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Effect of I'-X interband mixing on the surface electronic structure of GaAgAIAs superlattices
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The envelope-function description of short-period @&, _,As-based superlattice$SL’s), taking into ac-
count the elastid’-X intervalley transfer by introducing an addition&functional scattering potential at each
well/barrier heterointerface, is extended to study the surface electronic structure of a terminated GaAs/AlAs
SL. Modification of the energy spectrum and the localization properties of SL surface states with respect to
previous single-band treatments is clearly indicated, and identified as a resultléfthaterband coupling.
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[. INTRODUCTION while the effective masses of electrons in the respective val-
leys are given b

It is well established that the lowest conduction minibands
of GaAs/AlAs superlattice$SL’s) with sufficiently long pe- my (x) = (0.067+0.08%)mg (23
riod and/or thin AlAs barrier layers are entirely determinedand
by I'-valley states of GaAs. Therefore, the common one-
band envelope-function approximation with rectangular m¥%(x)=(1.3—0.2)my, (2b)
(Kronig—Penney-liki potential profile, corresponding to the
I'-T intervalley offset, is suitable to describe the bulk elec-Mo being the free electron massin the SL sequence, the
tronic structure of such SLs in the conduction-band-bottoml -I' and X-X intervalley offsets between GaAs and AlAs
energy rangé? Accordingly, thesurfaceelectronic structure result in Kronig—Penney-like potential profileér(z) and
of terminatedlong-period SL's—in particular, the experi- Vx(2) along the SL axis, correspondingly, as sketched in
mentally observed spectrum of SL surface stitescan be  Fig. 1. This means that the GaAs and Al&sAs and GaA3
appropriately reproduced by the respective semi-infinite onelayers constitute quantum wel(arrierg for I'-valley and
band Kronig—Penney-type of modédee Ref. 5, and refer- X-valley electrons, respectively.
ences therein The considered SL is terminated by an @k, _,As clad

For short-period SL's, however, the minibands originatinglayer, leading to the formation of the so-calledernal sur-
from X-valley states of AlAs become lowest in energy, andfaceat the SL/clad-layer interface;’ to which we hereafter
hence, must be additionally taken into account within anyrefer simply as the SL surfacef. Fig. 1). According to Egs.
reliable treatment of such systefh#loreover, in many in- (1), varying the Al mole fractiory in the clad layer influ-
stances, th&-X interband mixing plays a crucial role for a ences simultaneously the height§ andV of the terminat-
correct interpretation of the observed electronic, opticaling potential steps for thE-I" and X-X profiles, thus offer-
and transport characteristics of ,&a_,As-based ing a means of modifying the SL surface conditions.
heterostructure§.'® Nevertheless, the relevance of this ef- The structure depicted in Fig. 1 is described by a two-
fect has never been addressed with respect tostiftace  band effective-mass mod®1-*® In this approximation, the
electronic properties of SL's. Consequently, in this paper weelectronic wave function has two componentsg, and iy,
examine the influence of the coupling betweenlthderived  representing the envelope functions associated withIthe
and X-derived minibands on the energy spectrum and localandX valleys. Since no elastic transfer between fhealley
ization  properties of surface states of anandX-valley states is allowed in the bulk of semiconductors
Al,Ga _ As-terminated GaAs/AlAs SL, indicating a possi- composing the SL, these envelopes are independent of each
bility of their important modification as compared to the re- other within any of the SL layers, and consequently, satisfy
sults of earlier single-band approaches. conventional Schidinger equations with appropriate poten-

tial profiles and effective massé%® viz.,

Il. MODEL AND METHOD

2 o 1 dyrx(2)
The energy positions of the conduction-band minima of T2 92| o 2 oz +Vr x(2) ¢ x(2)
bulk Al,Ga _,As at thel' and X points, relative to the r.x
conduction-band bottom of GaAs, depend on the Al mole =E yr x(2). ®)

fraction x according té*
However, rapid changes of the SL potential at GaAs/AlAs

Vi(x)=(911x + 147%2) meV (1a)  heterojunctions induce elastic scattering between the
I'-valley- andX-valley-derived state¥, and hence, cause a
and mixing of the envelope-function componends and iy,
originally corresponding to distinct energy
Vy(X)=(473—295) meV, (1b)  minibands’16-1820-22gjnce thel'-X intervalley transfer is

