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Surface electronic structure of a step-well-basis superlattice
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Surface electronic structure of a semi-infinfielytype superlattice(SL) with period consisting of three
different layers(the so-calledstep-well basisis 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, its energy position and the degree of localization SL param-
eters(i.e., layer thicknesses and potential barrier heightal different surface configuratiofdepending on a
sequence of SL layers approaching the surface as well as on the choice of subssatdied for a triple-
constituent AjGa _,As-based SL. Additionally, surface-state wave functions are plotted in order to examine
the associated space-charge distributi86163-182@08)04132-0

[. INTRODUCTION effects when determining the electronic characteristics of
SL’s.

With recent advances in epitaxial growth techniques, it The existence and properties of electronic surface states in
has become possible to grow—with sufficiently highbinary SL’'s have been thoroughly investigated both
precision—semiconductor superlatticg®l’s) composed of theoreticallf* >’ and experimentally®8=%! For polytype
alternating layers of more than two different materials. Thes&L's, however, the corresponding studies are rather scarce,
so-calledpolytypeor complex-basisSL'’s, initially proposed  although such systems provide a richer variety of possible
in Ref. 1, have proved to be useful for specific device pur-surface configurations. Only very recently we have proposed
poses, as they exhibit some superior electronic, optical, and general formalism accounting for surface states in the elec-
transport characteristics as compared to typiéahry (two- tronic structure of a terminated complex-basis“ébnd ap-
|ayer basiy SL's. To be more SpECiﬁC, Coup|ed-we|| and leed it to biperiodic SL’s with asymmetric-double—well and
step-well bases have been proposed to improve performan@ymmetric-double-barrier basés?®
of multi-quantum-well lasers, electro-optic switches, modu- In this paper, we investigate the surface electronic struc-
lators, and infrared photodetectdré A possibility of con- ture of the so-calledtep-well basi$SL, which constitutes the

trolling the miniband and minigap widths independently in SMPlest possible polytype SL, with period consisting of
complex-basis SL’'s has also found application in band-three different layers. The surface-state-energy expression

aligned structures and effective-mass filters as well as in tun@nd. the corrgqundmg existence condition are derived for
ing of the tunneling currert®~:2 arbitrary terminating medium and the dependence of surface-

Numerous bulk electronic structure calculations reporte tate propertiegi.e., its energy position and the degree of
for polytype SL’s (Refs. 9 and 11—17indicate that their ocalization on SL parametersi.e., layer thicknesses and

! . . . . otential barrier heighjsas well as on different surface con-
desired properties can be engineered owing to additional d igurations(depending on the material by which the growth

grees of freedom that are available in a multilayer basis Wm%equence endss studied.

respect to a two-layer basis. In reality, however, SL’s consist T4 the best of our knowledge, this problem has been pre-
of a finite number of periods and form interfaces with @viously addressed only by Masri and Rahm¥hivho, how-
substrate and/or a cladding layéhe so-calledinternal  ever, considered just a particular GaSb/AISb/InAs system
surfaces?), which give rise to Tamm-like stat€s°confined  and concentrated on possible surface states located in the
to the SL end and located within energy minigaps. Themain SL gap. On the contrary, we study here a general triple-
density-of-states analysis performed for a terminated SL ineonstituent A|Ga, _,As-based SL, as this choice enables one
dicated that the occurrence of such surface states could-te manipulate a wide range of potential profiles, and investi-
under certain conditions—result in a virtual nonexistence ofyate the properties of surface states appearing within SL
the forbidden energy gap over a few outermost SLminigaps in the conduction-band energy range, which seems
periods?>?2Thus, it is important to take into account surfaceto be most important for potential device applications. Fur-
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thermore, we plot the wave functions corresponding to sur- step-well basis
face states in order to investigate the associated space-charg
distributions and, in particular, to show charge confinement da |dB |
to the SL end. In addition, the tight-binding approach used in r
Ref. 44 limited the layer widths considered there to a few Vi

atomic planes at most, while the effective-mass- --- ———
approximation model used here applies to a complementary
range of larger thicknesses of SL layers. Additionally, it en-

do

mgs my4 |mp| mc

ables one to obtain entirely analytical closed-form expres- Ve

sions on the one hand, and requires very modest computa:

tional efforts on the other. Vi —---
Il. MODEL substrate semi-infinite triple-constituent SL

The structure under consideration is a semi-infinite step- )
well basis SL, described by a generalized Kronig-Penney- internal surface
type model(as in the CE_:lptIOI’l of Fig. )lterminated _by a FIG. 1. Potential profile of the considered structure. Semi-
potential step representing a substrate or a cladding layejfinjte triple-constituent SL is described by a generalized Kronig-
The corresponding potential profile is schematically shownbegnney-type model with a step-well basis, terminated by a potential

in Fig. 1. The SL basis consists of three layers, labeled withtep representing a substrate or a cladding layer. For notation see
A, B, andC, of thicknessesl,, dg, anddc, effective- the text.

