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Localized electronic states of a terminated superlattice with a defect in the subsurface region

A. Kaczyrski, R. Kucharczyk, and M. Ssticka
Institute of Experimental Physics, University of Wroctaw, plac Maksa Borna 9280 Wroctaw, Poland
(Received 2 October 1998

A Kronig-Penney-type model has been generalized to describe a semi-infinite Gg@a/AlAs superlat-
tice (SL), terminated by an AlGa,_,As substrate, and containing a singielefect in the subsurface region.
Analytical expressions for the energy of localized states, appearing inside the minigaps, have been derived
using a direct multimatching procedure within an envelope-function approximation. Numerical computations
of the electronic structure have been performed for varidbtiefect position with respect to the SL surface
and different—modelistic as well as realistic—values of &function potential strength. Various SL surface
conditions, corresponding to the terminating potential barrier higher, equal, and lower than the SL barriers,
have been considered. The obtained results indicate that both the energy spectrum and space-charge distribu-
tions of localized states can be tailored by an appropriate choice of the SL surface coridiiopsrameters
of the SL/substrate interfagand the parametefthe strength as well as the positjaf the inserteds defect.
[S0163-182699)08307-1

I. INTRODUCTION applied. The corresponding potential profile is schematically
plotted in Fig. 1. SL well and barrier layers are of thick-
In the past decade, an otherwise extensive field of renessesa and b and effective-masses, and m,, respec-
search of electronic properties of superlatti¢&d’s) has tively, while V,, stands for the SL potential barrier height. SL
been enriched by considering the effects of various SL pois terminated by a step potenth} representing the substrate
tential perturbations. In particular, a SL termination by awith an effective-mass,.
substrate or a cap layer has been taken into account and the The additional impurity is represented by &function
consequent occurrence of SL surface stdtes, the states potential of strengtip. On the one hand, this kind of poten-
lying within energetic minigaps and confined to the SL/tial reflects in the simplest way the fact that the inserted
substrate interfagehas been predicted theoreticdlif and  defect is spatially strongly localized, while, on the other
shown experimentally=8 In a series of paper&ee, for ex- hand, enables an analytical handling of the problémhe
ample, Refs. 9-12 and references thereisurface-state parametep is considered to be either positivas in Fig. )
properties have been thoroughly studied and some peculiar negative, which corresponds to the repulsive or attractive
features of SL surface states, making them interesting fointeraction, respectively. The impurity can be located at an

specific device applications, have been notited. arbitrary distancej from the SL surface.
On the other hand, SL structures with spatially localized
defects, such as fluctuations in SL layer thicknesses or the lIl. METHOD OF CALCULATION

so-called § defects (i.e., intentionally inserted impurities
confined to a single monolayehave been investigated fora  In the present paper, we restrict ourselves to investigate
variety of purposessee, for example, Refs. 15—29 and ref- the appearance and properties of electronic states occuring
erences therejn Such perturbations of an otherwise perfectwithin the energy minigaps and being confined to the sub-
SL substantially modify its optical and transport surface region of the SL. The calculations are performed
characteristics1'=20262%9nd in particular, may give rise to
the appearance—inside energy minigaps—of discrete states  v(z)
localized at the defect sitg:242>2 p
In reality, the impurities are introduced in terminated
SL’s, hence both the above-mentioned perturbations of the —V ——
SL potential are simultaneously present. If the defect is lo-

cated close enough to the SL surface, a strong interaction Vi

between the impurity-induced and surface states should oc- mg Imo| m, Me me

cur, similarly as it happens for nearly-free-electron metals.

The aim of the present paper is to explore this effect in SL's e

N

by investigating the energy spectrum as well as space-charge (l) I | b
distributions of all localized states. 9 @ at

FIG. 1. Potential profile of the structure under consideration.
Il. MODEL Semi-infinite SL is described by a generalized Kronig-Penney-type
model, terminated by a potential step representing a substrate. The
To describe a semi-infinite SL with & defect in the sub- defect, located in the subsurface SL region, is represented by a
surface region, a generalized Kronig-Penney-type model ig-function potential. For notation, see the text.
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FIG. 2. Influence of theS-defect location relative to the SL surfageon the energy spectrum of localized stateslid lineg appearing
in the vicinity of the lowest minibandshaded arésfor a semi-infinite GaAs/AJ,Ga, As SL witha=b=40 A, terminated by a substrate

with (a) y=1, (b) y=0.65,(c) y=0.55,(d) y=0.4, and(e) y=0.2. Thes-potential strength is fixed gt= + 0.02. Zero of the energy axis
corresponds to the bottom of GaAs conduction band, i.e., the bottom of SL wells in Fig. 1.