0163-1829/2003/6712)/12530%5)/$20.00 67 125305-1 ©2003 The American Physical Society



B. BRZOSTOWSKI AND R. KUCHARCZYK PHYSICAL REVIEW B67, 125305 (2003

T"-T" profile

Vr x(2)
rX — — — X-X profile

Al, Gay_,As GaAs AlAs

FIG. 1. Potential profiled/r(z) (solid line)
and Vy(z) (dashed ling for the I'-valley and
X-valley electrons, respectively, of the considered
Al,Ga _,As-terminated GaAs/AlAs SL. The Al
mole fractiony in the clad layer determines the
vy I IpE—— heightsV{ and V§ of the surface potential steps
for thel'-T" andX-X profiles(see text for detai)s

clad layer superlattice

superlattice
surface

strictly confined to the interfaces, in phenomenological apbut consider the wholeomplex band structuf&?®in par-
proaches it is often taken into account by introducing articular, the analytical continuations of the dispersion curves
additional scattering potential, of the form of Diracfunc-  E(K) for k complexcorresponding to wave functions decay-
tion, at each well/barrier heterointerfat&182°rhe use of  ing into the SL bulk, and hence, appropriate focalized
S-functional interband coupling has been given a direct jussurface states of aemi-infiniteSL. Matching the compo-
tification by an analysis of the corresponding pseudopotentiatents of such determinddecaying SL wave functions with
Hamiltonian?? Furthermore, such a simple model has provencomplexk to the exponentially evanescent solutions of the
capable of reproducing experimentally measured mixing efSchralinger equation(3) for I' and X valleys in the clad
fects in ALGa _,As-based resonant-tunneling hetero-barrier, via Eqs(4) at the SL surface, leads to the surface-
structure§'® and all but the shortest-period SE$:'? state-energy expression, parametrized byafienctional in-
The interfaces-functional scattering potential merely al- terband coupling strength
ters the boundary conditions to be obeyed by the envelope- To identify the I'-like or X-like nature of particular SL
function component56-1820-23iore specifically, whiley  states, it is useful to consider the relative contributions of the
and ¢ remain continuous across each heterointerface, thE-valley andX-valley envelope-function components to their
(discontinuous derivative of s becomes coupled to the total wave functions. For this purpose, the factefsand 6y,

value of ¢ and vice versad!"8viz., defined as
) z [ e
1 a2 6F'X:J ’ ©
rx(2)|° _2p (|4 (2)*+ [x(2)|?)dz
= ), ab
) 2 L_ 2 Px.r(z) (4b)

' are introduced as a quantitative measure oflthar X char-
wherez; stands for the position of an arbitrary SL interface, acter, respectively, of each stdfeMore precisely, the domi-
while p, being thes-function strength, represents the amountnant contribution ofi (i), resulting in 6p~1 and 6y
of I'-X mixing. For the considered semi-infinite SL, the ~0 (6p~0 andfyx~1), indicates that the considered state is
above requirements also apply to envelope-function matchiocalized selectively within GaABAIAs) layers of the SL, so
ing at the SL surfacécf. Fig. 1). it is entirely determined by just thE (X) valley. On the