mass values,, mg, andmg, and potential barrier heights
V,, Vg, andV, respectively. The corresponding substrate

parameters are denoted by and V. sion and existence condition for surface states have been

derived for a general complex basis and any terminating me-
dium. However, expressions obtained for the case of an ar-
ll. FORMALISM bitrary N-layer basis appear to be rather complicated. On the
contrary, applying the general formalism to a triple-
constituent SL results in a significant simplification of the
espective formulas, so they can be written in a quite concise

Electronic structure of a terminated ternary SL is investi-
gated using the transfer-matrix formalism within an
effective-mass approximation, recently proposed to study’
surface effects in polytype SL’s and described in detail inmanner. . _ _

Ref. 42. Within this approach, explicit analytical formulas N particular, the bulk dispersion relation takes for a step-
for the bulk dispersion relation as well as the energy expresell basis SL a simple and closed form, namely,

L
SASgC =
A°B~C 2

Fa F
Fa, Fe
Fc Fa

E
SACRS =
A¥B>C 2

Fs  Fc
£ F.|caseSc=Basc(E). (1)
c Fs

Fa,Fe
Fe ' Fa

1
cogkD)=caCgCct+ >

In Eg. (1), as well as in the forthcoming expressiorts, enables one to find the associated energy minigaps, within

=coshgd), s=sinh(d), and which discrete energy levels of surface-localized states may
appear in a terminated SL.
72 Electronic band structure of a ternary SL can also be re-
F =om i lated to the band structures of hypothetic binary SL’s built of
|

three-layer-basis constituents. In other words, it is possible to
expresBagc(E) [cf. Eq.(1)] in terms ofBag(E), Bac(E),
where andBgc(E), where

Fa F
A Ts
Fe Fa

1 1
@ =g\/2mi(vi— E), i=A,B,C; Bas(E)=CaCst 5 SaSe 2
) is the right-hand side of the bulk dispersion relation corre-
D=ds+dg+dc stands for the SL period denotes the en- sponding to a virtual binary SL with a basis composed of
ergy of an electron, whil& is the corresponding SL Bloch |ayerA and layerB (cf., e.g., Refs. 13 and 15Bac(E) and

wave vector. . . _ ) Bgc(E) are defined analogously. The respective expression
In such a form, the bulk dispersion relation for a triple- reads

constituent SL has already been reportef, e.g., Refs. 13
and 195. In particular, the miniband edges can be determinedcog kD) =c:Bag(E) +CgBac(E)+CcaBgc(E) —2CACgCc -
with the help of Eq.(1) by equatingBagc(E) to =1. This 3
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As is apparent from Eqg1) and(3), the bulk dispersion SL constituents. Therefore, both the sequence of layers in the
relation for a step-well basis SL is invariant under any per-ulk and the type of the outermost layer have to be specified
mutation of SL layers. In principle, two possible ternary SL's for surface electronic structure calculations of a semi-infinite
can be built of the same constituents, naﬂ;ew, theternary SL. Each of the different possible configurations may
...ABCABC... and .. ACBACB... systemé® But  exhibit specific features—this, of course, depends also on the
the latter sequence is the former spelled backwards—theyhoice of material with which the SL makes contact.
are, therefore, indistinguishable in anfinite recurrence, Discrete energy levels of surface states are found within
which leads to identical electronic band structures. If a semig minigaps with the help of a general expression derived in

infinite SL is formed, however, the two available configura-pet 42 for an arbitrary terminated polytype SL. Applying it
tions are no longer equivalent. Moreover, one can distinguisky, o step-well basis yield&

then between terminating the growth sequence at different

FsFs  FaFc Fs Fa Fs Fg Fs Fc Fa Fg
FAFc m SpSgSc+ F_A F_s SpCgCc+ F_B F_s CaSgCc+ F_c F_s CaCgSc+ F_B F_A SaSgCc
Fa Fc Fs Fc
i +|=——= =
( FC FA) SACBSC FC FB CASBSC O! (4)
|
where appear as long as the outermost SL period is not distorted in
any other way(cf., e.g., Ref. 38 since the corresponding
52 existence condition is never satisfied. This restriction, how-
Fs=mas, ever, does not hold for a semi-infinite SL wihh™>2 layers
S

per period*?>*® Consequently, surface states may occur in a
ternary SL terminated by a substrate identical to |e§eor
layer-C constituent of the step-well basisf. Fig. 1).
For the substrate made of the same material as layer
:}m B, mg=mg and Vs=Vjg (cf. Fig. 1), and, consequently,
AsTH NS Vs™ B as=ag and Fs=Fg. In such a case, the surface-state-
energy expressiofcf. Eq. (4)] reads
However, as pointed out in Ref. 42, the energy solution to
Eq. (4)—in order to correspond to a true surface state—must

