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The electronic structure of a semi-infinite complex-basis superlatBte with N layers per period is
investigated, with emphasis placed on the effect of the SL suffaxzethe SL/substrate interfacéhe bulk
dispersion relation as well as the energy expression and existence condition for surface states are derived using
the transfer-matrix method within an envelope-function approximation. Some common properties of a sym-
metric termination of the SL potentiéle., when the substrate is identical to the last layer of the SL basis
discussed and it is shown that—contrary to binary SL’s—surface states can appear in complex-basis SL'’s also
without perturbing the SL potential at the surface. These general results are illustrated by application to
GaAs/ALGa _,As SL'’s with four-layer(two-well and two-barrierbases[S0163-182807)01640-§

[. INTRODUCTION Using SL’s with a complex basis offers another opportu-
nity for the surface-state occurrence. In our previous p&ber,

Recent advances in epitaxial crystal-growth technique# particular case of such a SL, namely, the two-barrier basis
led to an experimental realization of the idea of polytypeSL, was investigated, and it was shown that—contrary to
superlattices(SL’s), initially proposed in Ref. 1. Conse- binary SL’s—surface states can appear also without modify-
quently, in the last decade, semiconductor superlattices witfd the outermost SL periothe so-calledsymmetric termi-
the so-calleccomplex basis.e.,N layers per period>2),  hationof the SL potential .
have been intensively studied both theoreticaflyand To study this problem in a more comprehensive way, here
experimentally:®~*4The motivation for such a study is based We consider a terminated SL witl layers per period. The
mainly on the following reasons. Polytype SL's provide bu]k dlspersmn.r_elatlon as well as the energy expression and
more degrees of freedom when engineering the electronigXistence condltlpn for surface states are_der_lved, and some
structure as compared to typical, i.e., bindtwo-layer pe- common prope_zrtles of a symmetric termination of _the SL
riod) SL’s. In the latter, there are, in fact, three variablespOtent'a_l are discussed. These general res_ults are illustrated
only, namely, the thicknesses of the wells and barriers an8Y application to GaAs/AlGa _,As SL's with four-layer
the barrier height. When additional layers are introduced irftwo-well and two-barrierbases.
each SL period, more parameters are available, so an unusual
electronic miniband structure can be obtained which is of a || MODEL OF N-LAYER BASIS SUPERLATTICE
great value for modeling electrooptic devices with desired
properties. To be more specific, a possibility of controlling The considered structure, as shown in Fig. 1, is a semi-
the miniband and minigap widths independently offers sevinfinite, periodic sequence of SL cella€0,1,2,..) termi-

eral important applications including infrared photodetectorsnated by a semi-infinite homogeneous medium, representing
effective-mass filtering, and tunning of the tunnelingthe substrate. Each SL cell consists Mflayers with the

current®”11 corresponding thicknessels, potential height&/; and effec-

On the other hand, advanced growth techniques enabldive massesn; (j=1,2,..,N); D=d;+d,+--+dy stands
experimentalists to create and study a prescribmeernal  for the SL period. The respective substrate parameters are
surface(i.e., the SL/substrate interfacam a very controlled ~denoted byVs andmg. A similar model has recently been
manner in binary SL'$>7*8In particular, this resulted in the applied to study the vibrational properties of a terminated
first observatiof? of a surface state in its pure form, i.e., as acomplex-basis SE?
single quantum state, in accordance with a classical paper by

19,20 17,21-27
Tamm># It has also been fourtd” that the neces- .. GENERAL FORMALISM
sary condition for such a surface state to exist in a terminated
binary SL is either the surface potential barriee., the sub- Throughout the paper, the transfer-matrix method within

strate potentialto be sufficiently higher(lower than the an envelope-function approximation is used, as it seems to
barriers inside SL or the outermost SL well to be sufficientlybe most suitable for treating a general case of Nhmyer
wider (narrowej than the interior ones. basis SL. As a first step, the bulk dispersion relation is de-
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(:=0) S=KntHNKN HN- 1. HoK G TH Y. (5

FIG. 1. Potential profile of a semi-infinite SL witd layers per  SinceK ., ;=K [cf. Egs.(3) and(2), and Fig. 1, then
period. For notation, see the text.