using the direct multimatching procedure within an matching, at the SL surface, to the exponential function de-

envelope-function approximation. caying into the substratdor z— — «).
As a first step to obtain the energy expression for local- The next step is to matcl(z) and ¢,(z) at z=q (the
ized states, we construct the wave functignéz) andi,(z), position of thed defec}, using the following continuity con-

appropriate for regions to the right and to the left of the ditions

defect, respectively. The wave functiofy(z) is a linear

combination of sine and cosirter: hyperbolic sine and hy- ()=, (q) (1a
perbolic cosing whose coefficients are determined by

matching, at the nearest right-hand-side well/barrier interand

face, to the appropriate SL Bloch wave function. The latter

has a required decaying character into the (8t z— ), 1 (Q)— ¢ (q)=2m* pey(q), (1b)
since the Bloch wave number is complex within the mini-

gaps(cf. Refs. 4 and 111 The wave function/;(z) is againa wherem* equals tom, or m, depending on whether thé
combination of trigonometri¢hyperbolig functions, but this  defect is located inside the well or barrier layer. From the
time the coefficients are obtained from a multiple matchingrequirement that nontrivial solutions of E@.) exist, the en-
at the left-hand-side well/barrier interfaces, with the finalergy equation for localized states can be obtained.
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FIG. 3. Squared wave functions of localized states correspond- FIG. 4. The same as in Fig. 3, but fpr=0.65[cf. Fig. 2b)]: (a)

ing to p=+0.02 andq=260 A (i.e., § defect located in the middle
of the fourth SL well for y=1 [cf. Fig. 2a)]: (a) higher-energy
state withE=127.7 meV;(b) lower-energy state witle=123.2
meV.

To be more specific, fob defect located within the out-

ermost SL well (6<g<a), this expression takes the follow-

ing form:

2mgp .
k, L[SN(kad) G codkaq) {S(E)sin(kaq)

+ K cogky(a—q)]sinh(kyb)

+ sinka(a—q)]costikyb)}

+K[cogk,a)— G sin(k,a)]sinh(k,b)

+[sin(k;a) + G cogk,a)]coshk,b) —GSE)=0,

2
where  K=(komp)/(kymy), G=(kamg)/(ksmy), Kj

=y2muE, ky=+v2my(V,—E), and ks=+2m¢(V;—E),

while

S(E)=B(E)=yB?%(E)—1, ®)
with
B(E)= cod k,a)coshkyb)
+ %(Kfl— K)sin(k,a)sinh(kyb) (4

higher-energy state witle=123.3 meV;(b) lower-energy state
with E=122.9 meV.

For the § defect inserted in successive SL layers, the energy
equations for localized states have also been derived in a
similar way, however, they can no longer be expressed in
such a concise form.

IV. RESULTS AND DISCUSSION

Numerical calculations have been performed for
o-defected GaAs/AlGa, _,As SL’s terminated by an
AlyGa _ As substrate. To reduce the number of variables,
the widths of SL layers and the concentration of Al in SL
barriers have been fixed at=b=40 A andx=0.4, which
leads toV,=377.6 meV,m,=0.067, andn,=0.1102. This
set of bulk SL parameters results in a rather narrow first
miniband ranging from 108.9 to 118.8 meyiote that all
energies are relative to the bottom of GaAs conduction band,
i.e., the bottom of SL wells in Fig.)1

To examine the interaction between the impurity-induced
and surface states, th&defect position relative to the SL
surfaceq has been varied within a few subsurface SL peri-
ods, while thes-potential strengttp was kept constant. To
follow the most characteristic features of localized states,
two values of the parametgrhave been assumed, namely,
p=0.02, which is a rather modelistic value, apd=0.2,
which corresponds to deep-center defects in semiconductors,
with ionization energies reported in Ref. 31.

For the case 0p=0.02, the energy spectrum of localized

being the right-hand side of a standard SL bulk dispersiorstates appearing in the vicinity of the lowest miniband is

relation (see, for example, Ref. 16In Eq. (3), minus and

plus correspond to even and odd minigaps, respectfvély.

shown in Fig. 2 for different concentratiorysof Al in the
substrate, simulating various surface conditions with the ter-
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FIG. 5. The same as in Fig. 2, but for tidepotential strength  in their “mixed” character, as follows from the shape of the
p=+0.2 and surface conditions correspondingapy=1 and(b) corresponding wave functions, possessing two distinct
y=0.2. maxima at the surface and the defect sité Fig. 4 fory

=0.65 andg=260 A). For the § defect approaching the SL
minating potential step higher, equal, and lower than the Slsurface, the wave function of the remaining localized state
barriers. takes again the form of that of Fig(s88. Consequently, by