while

. . . . . FA B _ FA FC
additionally fulfill the following inequality (F__ F_) SalCo— 2Bgc(E)e™ @8%]+ = |sasc
B A C A
SA SB SC FB FB FC
’FS(F—ACBCCJF F—BCACC+ F—CCACB+ _FAFCSASBSC) + (F_c_ Fo Casc=0 (6a)
Fg Fe Fe
_ F—ASASBCC— F—ASACBSC_ F_BCASBSC_ CaCgCc| > 1. or, equiva|ent|y’
5
Fs Fc 2B E)e- 8% Fa Fs
Physical meaning of this so-called existence condition is to | F_ ™ Fg Sclca—2Bag(E)e ]+ Fo Fa %Cc
assure a vanishing character of the surface-state wave func-
tion towards the SL bulk. Fa Fc B b
As one can see, formulas obtained for an arbitrary termi- “\Fe Fa Sasc=0, (6b)

nating medium are rather complicated. There are, however,

particular cases, corresponding to a substrate made of the . . . .
same material as one of SL constituents, for which the re?hile the corresponding existence conditiaf. Eg. (5)] be-

spective expressions can be further simplified. Such termi€0Mes

nating conditions seem also preferred from the grower's
point of view, as then the whole structure can be grown with
a reduced number of different materials.

It is worth noticing that in a binary SL terminated by a
step potential identical to the SL barrigthe so-calledsym- Fo Fe

metric terminationof the SL potentigl surface states cannot - ( CaSgt+ F—sAcB) ( Cc— F_SC)
A B

Fg Fg
CaCpt F, 58| Ccm E_sc

>1. (V)
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Furthermore, since Ed7) is to be satisfied just for the so- a polytype SL as simple as the triple-constituent one, no
lutions of Eq.(6a) or (6b), we make use of Eqg6) and concise analytical formulas for the surface-state wave func-
arrive at tion can be reached, so it has to be entirely determined nu-

merically.
|2[Bag(E) —caCgl[Bgc(E) —cgCc]+ Bac(E)

—Bagc(E)e™ 8%| > |sg| (8 IV. NUMERICAL RESULTS

as another form of the necessary condition for a surface state ) _
to appear in a ternary SL terminated by a medium identical For numerical calculations, the &g, - ,As-based system
to the central constituent layer of the SL basis. has been chosen, as it exhibits excellent growth characteris-

For the substrate made of the same material as laydicS and enables one to realize and manipulate a wide range
C, ms=mc andVg=V (cf. Fig. 1), soas=ac, and Egs.  Of potential profiles. In such a structure, the potential barrier
(4) and (5) can be substantially simplified by puttin§s height and the effective-mass value of a given region are
=F¢. Indeed, after such a substitution, the energy expresdétermined by the Al mole fractior; in the corresponding
sion for surface statefef. Eq. (4)] and the corresponding AlxGa -xAs semiconductori=A, B, andC for the SL
existence conditioficf. Eq. (5)] reduce to layers andi=S for the substrade according to V;(x;)

=944x; meV and m;(x;)=(0.067+0.08%;)m,, respec-

Fa Fc Fe Fc Fa Fs B tively, mg being the free-electron magafter Ref. 18.
Fc Fa SaCgt Fc Fg CaSs™ Fg Fa Sasg=0 It should be noticed that the surface electronic structure is
investigated only for energies up to the substrate potential,
i.e., for E<Vg, since above this level true bound states can
and no longer exist. On the other hand, this energy range is par-
Fo = = ticularly interesting from the point of view of possible device
‘_SASB_ _CSACB_ —CCASB+ cacg|>e®cdc, (100  applications, as it usually comprises the lowest and, eventu-
Fa Fa Fg ally, the second energy miniband.

respectively. By combining Eqé9) and(10), another simple As a first step, the influence of variation of different layer

form of the necessary condition for a surface state to occur ifICknesses on the electronic structure of a step-well basis SL

a ternary SL terminated by a medium identical to the lastS Studied. To this aim, we fix all the other structure
constituent layer of the SL basis immediately follows, Parameters—in particular, the semiconductors composing
namely the SL are settled by assuming,=0 (layer A made of