The energy spectrum of surface states for a SL withcontrary, a comparable contribution ¢f- and ¢y, resulting
coupledI’ and X minibands can be derived by a straightfor- in 8-~ 6y, indicates a considerable-X hybridization, i.e.,
ward extension of the direct wave-function matching proce-an efficient intervalley mixing.
dure known from one-band models of terminated Slim-
posing the boundary conditiorig) and the standard Bloch
requirement on the solutiong and i of the Schrdinger
equation(3) over one SL period yields the bulk dispersion  The I'-X hybridization is obviously the strongest when-
relation of a SL, as well as both envelope-function compo-ever thel'-valley- and X-valley-derived SL states become
nents of the respective eigenstat&&or the purpose of the close in energy. Therefore, this effect has usually been stud-
surface-electronic-structure study, however, we do not reied for cases corresponding to theX crossover of the low-
strict ourselves toeal Bloch wave vectorg, appropriate for  est conduction minibands of GaAs/AlAs SI(sf., e.g., Refs.
extendedstates forming energy minibands of anfinite SL, 17 and 18, but always restricted tbulk SL states with real

Ill. RESULTS AND DISCUSSION
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tively, and thus, th&'-X interband hybridization is negligible
in the bulk of the considered SL. This is consistent with an
almost dispersionless character of the lowest miniifame;
flecting a heavy longitudinal mass #fvalley electrongcf.

Eqg. (2b)], as well as with a relatively large energy gap sepa-
rating the first and second minibands.

However, a remarkable interaction of thevalley- and
X-valley-related dispersion curves can be noticed for com-
plex k=ix in the energy range around the lowest miniband
(cf. branchesa and b in Fig. 2). This clearly avoided-
crossing behavior is emphasized in the inset to Fig. 2 by
contrasting with the results of two fully independent, i.e.,
neglecting any interband coupling, one-band modeld fot
andX-X potential profiles. Consequently, a considerable in-
fluence of thel’-X intervalley mixing on the properties of
c surface states lying within this range of energies can be ex-
pected.

To explore this effect, the surface electronic structure of
an Al,Ga _,As-terminated (GaAg]AlAs)s SL has been

ksipg 0 kereal g k=D computed as a function of the Al mole fractigrin the clad
layer, leading to the variation of the surface potential barriers

FIG. 2. Complex band structure of the (Gagp@lAs)g SL, V? and V§ for the I'-I" and X-X profiles (cf. Fig. 1). The
calculated within a two-band envelope-function model for theresults, presented in Fig. 3, indicate the appearance of true
o-functional intervalley scattering potential of strength  surface-localized levelfabeleda andb) in the interesting
=0.15 eVA. The range of re&le[0,7/d] (d being the SL period energy range around the lowest miniband.
corresponds to bulk minibands, while the dispersion curves for The important modification of the SL surface electronic
complexk=iu andk=m/d+iu (u being real and positiyela-  structure with respect to the results of standard single-band
belt_eda, b, _andc, are appropriate f_or Iocalizet_:l surface stgtes. Com'approaches concerns the number of surface states. To be
parison with the results of two independeie., neglecting any e specific, Kronig—Penney-like calculations performed
interband coupling one-band models fol-I' (almost vertical ¢ tha "I profile alone yield a surface staiedicated by a
dashed 'Ilnk aqd X-).( (partllally horizontal dashed Iujepotentlal dashed line in Fig. B emerging beneath the
profiles is provided in the inset, for the range of energies and wave: \ 10 derived miniband because of the terminating poten-
vectors corresponding to the resonant anticrossing of cor‘rtgolex-,[ial barrier being lower than the SL ones for this profié.
branches andb. solid line in Fig. 1. Similar calculations for th&-X profile