S:KIlANAN_l...AzHl, (6)
rived. For this purpose, we consider the SL as presented in_ . . .
Fig. 1, but consisting of amfinite sequence of cells. Next, With A;=H;K; * having a simple form
the effect of an internal surface is taken into account in a 1
semi-infiniteSL, and the energy expression as well as exis- A :( ¢ F SJ) j=1,2,..N @
tence condition for surface states are obtained for an arbi- Fisi ¢ /)’ e

trary terminating medium. wherec;=coshg;d;) ands;=sinh(g;d).

Combining the Bloch theorem
A. Infinite superlattice

The wave function in the layej of the celln can be AN+1) — Al)eikD ®)
written as Bn+1/ \Bi
w(n’j ,Z) :[A]'e_ ajzy BjeajZ]eiknD' (1) with Eqg. (4) leads to
where . A
(s—e'kD|)(Bl) =0. 9)
1 1
== \2m{(V,—E): _ o _
Y% 2m;(V;—B); The requirement for nontrivial solutions of E() reads
E is the energy of an electrork is the SL Bloch wave de{S—e'kP||=0, (10)
vector, andA; andB; are constants. )
Applying the so-called Bastard’s boundary conditffié  or, equivalently{cf. Eq. (6)],
to the wave function of the form of Edql) at the interface —
between layers andj+ 1 results in defTy, . .n—e"?1[=0, (11
e (112 ajd; e(1/2) ajd; ) A-) where
- (1/2) a;d; 12) a;d;
—Fje W2 af Rt o]l B, Ti, N=ANAN-1-- A4 (12
[ eMAendin e Majradinn |\ (A has been introduced as a particularly useful form of the trans-
T =FjetP et o em WAeadialig )0 fer matrix.

5 Thanks to a simplicity of Eq912) and(7), the elements
2 of matrix T,y can be given in a closed analytical fofsee
which can formally be written, for any=1,2,..,N, as also Ref. 29, namely,

> Fiv Fives FjN72p+2

(T1)1,. N= Ci Ci_...C; S; S; ...S (133

DS ; 11712 IN-2p°IN-2p+17IN-2p+2 INE. ) ] )

- Al Zie> e >in-2ph p p+ p+ F]’\F1 in_s In-zpi1
{in-2p+1>IN-2p+2> >IN}

2 Finoa Fincs FJN—2p+1

(T121, . N= Ci Ci....C; S .S .S

""" Lo ’ 11712 IN=2p—17IN-2p IN=-2p+1 IN F. ) . )

Alr>i2> > iN-2p-1} P P P FJN I:JN—z FJN72p+2 In-2p
{in-2p>IN-2p+1> >IN}

. (13b
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(To)1 N= CiCi...C s s s Fin T I:ijzpﬂF (130
2V1,..NT ) J17ia  “iN—2p—1"IN—2p 0N “OINE. ) in—2p’
_{11>12_>"'>JN—2p—1} 12 N-2p-1 IN-2p IN-2p+1 NFJNfl FJN—3 FJN—2p+1 N=2p
{in—2p>in-2p+1>" >IN}
FJN—l FjN—s FiN—2p+1
(T22)1,.N= o E . Ci1Cin Cin_pSin-aps+15in_2p+2 - Sin E. U E ' (130
R Eg P N T in Tlin-2 IN-2p+2
{in—2p+1>iN—2p+2> >IN}
|
Each sum contains™2'! different terms and, e.g., the first 72
term in summation in Eq(13a or (13d), corresponding to Fs=—2m As.
S

p=0, should be understood agcy_;...C.

From Eg.(11) one can obtain, using the unitary property Eliminating B; from Eq. (16) yields the ratio ofA; to B :
of matrix T,

o Ap Fi—Fs

cogkD)= 3 [(T1D1, N+ (T2, Nl (14 By FitFs

Equation (14) stands for the bulk dispersion relation This ratio, however, is also determined by &9), viz.
E=E(k) for a complex-basis SL wittN layers per period.

e 10, 17

Taking advantage of Eq€13), the right-hand side of Eq. Ai: _i'kDSL- (18)
(14) can be explicited in a closed forfof. Refs. 5 and 18 Bi -5y

which_, hqwever, is too complicated fqr further .analytical Equating the right-hand sides of Eq47) and (18) leads to
handling in the case of a general multilayer baés par- o dispersion relation for surface states:
ticular bases see Sec.),Vso Eq.(14) has to be solved

numerically®? In particular, the miniband edges can be found _ F,+F
by equating the right-hand side of Ed.4) to +1. e*P=g,+ SE —F
For any solution of Eq.(14), the corresponding wave !
function can also be obtained. Indeed, E3).gives the ratio A more symmetric form of the surface-state-energy expres-
A,/B;, which—assumingA, to be a normalization sion can be obtained by combinief® ande P [cf. Eq.
constant—yield®,, while all the remaining coefficients; ~ (19)], and taking into account the bulk dispersion relation