GaAs9, xg=1 (layerB made of AlA9, andx-=0.5 (layerC
|Bag(E) —Bagc(E)e™ *cdc|>|sy|. (12) made of Ap:Ga sAs). This results inmy=0.06",, Va
=0, mg=0.151n,, Vg=944 meV, m:=0.1085n,, and
A striking property of this particular termination, apparent Vc=472 meV. Thicknesses of all the constant-width layers
from Eq.(9), is that the surface-state energies do not depenére equal to 20 A. Various surface conditions are taken into
on the thicknessl of layer C. Moreover, Eq(9) is exactly —account by considering two different substrates, namely,
the energy expression for surface states in a binary SL conflAs (substrate identical to layds) and Al sGa sAs (sub-
posed of layeA and layeB, and terminated by the substrate strate identical to laye€). Consequentlyxs=xg=1 or xg
with mg=m¢ andVs=V,. This means that solutions to the =Xc=0.5, leading to mg=mg=0.15M, and Vg=Vpg
surface-state-energy expression are the same for SL’s withF 944 meV  or mg=mc=0.108%n, and Vs=Vc
and without the third constituent in the basis. One should=472 meV, respectively.
have in mind, however, that solutions of E§) correspond Results of the surface electronic structure computations,
to true surface-state energies provided the existence condihich take into account different possible configurations of
tion is satisfied. But Eq(10) does not reproduce the respec- layers in the SL basis, are presented in Figs. 2 and 3 for the
tive condition for a binary SL with the layekflayerB basis  substrate identical to laye® and layerB, correspondingly.
being in contact with the substrate withs=m. and Vg  In each of these figures, paf®, (b), and(c) show the effect
=V, [it would, if the right-hand side of Eq10) were equal of variabled,, dg, anddc, respectively, with all the re-
to 1]. On the contrary, it indicates a critical dependence ofmaining thicknesses kept constant.
the surface-state occurrence in a triple-constituent SL on the As can be seen in Figs(& and 3a), increasing the thick-
thickness of layelC. In particular, fordc large enough Eq. nessd, of layerA causes a shift downwards in energy and a
(10) is not fulfilled, so surface states cannot appear. simultaneous narrowing of the otherwise narrow lowest
Anyway, we can conclude that as long as the surface stat@iniband. This can be easily understood if one has in mind
exists in a ternary SL, its energy position is independent ofhat the first miniband falls into the energy rangecVc,
the width of the last layer composing the SL basis, whenevewhere the electronic structure is predominantly determined
this layer is identical to the substrate. This, in fact, illustratedy the width-sensitive eigenspectrum of a deep quantum well
a more general peculiarity of polytype SL’s terminated byformed by layetA inside a bigger potential well of joint layer
the same medium as the last complex-basis constituent, @#sand layerC (cf. Fig. 1. Figure 3a) indicates basically the
has been thoroughly discussed in Ref. 42. same behavior of the second miniband, which is already lo-
For any energy solution to E@4), (6), or (9), the corre- cated entirely abov¥, resulting from a broadening of the
sponding wave function can also be constructed, following sstep well as a whole.
general prescription given in Ref. 42. Unfortunately, even for On the contrary, varying the widttlz of layer B leaves
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FIG. 2. Influence of different layer thickness variation on the FIG. 3. The same as in Fig. 2, but for a substrate identical to
electronic structure of a step-well basis SL with=0, xg=1, and layerB (xs=1). Full dots and open circles indicate the position of

Xc=0.5, terminated by a substrate identical to la@e(xs=0.5): surface  states for the  substra#®CABC... and

(@) dj variable,dg=dc=20 A; (b) dg variable,dy=d:.=20 A; substrateCBACBA. .. configuration, respectively, while no sur-
(c) dc variable,dy=dg=20 A. Shaded areas correspond to theface states appear for the substratBACB... and
minibands while full dots and open circles indicate the position ofsubstratesCABCAB. .. sequences.

surface  states for the  substraé@®CABC... and

substrateACBACB. .. configuration, respectivelfno surface layerB and layerC act as a potential barrier f&@<<V). For
states appear for the substr&¥CBAC... and the upper miniband a similar, but less pronounced, effect is
substratéBCABCA. .. sequencgsDashed line in parta) denotes  observed[cf. Fig. 3b)], since for E>V, layer B alone

the surface potential levels. stands for the SL barrier.

Finally, changing the thicknesk. of layerC again causes
the first-miniband-center position virtually unchanged, buta movement of the first miniband towards lower energiés
dramatically influences its bandwidtief. Figs. Zb) and  Figs. 2c) and 3c)], which can be explained in terms of a
3(b)]. Such a significant miniband narrowing is, in fact, ex- simple potential-profile-picture argument. Introducing layer
pected for increasing the thickness, i.e., decreasing the tran€-into the SL basis creates a medium-height potential stair at
parency, of the SL barrier§please keep in mind that both one of the steep walls formed at the interfaces between layer
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1.0 7 (a) layerB and layerC act as a steplike potential barrigf. Fig.
=P 1). This geometry influences most features of the surface
g 2 0.8 1 ' states and, in particular, determines their space-charge distri-
L& 1 _x500 butions. As can be seen in Fig. 2, for the substrate identical
E 2 08 A to layer C all the surface-state-energy curves appegiow
=4S 0] Yo T the first miniband, since the terminating potential step is
:% ; - " Voo lower than an average potential barrier inside the SL, in ac-
E - 0.2 ] cordance with earlier findings for semi-infinite binary SL'’s
2% J i AN (cf., e.g., Refs. 27 and 29Moreover, surface states corre-
nE 0 - PN N sponding to the substra®CBACB. .. sequence have al-
-60 4?)1&?2}1 c% FRng ;I(-)IE gg SS}‘;FA&O (i?" 140 ways smaller energies than those of the
substrateABCABC. .. configuration—this is because the
1.0 (b) outermost layeA, if treated as an isolated quantum well, has
its ground eigenstate at a lower energy when cladded on both
0.8 -

sides by potential barriers of a smaller heiyht.