wave vectorsk. In contrast, in this paper we focus on the &lone give no surface states, which in turn is typical for
interband coupling effect on Surfacestates with complex ~Kronig—Penney-like potentials truncated at the barrier-type
k, and hence, the system parameters have been chosen s@Hayer (cf. dashed line in Fig. > Since the two indepen-
that there is a resonant anticrossing of éimlytical continu- ~ dent single-band models fdf-I'" and X-X potential profiles
ations i.e., complexk branches, of thel-valley- and Provide altogether just one SL surface state for any choice of
X-valley-related dispersion curves. Consequently, all the calthe clad layer, increasing their number up to two in the
culations have been performed here for a terminatedreésent two-band treatmefor a considerable range of sur-
(GaAs)(AlAs) ¢ SL, which exhibits the desired feature. face condmon};pan be identified as a pure effect of thieX
First, the parametap of the 5-functional intervalley scat- interband coupling.
tering potential has been determined for the considered SL AS can be seen in Fig. 3, the lower surface-state-energy
by comparing the obtained dispersion cur€k) with those ~ CUrve, I_abel_eda, coincides with that resulting from one-band
computed within a modern pseudopotential apprddéh. approximation for small enough values of the Al mole frac-
The bestfitting procedure yieldp=0.15 eVA, which tionyin Al,Ga ,As clad layer(namely, fory=0.35), sug-
agrees with the effectivd’-X mixing strength reported 9€sting thgt .surfac_e staaae\Nl_th an energy sufficiently below
elsewherg-10.14.18 the first miniband is of d’-like nature. The same holds for
The complex band structure of the (Gag@lAs); SL, the surface'—state_—e.nergy .cur\hs at _energies sufficiently
resulting for such a value qf, is shown in Fig. 2. Analysis above the first miniband, i.e., for high enough valueg/of_
of the wave functions, according to E@), of the SL states (namely, fory2.0.45). The character of both surface §tates is
with real k (which are the only ones allowed in an infinite deémonstrated in Fig. 4, where the factéfsand 0y , defined
SL) indicates their prevailing localization within AlAs by Ed.(5), are plotted against. It follows from Fig. 4 that
(GaAs layers and a clearlyX (I') character, withg, indeed, as expected>0.98 fory<0.3 and6?>0.9 up to
>0.98 (9;>0.98), for the firstsecond miniband. It means Y=0.35, while, on the other hand}>0.9 fory>0.45 and
that the first and second minibands originate merely fromp>>0.97 fory>0.5.
either the AlAsX-valley or the GaAd -valley states, respec- For increasing/, however, surface stateapproaches and
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FIG. 4. Factorsgr and 6y, defined by Eq.5), plotted as a
function ofy for surface statea (light-shaded squargandb (dark-
shaded circlesof the AL,Ga, _,As-terminated (GaAg(AlAs)g SL

| (cf. Fig. 3.
210 —l

1 states. Such a behavior is consistent with the dependences of
200 — — the dispersion-curve branchasandb, displayed in Fig. 2,
0.0 0.2 0.4 06 0.8 10 and reflects, in particular, their resonant anticrossing at ener-

Al mole fraction y in Al,Ga,_As clad layer gies _around the lowest minibgnidf. inset to F_ig. 2 _
It is also relevant to examine the extension of particular

FIG. 3. Surface electronic structure of the (Gad#)As) s SL surface states into the SL bulk. Within one-band approaches,

terminated by an AlGa_,As clad layer with variable Al mole the damping of surface-state wave function is simply given

fraction y. Dark-shaded areas correspond to SL minibands, whildy the imaginary part of the corresponding wave vettor.
thick solid lines(labeleda and b) denote the energy position of the two-band model, however, the wave function of a surface

surface states, calculated within a two-band model for theState is built of the evanescent solutions from both available
s-functional intervalley scattering potential of strength ~ complexk dispersion-curve branchém our case, branches
=0.15 eVA. For comparison, the surface-state-energy position, rea andb for surface stata, while branche® andc for surface
sulting from the corresponding one-band models neglecting angtateb; cf. Figs. 2 and B so it is, in general, a linear com-
I'-X mixing (i.e., for p=0), is indicated by a thick dashed line. bination of slower and faster decaying constituents. The rela-
Thin solid lines depict variation of the terminating barrier heightstive contribution of these two constituents to the total wave
VR(y) and Vi(y) for the I-I' and X-X potential profile, respec- function critically influences the overall spatial distribution
tively (cf. Fig. 1), which delimit the energy range for true SL sur- of a surface state and, in particular, determines its effective
face states to occur. damping towards the SL bulk.