S

g1, (19

S

andB; (j=2,3,..,N) can be calculated from Eq2). [cf. Eq. (14)]. It reads
N . F,+F F,—F
B. Semi-infinite superlattice _ S aagdy S a—aqdy—
) o S St S T € Sap e 0
The wave function of a surface state can still be written, (20)

inside the SL(z>0 in Fig. 1), in the form of Eq.(1). The SL _ )
Bloch wave vector k, however, is now complex Replacing the elements of the mat8y those of the matrix
(k=ip+17/D, ©>0,1=0,+1,+2,...) toensure a decay- I1..n [Ccf. Eqs.(6) and(12)] results in the following energy
ing character ofy(n,j,z) toward the SL. Obviously, the expression for surface states of an arbitrarily terminated
wave vector satisfies the bulk dispersion relation given byN-layer basis SL:
Eq. (14). 5

In the substrate regiofz<<O in Fig. 1), the corresponding Fs(Taa)1, NFFL(Ti1, N~ (T2, = (T21)1, n=0.
wave function is (21)

@ Since for a surface stateis complex, the inequalit
Ys(2)=Be, (15) P qualty

where lekP|<1 (22

1 must hold to ensure a decaying character of the surface-state
= 2m(V—E). wave function toward the SL. Taking into account Ef9)
*"h s(VsE) and remembering that satisfies Eq(14) this leads to the

. . following necessary condition for a surface state to exist:
Bastard’s boundary conditions applied to the SL and sub- g y

strate wave functions at the internal surféze 0 in Fig. 1 I(Too)r n—Fs(Ti)1 nl>1. (23)
give
In other words, the validity of E23) should be checked for
0 1\/o e(1/2) a;dy e (M ardy \ /A, any solution of Eq(21) to assure that it corresponds to the
0 F (Bs) =\ _ Fle(1/2) ayd; F.e (112) aldl) ( Bl)’ true surface-state energy.
S (16) Using the explicit expressions folr ), ., i,j=1,2[cf.

Egs.(13)], both Egs(21) and(23) can be written in a closed
with form. In the case of a general complex bada particular
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bases, see Sec.)Vhowever, they can be hardly handled provided the existence conditigiq. (29)] is satisfied. The

analytically and numerical calculations have to be perdatter, however, does not reproduce the surface-state exis-

formed. tence condition for theN— 1)-layer basis SL terminated by
The surface-state wave function can also be constructethe substrate with/y, and my [cf. Eq. (23)], as it can be

Assuming agairA; to be a normalization constant, E4.6) rewritten as

givesBg and B, while Eg.(2) yields all the remaining co-

efficientsA; andB; (j=2,3,...N). [(T21, N1~ Fa(T1D1, 1] >N, (30

indicating a strong dependence dg. In particular, fordy
large enough, Eq(30) is never satisfied, so surface states
cannot appear.

The termsymmetric terminatiorof the SL potential is Generally, however, we can conclude that—contrary to

coined here to describe the case of the substrate being ideinary SL's—surface-state occurrence is possible in
tical to the last layer of the SL basis. It meams=my and m_ult|layer ba5|§ SL’s termmateq in a symmetric way, i.e.,
V,=Vy, (cf. Fig. 1) and, consequentlyy,= ay andF¢=Fy. without perturbing the SL potential at the surface. Moreover,

Then Egs(21) and (23) become as long as the surface state exists, its energy is independent
of the thickness of the last layer forming the SL basis when-
Fﬁl(le)ly_”‘NﬁL FNI(T1D1. n—(T2)1. N —(Top)1. . n=0 ever this layer is identical to the substrate.
(24 This striking property can be related to the specific shape
of the surface-state wave function in such a case. Indeed,

IV. SYMMETRIC TERMINATION
OF SUPERLATTICE POTENTIAL

and following the prescription given in Sec. Il B witlxg= ay
[(T22)1, . .n—Fn(T121, N> 1, (25 ~ andFs=Fy one arrives at
respectively. An={FR(T) 1 N1 P FNL(Ti) 1, -1 (o, 1]

From Eq.(12) it follows that
Tl,...,N:ANTl,...,Nflv (26)

which, taking into account the explicit form of matri [cf.