When the widthd, of layer A is increased, both surface-
state-energy curves fall down in energy following the mini-
band variatior{cf. Fig. 2a)]. One of the surface states, cor-
responding to the substrafeCBACB... sequence,
remains clearly separated from the miniband edge for the
whole range of considered lay@rthicknesses. Analysis of

P its wave function, plotted in Fig.(d) for d,=20 A, indi-
60 —40 -20 0 20 40 60 80 100 120 140 cates a strong confinement to the outermost SL layer with the
DISTANCE FROM THE SL SURFACE (4) squared-wave-function amplitude decaying by a factor as

FIG. 4. Squared wave functionimormalized to reach a maxi- large as 800 in each subsequent SL period a§ one moves off
mum value of 1 of surface states corresponding t@  the SL surface. Consequently, any electron in such a state
substrateACBACB. . . and(b) substrattABCABC. .. configu- Would be, in fact, captured in single subsurface potential
ration of layers of a step-well basis SL wigh=0, xs=1, x. Well. The other surface state, corresponding to the
=0.5, andd,=dg=d.=20 A, terminated by a substrate wik substrateABCABC. . . configuration, lies much closer to
=0.5, i.e., identical to laye€ (solid lineg. Short-dashed lines de- the miniband edge and approaches it with increasing
pict schematically the respective potential profiles, while the long-ds,—therefore, its localization at the SL surface is getting
dashed curve in parta) represents the wave function enlarged poorer and poorée¥. In particular, ford,=20 A this surface
within the second SL period. state exhibits already a Bloch-like character with almost no

damping towards the SL bulk, as is apparent from the shape
A and layerB (cf. Fig. 1). As a result, the eigenstates of a of its wave function shown in Fig.(®). Eventually, ford,
quantum well of layerA are slightly shifted downwards in ~25 A it merges into the miniband and ceases to exist.
energy. This effect reaches a kind of saturation for greater A similar surface state approaching the lowest energetic
potential-step widths—therefore, for large enoutdh (d¢ miniband has been reported in Ref. 44 for a semi-infinite
=20 A) the lowest miniband position remains essentiallyGaSb/AISb/InAs SL terminated at the In-cation plane. As
unchangedcf. Figs. Zc) and 3c)]. The respective band- has been noticed, transfer of electrons to such a surface-
width reduction again is a straightforward consequence ofocalized level—though it can hardly be separated from the
enlarging the quantum potential barrier of joint lajgand  miniband-associated bulk transitions—results in a charge
layer C. Dependence of the second minibanddgn[cf. Fig.  confinement to the SL end and, therefore, might have impor-
3(c)] resembles—to a large extent—the effect of variable tant consequences for specific electronic characteristics.
[cf. Fig. @], as the band structure in the energy rafge The effect of varying the thicknesty of layer B is pre-
>V originates from intermixed eigenstates of layerand  sented in Fig. &). As expected, no surface states exist for
layer C. dg=0, since then our structure becomes a binary layer-

As expected, terminating the SL potential introduces adA/layer-C SL terminated in a symmetric way. However, a
ditional energy levels inside energy minigaps, correspondingurface state appears for lay®ras thin as a few anggims
to the states localized at the SL end. However, not all availfor the substraté&{CBACB. .. configuration. On the other
able configurations of SL layers provide surface states. To bhand, that corresponding to the substra@CABC. .. se-
more specific, for the substrate identical to lagethey only  quence detaches from the miniband onlydgt=20 A. En-
occur if layerA stands for the outermost SL layer, while no ergies of both of them are almost insensitive to the variation
surface-related features are present in the spectrum for thef dg, but increasing the SL barrier thickness enhances their
substratdBCABCA. .. and substrat&/ACBAC... se- confinement to the SL end. Of course, each of the surface
qguencegqcf. Fig. 2. On the contrary, for the substrate iden- states exhibits a different degree of localizatioh Fig. 4 for
tical to layerB surface states appear for either layeror  the corresponding wave functions plotted fiy=20 A) due
layer C being in contact with substratef. Fig. 3). to a distinct energy separation from the miniband etige.

For the AL sGaysAs substrate, sinc&s=V., surface- Figure 2c) shows a dependence of surface-state-energy
localized levels only exist in the energy rangBe<V, i.e.,  curves on the widtld. of layer C. As can be seen, in the
within a quantum well corresponding to lay&r while joint  limit of dc=0 both of them reach the same energy level,

e
=3
L
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e
1S

WAVE FUNCTION (arb.u.)
[=1
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e
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FIG. 6. Influence of variation of the Al mole fraction in layer

FIG. 5. The same as in Fig. 4, but for a substrate identical toC, xc, on the electronic structure of a step-well basis SL with
layer B (xs=1) and for (&) substrateABCABC... and (b) =0, xg=1, anddy,=dg=d-=20 A, terminated by a substrate
substrateCBACBA. .. sequence of SL layers. with xg=0.5. The shaded area corresponds to the lowest miniband.