) ) o o As a consequence, some localization properties of surface
eventually merges into the firsX(like in naturg miniband  states within the present two-band treatment contrast with
(cf. Fig. 3, changing consequently its character into pre-those known from single-band descriptions of terminated
dominantly X-like, with #7<0.05, i.e., 63>0.95, fory  si's. In the latter case, the degree of surface-state confine-
>0.45 (cf. Fig. 4), in accordance with the character of ex- ment to the SL surface depends solely on its energy position
tended states forming the lowest miniband. For smaller valin the minigap, so surface states well separated from the
ues ofy, in turn, surface statb is the one lying in the prox- miniband edges are strongly localized at the outermost SL
imity of the miniband edgécf. Fig. 3, thus exhibiting a period, while those lying in the vicinity of the miniband al-
clearly X-like nature, with 2>0.9 for y<0.35 and 6% ways extend deep into the SL bulk, exhibiting a Bloch-like
>0.98 fory<0.3 (cf. Fig. 4. character.

It is noteworthy that the exchange of the character of SL  Such a behavior is found here for surface s&tavhich
surface states andb takes place over a relatively narrow becomes delocalized when approaching the miniband bottom
range of clad-layer parameters w=0.4. Therefore, their for y=~0.5. This is due to the fact that the wave function of
localization properties can be dramatically changed from a&urface statea is dominated by the constituent from the
dominant confinement in the subsurface GaAs layer to alispersion-curve branch (contribution of the constituent
dominant confinement in the outermost AlAs layer, or vicefrom branchb is negligible for this state whose imaginary
versa, by just a slight modification of SL surface conditions.wave vector vanishes at the first miniband bottteh Fig.
Fory~0.4, both surface-state wave functions exhibit a con-2), thus leading to a very slow wave-function decay in the SL
siderable contribution oF -valley, as well asX-valley com-  direction.
ponents, indicating a substantlalX hybridization of surface However, surface state exhibits completely different lo-

125305-4



EFFECT OFI'-X INTERBAND MIXING . .. PHYSICAL REVIEW B 67, 125305 (2003

calization properties in the proximity of the miniband. For  Important modifications concern the spatial distributions

this state, the wave-function constituent from the dispersionef SL surface states. More specifically, the existence of well-

curve branchh dominates over that from branchSince the localized levels near the bulk miniband edges has been dem-

imaginary part of the respective wave vector is finite foronstrated, which igto the best of our knowledgea new

energies around the first miniband tégf. Fig. 2), surface result with respect to single-band SL descriptions. It has

stateb remains considerably damped towards the SL bulk atlso been shown that due to the mixing Iofvalley- and

the very edge of the miniband. In fact, it forms there a kindX-valley-derived minibands, SL surface states can either be

of surface resonance, localized predominantly within one opredominantly confined to the outermost GaAs laylélike

two outermost AlAs layergkeep in mind that surface stdbe  surface statgsor localized mostly at the outermost AlAs

is of clearly X-like nature near the top of the first miniband; layer (X-like surface statgsor possibly exhibit a hybridized

cf. Fig. 4). Let us emphasize that such a behavior is nevel'-X nature. Moreover, by just a slight variation of the clad-

observed within standard single-band treatments of termilayer parameters, &-X crossover of the character of SL

nated SL's. surface states, resulting in a dramatic change of their local-

ization properties, can be induced. These predictions might

IV. CONCLUSIONS be verified, e.g., by photoemission spectroscopy, whose yield

) . is extremely sensitive to the existence and spatial distribu-

As has been shown, th-X intervalley mixing affects  (ons of SL surface states, so the layer-resolved photocurrent

significantly the surface electronic structure within the 5joys to identify excitations from individual SL layers in the
conduction-band energy range. In particular, the interbandpsyrface SL regiof?,*°

coupling leads to an increased number of SL surface states as
compared to the results of earlier models of noninteracting
bands. This is in accordance with recent photoemission stud-
ies from very-short-period GaAs/AlAs SL%E;* indicating

the existence of numerous surface-localized levels for such This work has been supported by the University of
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