As can be seen in Fig.(@, for y=1 the distanceq varying the §-defect position relative to the SL surface, the
=3(a+b)=240 A is already large enough for thiedefect  space-charge distributions associated with particular states
and the SL surface not to influence each other. Therefore, thean be manipulated. It should be noticed that when the dif-
upper curve does not depend grand represents the energy ference between the surface and SL potential barriers de-
of a surface state of an impurity-free SLe., surface state creases, but is still large enough to generate a surface state
appearing in the model of Fig. 1 with=0). On the other (in our case,y=0.5), the lower-energy state appears for
hand, the lower energy curve exhibits thelependence co- larger and larger values af [cf. Figs. Za)—-2(c)].
inciding with that for a single5 defect inserted in an infinite Fory close tox and, in particular, foy =X, surface states
SL. Wave functions corresponding to both states are preAever occur in a terminated impurity-free Skee, for ex-
sented in Fig. 3 fog=260 A (i.e., for thes defect located in ample, Ref. 11 Consequently, the spectrum of the SL with
the middle of the fourth SL welland they clearly do not a & defect consists of one state orlgf. Fig. 2d) for y
overlap. When theS defect is located closer to the SL sur- =0.4], whose wave function resembles that of Fig)3
face, the respective wave functions start to overlap, but the Wheny is smaller tharx (y=<0.35), a surface state ap-
character of the spectrum does not really change to aipout pears below the miniband, while the impurity-induced state
~(a+b)=80 A. For thes defect lying within the outermost still exists above the minibar(@f. Fig. 2e) for y=0.2]. As
SL period, the impurity-induced state merges into the mini-expected, the two localized states almost do not interact with
band, while the wave function of the remaining state has theach other and their wave functions coincide with those
same form as that of Fig.(8. shown in Fig. 3.

When the differencey(—x) becomes smaller, the upper  Consider now the case pf=0.2, with the most represen-
curve moves towards lower energies, and thus, for largéative results presented in Fig. 5. As can be seen, the
enoughg, intersects the lower curve, as is illustrated in Figs.g-dependence of the impurity-induced-state energy is now
2(b) and Zc) for y=0.65 andy=0.55, respectively. The much more pronounced, which leads to the intersection of
presented plots indicate that any intersection of curves exhitdoth energy curves already fgr=1 [cf. Fig. 5a)]. Fory
its a typical anticrossing feature. Fgrclose to the crossing =0.2, the energy spectrum is similar to that of Fige)2
points, the interaction of both states is strong, which resultexcept for the maximum of the lower curve occuring now,
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within the outermost SL well, above the minibafef. Fig.  be more specific, the energy spectrum of localized states as
5(b)]. well as their space-charge distributiofthe latter follows
Finally, the computations have also been performed fofrom the analysis of the corresponding wave functjargi-
negative values of thé-potential strengtlp (i.e., for an at- cally depend on both the SL surface conditigins., param-
tractive impurity. It has been found that the energy spectraeters of the SL/substrate interfacend the parameterghe
of localized states fop<<O exhibit, in principle, the same strength as well as the positipof the inserteds defect. In
features as those fgr>0. For example, the spectrum fpr  general, two localized states—one due to the SL termination
=-0.02 andy=1 (y=0.2) is, in fact, a mirror reflection, (surface statewhile the other generated by the presence of a
with respect to the miniband center, of that for=+0.02 & defect(impurity-induced stae—can appear; in particular,
andy=0.2 (y=1) [cf. Fig. 6a) vs Fig. 4e) and Fig. §b) vs  both of them may occur in the sanigigher or loweJ mini-
Fig. 2@)]. gap, or the spectrum may consist of one localized state in
each of the considered minigaps. The energy spectrum may
V. SUMMARY also be reduced to only one, impurity-induced state. In each
case, the energy position of all localized states can be arbi-
A Kronig-Penney-type model has been generalized to detrarily shifted within the minigaps.
scribe a semi-infinite GaAs/fBa _,As SL, terminated by Finally, it has been shown that the localized states may
an AIyGai_yAs substrate, and containing asin@leiefect in exhibit a “pure” or “mixed” character, depending on
the subsurface region. Analytical expressions for the energyhether the corresponding wave function has one pro-
of localized states, appearing inside the minigaps, have begfbunced maximum, either at the SL surfatpure” surface
derived USing a direct mUItimatChing prOCEdUre within anstate or at thes-defect Sitd“pure” impurity_induced Sta’[é’
envelope-function approximation. Numerical computationsgr two distinct maxima at both the SL surface and the
of the electronic structure in a V|C|n|ty of the lowest mini- defect(“mixed” State)_ Thus, the Space-charge distributions
band have been performed for variabedefect position associated with localized states can be manipulated. We be-
with respect to the SL surface and different—modelistic asjeve that these particular properties of the considered
well as realistic—values of thé-function potential strength.  s.doped SL’s might be essential with respect to their specific
Various SL surface conditions have also been consideregevice applications.
with the terminating potential barrier higher, equal, and
lower than t.he SL barrie_rs.. _ _ ACKNOWLEDGMENTS
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