Full dots and squares indicate the position of surface states for the
corresponding to the surface state of a binary layéayerB  substratesL BACBA... and substrat6/ABCAB... configura-
terminated by a potential stéf.. With increasingdc, the  tion, while open circles and  squares—for the
substrateACBACB. . . configuration-derived surface state substrateABCABC... and substrat&d/CBACB... sequence,
falls down in energy in the same wagpnd for the same correspondingly (no  surface states appear for the
reason as the lowest miniband does, which results in a basubstratédBACBAC. .. and substrate/CABCA. .. configura-
sically constant energy separation from the miniband edgéi_ons). Short- and long-dashed lines denote the surface potential
On the contrary, the energy position of a surface state corrdevel Vs and the potential stair heigMc , respectively.
sponding to the substraeBCABC. . . is completely inde-
pendent of the laye@ thickness, so it relatively approaches energy curves appear naabovethe lowest miniband, since
the falling miniband. This agrees with E() and clearly the terminating potential step for the AlAs substrathigher
illustrates the already discusséal. Sec. Il) peculiar behav- than an average potential barrier inside the(&L, e.g., Refs.
ior of surface states of a ternary SL terminated by the sam@7 and 29. The corresponding surface-state wave function,
medium as the last constituent of the SL basis. dkotarge  plotted in Fig. a) for dy=dg=dc=20 A, resembles that of
enough @c~20 A) this surface state merges into the mini- Fig. 4b)—the only changes concern, in fact, a different de-

band and—in accordance with E{.0—ceases to exist. gree of localization. Here, we again deal with a state almost
As can be seen in Fig. 3, altering the terminating condi-completelyconfined to the single outermost SL layer.
tions by taking the AlAs substrat@dentical to layer) in- Another surface state, absent in Fig. 2, occurs at higher

stead of the AJ<Ga,As one (identical to layerC), influ-  energies for the substra@BACBA. .. configurationnote
ences quite noticeably the surface electronic structure of thihat the energy rangé:. <E<Vg becomes now available for
considered triple-constituent SL. In particular, configurationssurface-localized levels, sinCés=Vy for the AlAs sub-

of layers of the step-well basis, for which surface-localizedstratg. Its energy position is almost insensitive to the varia-
levels occur, change. To be more specific, thetion of dy anddg, as is apparent from Figs(8 and 3b),
substrateACBACB. .. geometry no longer exhibits any respectively. Changing the widtth. of layer C, however,
surface-related features in the spectrum, and neither does tauses the corresponding surface-state-energy curve to fall
substratesCABCAB. .. one. The substra®BCABC. .. down in energy, in accordance with the second miniband
sequence, however, again provides a surface state. Moreoveagriation [cf. Fig. 3c)]. Additionally, since for the

its dependence on the width of particular SL layers is similaisubstrateCBACBA. . . geometry the outermost lay€r is

to that observed for the ALGa, sAs substrate: it falls down cladded on both sides by layBrmaterial, hence creating a

in energy with increasind, , while varyingdg andd: has a  potential well of depth {Yg—V¢) and widthdc in the sub-
negligible effect on its energy positidief. Figs. 3a), 3(b), surface SL region, a surface state corresponding to such ter-
and 3c) versus Figs. @), 2(b), and Zc), respectivel. But ~ minating conditions is assumed to originate from a layer-
this time it exists, in fact, for the whole range of consideredC-associated eigenstate. To confirm such character of this
layer thicknesses. In addition, the respective surface-statsurface state, its wave function has been plotted in Rig\. 5



4596 R. KUCHARCZYK et al. PRB 58

—
o

(a) (=)

e
=3
e
=
1

o
-]
°
-]

1
»
[
(=]

[

L H
1 vl
1

)

\

J | I

[ A

7 v}

Al

] B N T W S H
0.0 0.0

-60 -40 -20 0 20 40 60 80 100 120 140 -60 —-40 -20 0 20 40 60 80 100 120 140
DISTANCE FROM THE SL SURFACE (A) DISTANCE FROM THE SL SURFACE (A)

e
o
e
o
1

SQUARED SURFACE-STATE

WAVE FUNCTION (arb.u.)
o
»

SQUARED SURFACE—STATE

WAVE FUNCTION (arb.u.)
(=]
'
1

i

1.0 - 1.0 -
(b) (b)

