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Electronic level structure and density of states of a terminated biperiodic superlattice
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Electronic level structure and density of staP©9) of a biperiodic superlatticESL), whose period consists
in general of two arbitrary wells coupled via two different barriére so-called double-well bagjgs inves-
tigated with emphasis placed on surface effects due to SL termination by a substrate or a cladding layer.
Special attention is paid to the possibility for surface states, i.e., the states confined to the SL/substrate
interface, to exist within SL minigaps. Dependence of their prope(ities the energy position and the degree
of localization on the choice of substrate is studied for various terminating configuratitapending on the
sequence of SL layers approaching the susfadean AlGaAs-based double-well SL. Surface-induced modi-
fications of extended states forming SL minibands are also discussed, indicating a possibility to arrange—in a
controlled manner—different local DO8.DOS) distributions at the SL end. This might have important
consequences for particular applications of biperiodic SL’s.

[. INTRODUCTION the end of a double-well SL are additionally explored in this
paper. To our best knowledge, this provides the first study of
The so-called polytype or complex-basis superlatticesurface-induced DOS maodifications in polytype SL's. Need-
(SL’s), composed of alternating layers of more than two dif-less to say, this might be of relevance for a variety of their
ferent materials, attract recently an increasing interest cor@pplications.
nected with the search for microelectronic devices of supe-
rior characteristics. When additional layers are introduced in Il. MODEL
each SL period, more degrees of freedom in engineering the

desired t' i1abl d 1o tvoical i The structure under consideration, as schematically de-
bgswe (tpropl)er es are o?vs"’lll,a ias compared to typical, "epicted in Fig. 1, is a semi-infinite double-well SL, described

inary (two-iayer perio S. AS a CONSeqUence, an un-;, yormg of g generalized Kronig-Penney-type of model ter-
usual electronic structure can be realizetiin particular, the

o . S . ; minated tential step representing a substrate or a clad-
ability to control the miniband and minigap widths indepen- ed by a pote b repres g a subs oracia

ding layer. The SL basis consists, in general, of four layers—

dently has proved to be of a great value for modeling infra-t o arbitrary wells coupled by two arbitrary barriers—

red photodetectors, electro-optic switches and modulators Wpelled withi=A B.C. andD. of thicknesses. . effective-
il H H l 1

a better performance, as well as for effective-mass filterinqnass valuesn. , and potential levels/;, correspondingly:
I I ]

and tuning of the tunneling curretit®’~*2 > : )
Electronic characteristics of a polytype SL might be, how'gtsr;tedA;rgl?nJ;tdecr: :Irje ?jtgggtsecfj(:t;;gﬁ dS\;/L period. The sub
ever, essentially modified by surface effects due to SL ter- P S

mination by a substrate or a cladding layer, as it happens for
binary SL's(cf. Refs. 13—15 and references thejeifio ad-
dress this problem, a general effective-mass approach, taking Electronic level structure of a system is calculated using a
into account the existence of surface stdies, the states general transfer-matrix formalism within an effective-mass
appearing within energy minigaps and confined to the SL/

. METHOD OF CALCULATION

substrate interfagein an arbitrary multilayer-basis SL, has ]V(Z)
been recently developttiand applied next to study the sur- - —Ve—
face electronic structure of a triple-constituent SL with the v Vo
so-called step-well bast.In the present paper, the energy ms mAfmz—|\mcij
spectrum of surface-localized states is investigated for the L vy
most commonly studied polytype SL, namely, the so-called | | Ve | T2
biperiodic SL, with a general double-well geometry of the dh dg dc b
complex basis. Selected surface-state wave functions are f  doublewell basis
plotted in order to illustrate their localization properties. (SLZ;r‘f’ace) z=dg,
Moreover, since termination of a binary SL affects sub-
stantially the extended states forming SL minibatds e.g., FIG. 1. Potential profile of a terminated biperiodic SL with a