Eq. (7)], leads to the following set of equations relating the BN:{Fﬁ(le)l,...,Nfl"i_ FaL(Ti)1, n—1t (T n—1d
matrix elements off;  \ to those ofT;  n-_1: d

+(T2p)1,.. . N—1}E"NNBs. (31b

and

274 However, since for a surface state E@8) is satisfied,
An=0. Thus the surface-state wave function in the layer

(T1)r n=Cn(Tid1 no1tSNFRi(Tod1 N1 of any celln takes the single exponential foft
(279 #(n,N,z)=Bye“N%eknP, (32
(T20)1, N=SnFN(Taa, n-at On(Tar)1, n-1 27 As a consequence, the logarithmic derivative of the wave
(279 function inside the layeN is position independent, and,
_ therefore, the thicknessy does not enter the surface-state-
T =syFn(T _q1ten(T 1. '
(T22)1,. . n=SNFn(T121, n-1FCn(T22)1, N1 (274 energy expressiofEd. (28)].
Inserting Eqs(27) into Egs.(24) and(25) yields V. APPLICATION TO FOUR-LAYER BASES
(cN—sN){Fﬁ(le)ly___,,\j_lwL FN(TiD1, N—1 The general formalism presented in Secs. Il and IV for a
semi-infinite SL with arN-layer basis is applied here to the
—(T221,. . n-1]1—(T20)1,. . n-2}=0 (28 most commonly investigated polytype SL, namely, Hige-
and riodic SL3*59The period of such a SL consists, in general,

of four different layers: two arbitrary wells alternating with
(en=s(T291. . n—1— Fn(T12)1, . n-1/>1, (29  two arbitrary barriers. To reduce the number of variable pa-
rameters, however, we restrict our considerations to the sim-
plest biperiodic bases, namely, tiwo-barrier basis(two
identical wells coupled via barriers of the same height and
different width and thetwo-well basis(two wells of a dif-
the surface-state-energy expression forKhtayer basis SL  ferent thickness coupled via identical barrjers
terminated in a symmetric wajEqQ. (28)] becomes exactly In both cases, the formulas for the bulk dispersion relation
the same as the energy expression for surface states of ths well as the energy expression and existence condition for
(N—1)-layer basis SL terminated by the substrate With  surface states can be written explicitly in quite a concise
andmy [cf. Eq. (21)]. Although the energy expressifEq.  manner. This not only allows to confirm general properties,
(28)] does not now depend on the thickneks of the last  but makes a further analytical consideration possible.
layer forming the SL basis, one should have in mind that the Selected numerical results are also presented to illustrate
solutions of Eq.(28) correspond to surface-state energiesanalytical findings. All the computations have been per-

respectively. Since

(cy—sy) =€~ *NIN£(Q,
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FIG. 2. Potential profile of a semi-infinite two-well basis SL. H 100
For notation, see the text.
0l

0 10 20 30 40 50 60 70
formed for SL's made out of GaAs and /8a, _,As, as this VARIABLE-WELL WIDTH aq(4)
choice enables one to realize and manipulate a wide range of

. 34 FIG. 3. Electronic bulk band structure of a two-well basis
potential profiles”

GaAs/Ab Ga, As SL with a;=40 A, b=20 A, and variablea
(shaded areasFor comparison, miniband edges of the component
A. Two-well basis binary SL’s with the well @;)/barrier ©) and well @;)/barrier

Potential profile of a terminated two-well basis SL is (P) bases are also presentetashed lines
sketched in Fig. 2. To make the parameters describing well ) .
and barrier regions easily distiguishable, the notation hast ¢&n Pe, to large extent, considered as a superposition of
been somewhat changed with respect to that used for a geflinibands of the constituent binary SL's. Our result for a
eral complex basi&cf. Fig. 2 vs Fig. 1: m,, m,, andm, are two-well basis SL_|s_ in agreement with previous reports,
now the effective-mass values in the well layers, barrier layMoreover, the explicit form of Eq33) seems to be particu-
ers, and the substrate, respective¥, and V, denote the arly helpful for analytical handling. o
height of the SL and substrate potential barriers, correspond- FOr €xample, if the wells are of equal width, i.a,=as,
ingly (zero of the potential is deliberately chosen at the wellE- (33) reduces to
bottom), while a;, a;, andb stand for the respective layer
thicknesses. For convenience we shall refer to particular SL COS(kD):Z[Baﬁb(E)]Z_l’ (35)