= =

< 5 0.8 < 5 0.8

[ =

n Lo n Lo

! 3 o8

B i Rt i

g o6 g %8 x300

=3 [ K R o s O R,

[ [

25 0.4 25 0.4

ab ab

B oE e, =g :
Ewmoz{ fwozd i oy o T

53 5z

o = i @ = : RS P

0.0 +——r—5 T " 0.0 —r— >+ 5|
-60 -40 -20 O 20 40 60 80 100 120 140 -60 -40 -20 O 20 40 60 80 100 120 140
DISTANCE FROM THE SL SURFACE (A) DISTANCE FROM THE SL SURFACE (A)

FIG. 7. Squared wave function@ormalized to reach a maxi- FIG. 8. The same as in Fig. 7, but for a surface state correspond-

mum value of ) of a surface state corresponding to the ing to the substratddlCBACB. .. sequence of SL layers.
substrateCABCAB. . . configuration of layers of a step-well basis
SL with dy=dg=dc=20 A, x,=0, xg=1, and(a) xc=0.1 and  Ing all the layer thicknesses constant. This can be done, e.g.,
(b) xc=0.45, terminated by a substrate witg=0.5 (solid lines. by varying the Al mole fractiorxc in layer C within the
Short-dashed lines depict schematically the respective potential prdimits set by fixedx, and xg. The resulting effect on the
files, while the long-dashed curve in pd&) represents the wave surface electronic structure is illustrated in Fig. 6 for a SL
function enlarged within the second SL period. with dy=dg=dc=20 A, x,=0, xg=1, and substrate pa-
rameters corresponding ig=0.5.
for dy=dg=dc=20 A. As can be clearly seen, it is indeed  For such a system, only the lowest miniband falls into the
predominantly localized in the outermost quantum well;investigated energy rangé<Vs. Increasingxc (i.e., in-
moreover, within each step-well SL period it exhibits acreasingVc) causes its shift upwards in energy, in accor-
maximum in layerC rather than in layeA, in contrast to a dance with a similar behavior of the ground eigenstate of a
surface state corresponding to the substreBEZABC. . . corresponding isolated step quantum well. Additionally, a
configuration[cf. Fig. 5b) versus Fig. &)]. miniband narrowing is observed due to a decreasing trans-
It should be pointed out that if a SL consists ofimite ~ parency of the SL barriers.
number of periods, two surfaces are created, so two surface As can be seen in Fig. 6, only four SL layer configura-
states, confined to distinct SL ends, can appear in the eletions (out of six possiblg provide surface states. In particu-
tronic structure(cf., e.g., Ref. 3Y. In a polytype SL, both lar, no surface-related features occur in the spectrum if the
surfaces might differ not only by substrate parameters, bubL is terminated at layelB. Moreover, those corresponding
also by a sequence of layers approaching the surface. Ftw the SL termination at laye€ appear only fo’V-<Vg.
instance, when the substrad8CABC. .. configuration is This indicates that—in order to obtain a surface state—the
formed at one end of a triple-constituent SL, thepotential of the outermost SL layenust notbe significantly
substrateCBACBA. .. geometry corresponds to the other higher than the substrate potential. In other words, the exis-
end. However, as follows from Fig.(®, for appropriately tence of a well-defined surface state depends on the forma-
chosen SL and substrate parameters, the surface-state-enetigy of a potential well in the subsurface SL region. In sup-
curves corresponding to these sequences may cross egotwrt of this, both the substra®BCABC... and
other[cf. Fig. 3a) for dy~7 A]. Since both surface states substrateACBACB. .. sequences provide surface states for
would interact with one another, exhibiting a mixed charac-the whole range of considered parameters.
ter with nonzero amplitudes at either of the SL ends, an Each of the surface-state-energy curves plotted in Fig. 6
interesting anticrossing behavior should be observed for seexhibits a different behavior. Those corresponding to the
lected layer thicknesses. This effect, of course, depends wubstrateACBACB. .. and substrat& ABCAB... con-
an overlap of their wave functions, and thus—in principle—figurations are located entirely beneath the first miniband. In
can be tuned by varying the degree of localization of indi-the limit of xc=0, they converge to the position of a surface
vidual surface states. state of the substral®ABAAB. .. system(cf. Fig. 1), i.e.,
Another way of modifying the geometry of the SL step- the binary(40 A)—GaAs(20 A)—AlAs SL terminated by the
well basis is to change the potential stair height while keepAl,sGa,sAs substrate. With increasing Xz, the