Refs. 18 and 19 a similar effect is also expected in polytype general double-well basis consisting of two arbitrary wells coupled
SL’s. Therefore, the density-of-statéd830S) distributions at  via two different barriers. For notation, see the text.
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approximation, described in detail in Ref. 16. Within this Refs. 29 and 30 The main reason is that energetic positions

approach, the bulk dispersion relation as well as the energgf SL surface states, experimentally observed for AlAs-

expression for surface states can be derived—unfortunatelyerminated binary GaAs/AGa, _,As SL'’s (i.e., for xg=1),

no concise analytical formulas can be reached for a generalave been well reproduced by model calculations ugisgy

double-well basis, so the energy spectrum of the consideretthe abovdinear relation for the surface potential stép>>In

structure has to be entirely determined numerically. The readdition, the obtained surface electronic struct(ae Sec.

spective surface-state wave functions are also computed folV A) appears to be less sensitive to the exact height of the

lowing Ref. 16. terminating potential barrier foxg=0.5 as compared t®g
The DOS, in turn, is determined using a Green’s-function< 0.5—in this respect, the precise form of tig(xs) depen-

formalism within an interface response theory, originally de-dence for higher values of seems not to be that crucial for

veloped to study vibrational properties of SL's with multiple the present consideratidh.

layers per period® The closed-form expressions for local

DOS (LDOS), obtained in Ref. 20 for transverse elastic

waves, can be straightforwardly transposed—following Ref. A. Localized surface states

21—to treat electronic properties of biperiodic SL's within  The resulting surface electronic structure is presented in
an effectwe-mass_ approximation. This enables us to comput,eig_ 2. As can be seen, the SL has been designed to exhibit
LDOS as a function of both the electron enefgyand the 5 energy spectrum consisting of two minibands of a com-
space coordinate Therefore, the space-charge d|str|but|ons,parab|e width, separated by a relatively narrow minigap.

associated with the localized surface states as well as thgch 4 hulk band structure appears to be desirable for certain
extended states forming particular SL minibands, can be ilinfrared applications of biperiodic SL’s, as reported in Ref.