I h Il Il i h n .. - .
(z’)arissﬁvxt/asswaessilr)ﬁe\:jveto (bag))ih?:r;?\tgzr\lsirtr? )sgi)se]r\;vtz indicating that the minibands of the four-layer basis SL co-

; ; : ; - j incide then with those of the corresponding two-layer basis
baéri]stgi ?g;%t;?’g;:tzlig (i:rs;g((a{ssﬁn relation for a two-well SL. Indeed, Whe|Ba1+b(E) varies from 1 1) to —1 (1),
the right-hand side of Eq35) varies from 1 to— 1 and back
cos(kD)zZBaﬁb(E)BaSer(E)—cag,al, (33 to 1, with no minigap opening ak==/D, i.e., at the
Brillouin-zone boundary of the four-layer basis SL. For iden-
where c, 5 =COslay(as—ay)] (please have in mind that tical wells, however, k==/D is equivalent to
V,=0, soa, is pure imaginary In Eq. (33), Baﬁb(E) and ka1+b:77/(2Dal+b) being in the midst of the Brillouin zone
Ba,+b(E) stand for the right-hand side of the bulk dispersionof the two-layer basis SL, as the doubled SL periodicity is

relation of a binary SL with the wella;)/barrier ) and  then artificial and so is the doubled Brillouin-zone folding.
well (ag)/barrier (b) basis, respectively, viz. Furthermore, wheneveB, . ,(E)=0 or B, ,p(E)=0 is
satisfied, Eq(33) yields |coskD)|<1, indicating that an en-
ergy corresponding to the middle of the miniband of either
Sa,So=Ba, +1(E) component two-layer basis SL also lies within the miniband
(343 of the two-well basis SL. On the other hand, if both
|Ba,+b(E)[>1 and |B,,p(E)[>1 hold, Eq. (33 gives
|coskD)|>1, so any energy from the common section of
F. Fyp minigaps of the two binary SL'’s falls also into the minigap
—+ _) S2.5o=Ba..p(E), of the biperiodic SL. In other words, all the minibands of the
Fo Fa/ ™ * two-well basis SL are contained within the superimposed
(34D minibands of the constituent SL'’s.
where Ca1:COSh(aaa1)1 Ca3:COSh@aa3)i Cp=coshgb), A Tgis(;s demfonstrated i|r|1 Eig. B,évhesrgeeéhe calcglatedr:nini-
— i o — i and edges of a two-well basis GaAg/ABa, sAs SL wit
Sa,=SiNN(@zA). S, =sinh(aads),  and s, S.mh(abb)’. a;=40 A andb=20 A, and variablea; are plotted(solid
Da,+p=a1+b andD,, =83+ denote the periods, while ;¢ delimiting shaded areaand compared to those of both
Ka,+b @andks, . are the Bloch wave vectors of the corre- component binary SL'dashed lines It is clear that the
sponding two-layer basis SL’s. overall electronic structure results from mixing of minibands
The bulk band structure of four-layer basis SL's has beerriginating from SL's with a constant-width welhorizontal
already studiet*®°and it has been concluded, basing onband$ and a variable-width welifalling band$. Whenever
numerical results, that the electronic structure of a biperiodi¢here is an overlap of minibands of two constituent Sitfe

Fa P

Cos(kal+bDal+b):Calcb+ E Fb Fa

and

1
COika3+bDa3+b) = Ca3cb+ 2
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FIG. 4. Surface electronic structure of a semi-infinite two-well ~ FIG. 5. The same as in Fig. 4, but for the,AG&, As substrate.
basis GaAs/A Ga, As SL with (a) a,=b=20 A and variablea, The dashed line indicates the surface potential barrier h#ight
and(b) a;=b=20 A and variable, , terminated by the AlAs sub-
strate. Shaded areas correspond to the minibands, while full dots As one can see, the formulas obtained for an arbitrary
indicate the position of surface states. terminating medium are rather complicated. However, for

the substrate made out of the same material as the SL barri-
so-called band alignmenta band splitting is observed in the ers (ms=m, andV¢=V,, in Fig. 2), Egs.(36) and (37) can
resulting structure. Away from the band-crossing points, thébe substantially simplified by puttings=«, and Fs=F,.
bandwidth is significantly reduced, since the nonsymmetricalhis yields
well acts as a barrier for nonaligned minibands. -