PRB 58 SURFACE ELECTRONIC STRUCTURE OF A STEP- ... 4597

substratesCABCAB. .. configuration-derived surface state Special attention has been paid to particular SL terminations
follows the miniband variation, gradually approaching theby & substrate identical to one of the SL constituents—in
miniband edge. This causes its wave functismown in  Such cases, the respective expressions have been substan-
Figs. 7a) and 7b) for xc=0.1 andxc=0.45, respectively  tially simplified. _
to delocalize. Finally, foxc~0.55 it merges into the mini- __ D€pendence of the surface electronic structure on SL pa-
band and ceases to exist rametergi.e., layer thicknesses and potential barrier heights
On the contrary, a surface state corresponding to th s well as on different surface configuratidaepending on
substrateACBACB. .. sequence occurs for all values of the chqlce of substrate and the_ sequence of S!‘ layers ap-
X . Considerable energy separation from the miniband potProaching the surfagéhas been discussed in detail based on

tom results in a strong localization of its wave function at theresults of numerical com,putatlorjs performeq for
SL end, as illustrated in Fig. 8. In each of Figs. 7 and 8,A|><Gai*X'A‘S'b"’lsed ternary SL's. A different behavior of

changes of the respective surface-state-associated charge diurface-localized states with respect to bulk states has been

tribution over the SL period can additionally be seen: a broacﬁ‘Oticed along W.ith a significant sensitivity of their properties
wave-function maximum extending over layerandlayerC to the changes in the step-well geometry. Some general con-

: : lusions concerning the occurrence of particular surface
for xc=0.2 [cf. Figs. f lel ¢ . parte
|2;/GXFCA f%r |(,E§g erl\glzluéz) ;(nd[gf )}:i%itslct:)())r:nndec;&]e )'/:toor states as well as some ideas about their origin have been
.= 1. when the substratACCBA.CB ' sequence becomes Presented. It has been shown that a surface state with a de-
thCe Sljbstrate!XBBABB. . one(cf. Flg 1), the correspond- sired energy position within the minigap and a required ex-

; . B tension into the SL can be achieved by an appropriate choice
ing surface state repro duces that of the biri@(y A)-GaAs/ of bulk and surface SL parameters. Selected surface-state
(40 A-AlAs SL terminated by the AlGa,As substrate. wave functions have also been plotted in order to investigate
The same holds, in this limit, for a surface state of thethe space-charge distributions apssociated with articulargsur-
substrateABCABC. .. configuration. As can be seen in P 9 P

Fig. 6, its energy position is, in practice, insensitive to the AIface states and to indicate the degree of their localization at

mole fraction variation in laye€. Aroundxc=0.5, this sur- theAilza)?ngéted different possible terminating configurations
face state crosses the bulk minib&fihs a consequence, it P ! b 9 9

ceases to exist for a small rangesef values and reappears of the SL layers(in general, six of them are available for a
- iple- i L, with i ith
above the miniband fax.=<0.47. Eventually, fox.=0, the triple-constituent SL, with two sequences associated wit

surface state of the substradB8CABC. .. configuration each outermost layphave been found to exhibit specific

L . surface-related features, depending additionally on the
coincides with that of the substra@GBACBA. . . sequence, choice of material with which the SL makes contact. It

as then each of them corresponds to theshouId be noticed, however, that introduction of the third
layer into the SL basis and its position in a sequence of SL
layers is not just a supplementary factor influencing the en-
‘ergies and localization properties of surface states, as com-
. . . pared to typical binary SL’s. Indeed, in contrast to the latter,
Finally, the surface-locfahzeq level prov_lded by the the triple-constituent SL offers a possibility of surface-state
substrate(EI_BACBA. s conf|gurat|c_>n appears in the higher- existence also for the substrate identical to the SL barriers.
energy region only foxc=0.4 and is roughly pinned to the gy it should be pointed out that—since the step-well
poter_ltlal_ step he'ghVC' As qlready discussed, its wave geometry is gradually becoming a prefered design for spe-
funct|o_n is predominantly conflne_d to the_o_utermost_la@er_ cific  opto-electronic  devices  exhibiting  superior
and, within each step-well SL period, exhibits a maximum inpeformance—the appearance of allowed energy levels in the
layer C rather than in layeR, in contrast with all the re-  qihenyise forbidden energy regions of minigaps and the con-

substrateABAABAA. .. system(cf. Fig. 1), i.e., the semi-
infinite binary (40 A)—GaAs(20 A)—AlAs SL with the out-
ermost GaAs quantum well two times narrower than the in
terior ones(the so-callecembedded quantum w&).

maining surface states. sequent possible electronic transitions to surface-localized
states are in itself of particular interest and merit experimen-
V. SUMMARY tal investigation. Moreover, owing to optical peculiarities of

SL surface statege.g., large Stark shifts and enhanced
absorptioR®) as well as a considerable tunability of their
unusual properties, such levels may find useful applications.

In this work, using a transfer-matrix method within an
envelope-function approximatidiaf. Ref. 42, the electronic
structure of a semi-infinite step-well basis SL has been in
vestigated, with emphasis placed on the effect of the SL
surface(i.e., the SL/substrate interfaceExplicit analytical ACKNOWLEDGMENTS
formulas for the bulk dispersion relation as well as the en- Two of us(R. K. and M. S) would like to acknowledge
ergy expression and existence condition for surface-localizedupport by the University of Wroctaw under Grant No. 2016/
states have been derived for arbitrary terminating mediumw/IFD/97.
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