lustrated in a direct way. 3.
Due to SL termination, the energy levels appear also in-
IV. RESULTS AND DISCUSSION side the minigap regions, and they correspond to the states
localized at the SL/substrate interface, i.e., to the SL surface
For numerical calculations, the AlGaAs-based SL hasstates? As follows from Fig. 2, their existence and energy
been chosen, as it offers a possibility to realize and manipuposition within a minigap critically depend on the sequence
late a rich variety of potential profiles. More specifically, the of SL layers approaching the surface. In general, for the sur-
potential level and the effective-mass value of a particulaface potential step different from the SL barrier height, eight
Al,Ga _,As layer can be adjusted by the Al concentration nonequivalent terminating configurations of SL layers can be
e.g., according to the empirical relatiok’$x) =944x meV  distinguished. However, no surface states occur—within the
andm(x) = (0.067+0.08%)m,, m being the free-electron considered energy range—for the wider SL barfier., layer
mass(after Refs. 22 and 33Since, however, our attention is B) being in contact with the substrate. The remaining six SL
focused here on the effects introduced by the SL surface, thayer sequences result in distinct surface-state-energy curves
bulk SL parameters have been kept fixed. Consequently, alls a function oks (i.e., as a function o¥/s). It is interesting
the computations have been performed for a particular syso note that surface states corresponding to the substrate/
tem composed of GaAs wellge., Vo=V=0) of different DABC. .. and substratBlCBA. .. configurationsi.e., for
widths d,=40 A and dc=45 A, alternating with S| terminated at the narrower-barrier layer—cf. Fig.ate
Al sGay sAs barriers(i.e., Vg=Vp=472 meV) of different  almost insensitive to the substrate paramefefsFig. 2c)]
thicknesseslg=25 A anddp=15 A, which nevertheless and, therefore, seem to originate solely due to the SL poten-
constitutes a rather general example of a double-well Basis.tial truncation.
This choice of SL parameters enabled us to avoid, within the It should be pointed out, however, that particular surface
considered energy rang&complications in an adequate de- states differ not only in the energy position, but also in their
scription of minibands due to an indirect band-gap nature ofocalization properties, as clearly shown in Figs. 3 and 4. The
the ALGa _,As alloy for higher values ok. Indeed, as con- degree of surface-state confinement to the SL end can be
firmed by our recent pseudopotential calculatihsuch a conveniently measured by the rat® of maxima of its
biperiodic SL—as well as any two-component system, i.e.squared wave function in two subsequéealy., the second
A/B, A/D, C/B, and C/D binary SL’s—exhibits a direct and the first SL periods, thus describing the surface-state
band gap, the lowest conduction minibands are clearlyvave function damping towards the SL bulk. As an example,
I'-valley derived, while thd'-X intervalley coupling has a values ofR for surface states corresponding to the substrate/
negligible effect on the energy spectrum of intersste also ABCD... and substrat€/BAD. .. sequences are given in
Refs. 1, 27, and 28 Table 1, indicating a strong dependence of the localization
In contrast, the surface conditions—in particular, the terfactor on the surface level position relative to the bulk band
minating potential step/s—have been varied assuming a edges. To be more specific, surface states lying close to a
changeable Al concentratioxg in the substrate. Different miniband exhibitR<1, hence extend over several layers of
possible terminating configurations, depending on the sethe SL, while those well separated from the miniband edges
quence of SL layers approaching the surface, have also be&@ecome almost completely confined to the outermost SL pe-
considered. Th&/g(xs) =944xs meV dependence has been riod with R smaller than 0.1. This is illustrated in Fig. 3 for
used to determine the surface-potential-barrier height for the surface state corresponding to the subs#&B€D. ..
whole range ofxge[0,1], although other conduction-band configuration, emerging from the upper bulk miniband at
offset relations, taking into account terms quadratixy  xgs0.75 [cf. Fig. 2a)]. It is also in correspondence with
have been reported as more appropriatexfgr 0.5 (cf., e.g.,  similar findings for binary SL'$3-1°
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> | EROeANOPEPODNANANAAEEARERACANOAARAANATARATE schematically the underlying potential profiles.
g 1
G110 substrateZ BAD ... configurations. It can be concluded
L § f' . . . .
S INTANEENEEEEEEEERRRERRNNY that,_m general, surfa(_:e states localize pre_dommantly in the
S g0 terminating SL well(being the narrower or wider one for the
5 1 substratehBCD. .. and substrat€/BAD. .. sequence, re-
§ ' spectively. An interesting exception is seen, for instance, for

0.0 0.2 04 086 08 1.0 the substraté&yBCD ... case at 0.15x5=0.18, when the

Al CONCENTRATION x5 IN SUBSTRATE surface-state wave functions for both branches of the
surface-state-energy curve exhibit the most pronounced
maximum within the outermost-but-one SL well, i.e., layer
C, with Q>1 [cf. Table | and Fig. &)]. This is due to the
proximity of the lower bulk miniband, which originates from
the eigenstates of wider SL wells, i.e., is formed by the states
confined mostly to laye€. A similar behavior can also be
triangles and substrat&BAD. .. (open triangles and (c) noticed for the substral@DAB... sequence: The SL is

substratdd CBA.. .. (full squareg and substrat&/ABC. .. (open terminated then at the wider wellayer C), while two
squares Shaded areas correspond to SL minibands, while dashet?]ranCheS of the surface-state-energy curve appear near the

lines denote variation of the surface potential barrier heigiikg). ~ UPPer minibandcf. Fig. 2b)], originating from the eigen-
states of narrower SL well§ayer A). This results again in