Terminating the SL potential, as has been generally 2B, in(E)sa @ 2+ Sy, =0 (38)
shown in Secs. Il and IV, opens a possibility for surface d
states to appear inside the minigaps. For a two-well basis SL,

the surface-state-energy expression and the corresponding Fp
existence condition beconjef. Egs.(21), (23), and(13)] = [2833+b(E)sale*“bb+sas_al]
a
Fs Fa. Fs Fp b
ZBa3+b(E) F_a_F_s Sa,Cp+ F_b_F_s Ca,Sb —ZBa3+b(E)cale °+Cay-ay|>1 (39
Fa Fyp Fs Fa for the energy expression and existence condition for surface
F_b_ E Sa,Sp|t E.E. Sa3—al:O states of a two-well basis SL terminated in a symmetric way.
é a s From combined Eqg39) and(38), a much simpler form of
and (36 the necessary condition for surface states to occur immedi-
ately follows, viz.
Fs|[Fp
‘ = [(F—asascb+ Ca,Sb| Sa,SbF Say+a,Ch |Sa > 18- (40)
E[/E Essential properties of the surface electronic structure of a
s a N . ) CU
+ E. (F—bsa35b+ Ca,Cb | Ca,Sb+ Cayta,CoSh semi-infinite two-well basis SL are illustrated in Figs. 4-6.

Computations have been performed for GaAggSa, AS
SL’s with a;=b=20 A and variablea;, as well as with
>1, az=b=20 A and variablea,, to compare the effect of the
SL termination on a constant- or variable-width well. Vari-
(37) ous surface conditions have been taken into account by con-
sidering different substrates, namely, Al&s getV,>V,),
respectively, where Ca,+a, = COSHaa(asta))l, Al GaeAs (to get Vo<V,), and AbGasAs (to get
Sa,+a, = SiNH ay(ag+ay)], ands,, -4 = sinf{ax(az—ay)]. Vs=V,, i.e., symmetric termination of the SL potential

Fyo
— 2533+ b(E) ( E. Sa,SbtCa,Ch| T Cay-a,
a
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(a)

ms | ma [mp] ma | mp

| | |
a'bz|a'b4

ELECTRON ENERGY (meV)
&
(=]

two-barrier basis

0 107200 30 40 FIG. 7. Potential profile of a semi-infinite two-barrier basis SL.
VARIABLE-WELL WIDTH a5 (4) For notation, see the text.

(b)

500

The bulk dispersion relation for a two-barrier basis SL
can also be written in a concise fofef. Egs.(14) and(13)],
namely,

cogkD)=2B,,(E)Ba+p,(E) —Cp,—p, (41

ELECTRON ENERGY (meV)
S
=}

: o % % o where cbrbzzcosrﬁab(b‘;—bz)], while Baﬂ,z(E) and
VARIABLE-WELL WIDTH a, () Ba+b4(E) are the right-hand side of the bulk dispersion re-

lation of a binary SL with the well&)/barrier (b,) and well
FIG. 6. The same as in Fig. 4, but for thepAb& ,As substrate  (a)/barrier (b,) basis, correspondinglicf. Egs. (34) and
(symmetric termination of the SL potential (33)].
Analysis of Eq.(41), similar to that of Eq(33), leads to
As it can be seen in Figs. 4 and 5, the surface potentiahe conlcusion that for identical barrierby=b,) the mini-
barrier sufficiently high or low, with respect to the SL barri- pand structure of a four-layer basis SL again reproduces that
ers, causes a surface state to appear above or below the cgfthe respective two-layer basis SLb§#b,, however, the
responding miniband, respectively. A similar behavior hasminigap can always be found in the electronic structure of a
been found before for terminated binary SE%*"**~*Fora  two-barrier basis SL around energies corresponding to the
two-well basis SL, however, surface states detach only fronmiddle of miniband of either component binary SL. Indeed,

minibands originating from the eigenstates of the outermosfyheneverB,., (E)=0 or B,., (E)=0 holds, so the en-
. 2 4
well. Indeed, surface-state-energy curves follow the honzonérgy corresponds toka;p = 7/(2Darp) OF Kayp,= !

tal or falling bands depending on whethey or a, is vari- L : L

able [cf. