is predominantly confined to the outermost layerC
and, within each step-well SL period, exhibits a maximum
layer C rather than in layerA, in contrast with all the re-
maining surface states.

V. SUMMARY

In this work, using a transfer-matrix method within a
envelope-function approximation~cf. Ref. 42!, the electronic
structure of a semi-infinite step-well basis SL has been
vestigated, with emphasis placed on the effect of the
surface~i.e., the SL/substrate interface!. Explicit analytical
formulas for the bulk dispersion relation as well as the
ergy expression and existence condition for surface-local
states have been derived for arbitrary terminating medi
on

J

e

t-

,
dis-
d
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e

-

-
L

-
d
.

Special attention has been paid to particular SL terminat
by a substrate identical to one of the SL constituents—
such cases, the respective expressions have been su
tially simplified.

Dependence of the surface electronic structure on SL
rameters~i.e., layer thicknesses and potential barrier heigh!
as well as on different surface configurations~depending on
the choice of substrate and the sequence of SL layers
proaching the surface! has been discussed in detail based
results of numerical computations performed
Al xGa12xAs-based ternary SL’s. A different behavior
surface-localized states with respect to bulk states has
noticed along with a significant sensitivity of their properti
to the changes in the step-well geometry. Some general
clusions concerning the occurrence of particular surf
states as well as some ideas about their origin have b
presented. It has been shown that a surface state with a
sired energy position within the minigap and a required
tension into the SL can be achieved by an appropriate ch
of bulk and surface SL parameters. Selected surface-
wave functions have also been plotted in order to investig
the space-charge distributions associated with particular
face states and to indicate the degree of their localizatio
the SL end.

As expected, different possible terminating configuratio
of the SL layers~in general, six of them are available for
triple-constituent SL, with two sequences associated w
each outermost layer! have been found to exhibit specifi
surface-related features, depending additionally on
choice of material with which the SL makes contact.
should be noticed, however, that introduction of the th
layer into the SL basis and its position in a sequence of
layers is not just a supplementary factor influencing the
ergies and localization properties of surface states, as c
pared to typical binary SL’s. Indeed, in contrast to the lat
the triple-constituent SL offers a possibility of surface-st
existence also for the substrate identical to the SL barrie

Finally, it should be pointed out that—since the step-w
geometry is gradually becoming a prefered design for s
cific opto-electronic devices exhibiting superi
performance—the appearance of allowed energy levels in
otherwise forbidden energy regions of minigaps and the c
sequent possible electronic transitions to surface-local
states are in itself of particular interest and merit experim
tal investigation. Moreover, owing to optical peculiarities
SL surface states~e.g., large Stark shifts and enhanc
absorption26! as well as a considerable tunability of the
unusual properties, such levels may find useful applicatio
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35M. Stȩślicka, R. Kucharczyk, E.-H. El Boudouti, B. Djafari

Rouhani, M. L. Bah, A. Akjouj, and L. Dobrzynski, Vacuum46,
459 ~1995!.
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