In a double-well SL, however, surface states can be addisurface states confined predominantly to the outermost-but-
tionally differentiated in view of their spatial localization one SL well(layer A).
within the SL period. Indeed, they may be either selectively Another feature of the surface electronic structure of poly-
confined to one of the SL wells or distributed over the wholetype SL’s, which contrasts with binary SL'’s, is the possibil-
SL basis, as can be seen in Fig. 4. To describe the differeritty of surface-state existence for the substrate identical to SL
cases, the ratidQ of squared surface-state wave-function barriers(cf. Refs. 15 and 16 for a general discussion of this
maxima in the outermost-but-one and the outermost SL welkkffec). This pecularity is indeed seen for the considered bi-
(i.e., layer€—to—layerA or layerA—to—layercC; cf. Fig. 1) periodic SL, with well-defined surface states occuringat
has been introduced. In Table I, valueSpé&re collected for =0.5 for the substratABCD... as well as substrate/
surface states corresponding to the subs#®B€@D... and CBAD. .. configuration® (cf. Fig. 2. In should be empha-

FIG. 2. Surface electronic structure of a double-well
GaAs/Ab Gay As SL with d,=40 A, dg=25 A, dc.=45 A,
anddy=15 A, terminated by an &éGai_sts substrate with a
variable Al concentratiorxg, for different terminating configura-
tions of SL layers: (a) substrateéhBCD... (full dots) and
substrateéADCB. .. (open circle§, (b) substrateZ DAB. .. (full
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sized that the substrate identical to SL barriers often consti-
tutes the conditions preferred from the grower’'s point of
view, as only two different materials are used then to grow
the whole structure. On the other hand, such a particular SL
potential truncation, without perturbation of the outermost
SL period, is also interesting from the fundamental point of
view, being reminiscent of the so-called Shockley terminat-
ing conditions>* This paves a way for an experimental in-
(b) vestigation of the existence and properties of classical

Shockley-type surface states using a biperiodic semiconduc-
Q=1.03 tor SL, in a similar manner the Tamm-like states have been
observed—for the first time in their pure form—in AlGaAs-
based binary SL'§%23

-125

0 125 250 375
DISTANCE FROM SL SURFACE z (A) B. Density-of-states distributions
As can be expected, terminating the SL potential leads
also to a redistribution of extended states within SL mini-
bands. In general, the most pronounced DOS modifications
at the SL end are found whenever a surface-state-energy
curve emerges from the bulk miniband. To illustrate this ef-
8 ) L ™ fect, LDOS distributions have been comptﬂ%dor the
-125 0 125 250 . 375 substratehDCB. .. configuration and different substrate
DISTANCE FROM SL SURFACE 2 () parameters corresponding te<&s<0.5[cf. Fig. 2a)]. The
FIG. 4. Squared wave functiorigormalized to reach a maxi- resulting series of gray-scale LDOS maps over a few outer-
mum value of ] of surface states from the upper branch of amost SL periods is presented in Fig. 5.
surface-state-energy curve corresponding to the substrate/ As can be seen, the states forming the loqugpey mini-
ABCD. .. configuration of the considered biperiodic SL, for dif- band are always predominantly localized within widear-
ferent substrate parametefs) xs=0.20, (b) xs=0.18, and(c) xs  rowen SL wells, which is a purely bulk property of a bipe-
=0.16 [cf. Fig. 2a)]. Confinement factoiQ gives the ratio of riodic SL, related to the origin of particular minibangdsulk

—125

maxima in the outermost-but-one and the outermost SL (ell,  DOS features of SL's with different geometry of a complex
layer-C—to—layerA). Dashed lines depict schematically the under- pasis are thoroughly discussed in Ref).3Bor xg=0.5 [cf.
lying potential profiles. Fig. @], when no surface states exist for the substrate/

ADCB. .. configuration[cf. the open-circle curve in Fig.

TABLE |. Localization properties of surface states f@ substrateABCD... and (b) substrate/
CBAD. .. terminating configuration of a double-well GaAsjABa, As SL withd,=40 A, dg=25 A,
dc=45 A, anddp,=15 A, for different Al concentratioxs in the substrateEgg stands for the energy of a
surface statéin meV), R gives the ratio of maxima of the squared surface-state wave function in the second
and first SL periods, whil& denotes the ratio of maxima in the outermost-but-one and the outermost SL
well. Upper(lower) row corresponds to the upp@ower) branch of the respective surface-state-energy curve
(cf. Fig. 2.

(@
Xs 010 016 018 020 030 040 050 060 070 072 0.74

Ess 76.89 91.46 93.06

100.90 101.55 103.13 112.02 117.82 12155 123.90 12512 12524 125.31
R 0002 0113 0507

0.878 0.385 0.194 0.077 0.099 0.165 0.308 0.624 0.724 0.836
Q 0.024 0393 1.254

3.345 1.030 0.372 0.032 0.008 0.00 0032 0116 0.147 0.185

Xs 0.10 0.20 0.24 0.26 0.34 0.36 0.40 0.50 0.60 0.80 1.00

Ess 70.20 88.08 9157 9271

101.04 101.52 102.75 105.61 107.79 110.79 112.72
R 0.001 0.027 0.120 0.304

0.627 039 0.219 0.115 0.091 0.078 0.077
Q 0.008 0.045 0.109 0.202

0.120 0.054 0.016 0.000 0.009 0.021 0.033
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FIG. 5. LDOS distrbutions for the substradé¥CB. .. configuration of a double-well GaAs/Ga,sAs SL with d,=40 A, dg
=25 A, dc=45 A, anddp=15 A, terminated by an AlGa, , As substrate with different Al concentratios: (a) xs=0.5, (b) Xs
=0.4,(c) xg=0.3,(d) xg=0.2, and(e) xs=0.0. The space coordinazemeasured from the SL/substrate interface=aD, ranges over four
outermost SL periods. Dark- and light-gray areas correspond to high and low values of LDOS, respectively.

2(@)], the LDOS distribution takes—inside both pelled by one period towards the SL bulk, taking again an
minibands—arunperturbedshape(cf. Ref. 39, characteris- unperturbed shagef. Fig. 5d) vs Fig. 5a)]. In such a case,
tic also for binary SL'’s terminated by a substrate identical tothe outermost double-well basis appears to be decoupled
SL barriers'®® More specifically, in the vicinity of the SL  from the rest of an otherwise undisturbed semi-infinite SL,
surface LDOS vanishes at the miniband edges and exhibitswaith the LDOS distribution of the whole system resembling
smooth maximum in the middle, whereas in the subsequera simple superposition of distributions corresponding to the
SL periods it shows more and more oscillations within eachoninteracting subsystems.
miniband, reproducing finally, deep inside the SL bulk, a Finally, for xs<=0 the substrate becomes identical to SL
typical divergent behavior at the band edges, in accordanogells, so the substra®DCB... configuration coincides
with one-dimensional van Hove-like singularities. with the substrat€ CBA ... one and the actual SL surface
Already for xg=0.4 [cf. Fig. 5b)], however, a noticable is shifted by nearly half a SL period with respect to its origi-
rearrangement of states—in particular, an energy shift ohal position az=0 [cf. Fig. 5e)]. Moreover, since the con-
LDOS maxima in the subsurface SL layers—takes placeluction band lies now entirely above the surface-potential
within the upper miniband, being associated with the formabarrier, surface states start to interact with the continuum of
tion of a surface state near the band edge. Essentially thstates of the substrate. As a result, they cease to exist as truly
same happens to the lower miniband fqy=0.3 [cf. Fig.  localized discrete levels, but the corresponding LDOS distri-
5(c)] as a result of the second branch of the surface-statdsutions may still exhibit well-defined features, characteristic
energy curve emerging below this minibafef. Fig. 2a)].  for surface resonances. Such a resonance, located above the
Furthermore, since the upper surface state becomes alrealiyver miniband and confined predominantly to the outermost
well localized forxg= 0.3, a deficiency of states forming the SL well (i.e., to layerC) can be clearly recognized in Fig.
upper miniband is observed within the outermost SL period5(e). It is interesting to note that its energy position almost
in correspondence with similar findings for binary SE*s®  coincides with that of a surface state appearing for the
This effect, reflecting the charge conservation rule, is evesubstratef BAD. .. sequence and the substrate identical to
more pronounced faxg=0.2[cf. Fig. 5d)], when both sur-  SL barrierg[cf. Fig. 2b) for xs=0.5]. It means that actually
face states are almost completely confined to the subsurfatke same surface state/resonance originates while terminating
SL period, while the LDOS within both minibands is re- the SL at layerC either by a semi-infinit§substratg or a
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FIG. 6. LDOS distributions of a double-well GaAsiAGa, As SL withd,=40 A, dg=25 A, d.=45 A, anddp=15 A, terminated
by an AlAs substrate, for different configurations of SL layéas:substrateABCD. . ., (b) substrateADCB.. . ., (c) substratdd ABC. . .,
(d) substratddCBA. . ., (e) substrateZ DAB. . ., (f) substratef BAD. . ., (g) substratddCDA. .., and(h) substratdd ADC. ... The
space coordinate, measured from the SL/substrate interface-a0, ranges over four outermost SL periods. Dark- and light-gray areas
correspond to high and low values of LDOS, respectively.

finite-width (layer D) barrier of the same height. This sup- miniband for 0.1Zxg<0.22 [cf. Fig. 2a)], even slight
ports a conclusion of Sec. IV A that it indeed occurs solelychanges to the substrate composition within this narrow
due to the SL potential truncation. It should be stressed herange dramatically influence the space-charge distribution at
that the possibility of formation of well-defined surface reso-the SL end. Pronounced LDOS modifications are addition-
nances is a unique feature of semi-infinite SL's withally seen for the SL terminated by a substrate identical to
multilayer basis, as they never occur in terminated binaryeither SL wells or SL barriers.
SL's1® For completeness, differences in DOS characteristics for
Similar LDOS perturbations have been, in fact, also no-various possible configurations of SL layers have been ex-
ticed for the substratdBCD . .. terminating configuration. amined for fixed substrate parameters. Results obtained for
Then, however, because of a surface state crossing the lowtrte AlAs substratéi.e., forxs=1) are presented in Fig. 6. It
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is clear that the LDOS distribution near the SL surface criti-the outermost SL well layer, which is also never the case in
cally depends on the type of layer by which the SL sequencstandard SL's.

ends. Indeed, a direct comparison of Figéa)6and Ge), Owing to some peculiarities of surface-localized levels as
Figs. @b) and &f), Figs. &c) and &g), or Figs. &d) and compared to SL bulk states, their presence might have im-
6(h), respectively, indicates that adding half a SL periodportant consequences for various optoelectronic characteris-
modifies quite substantially space-charge distributions at thécs of double-well SL’s, as it happens for binary SEs.
SL end by affecting the surface-state existence condifea  Therefore, the existence of surface states in biperiodic SL's
also Fig. 2. As a matter of fact, only SL's terminated at and an opportunity of tailoring their unusual properties mer-
layer B (i.e., when the wider barrier is in contact with the its further theoretical and experimental investigation. Having
AlAs substrate exhibit unperturbed LDOS characteristics in mind different applications of double-well SL'’s, the indi-
within both minibandgcf. Figs. &g) and h)]. This should cated possibility to arrange various LDOS distributions at the
be taken into account when considering specific applicationSL end is also of considerable interest. To be more specific,

of double-well SL'’s. by an appropriate choice of terminating conditions, the spa-
tial overlap of states forming particular SL minibands can be
V. CONCLUDING REMARKS tuned in the subsurface SL region, hence the corresponding

~_interminiband optical transition rates can be modified in a
As has been shown, the energy spectrum and localizatiofontrolled manner.

properties of surface states of a biperiodic SL, as well as the
corresponding LDOS distributions, critically depend on the
choice of substrate and the configuration of SL layers ap-
proaching the surface. In particular—in contrast with stan- We would like to thank Dr. El Houssaine El Boudoulti
dard (i.e., binary SL's—surface state@esonancescan ap- from the University of Oujda, Morocco, for providing us
pear while terminating a double-well SL by a substratewith a code for density-of-states computations. One of us
identical to SL barriergwells). Furthermore, they can be (R.K.) gratefully acknowledges support by the University of
predominantly confined to the outermost-but-one rather thakliVroctaw within the Grant No. 2315/W/IFD/99.
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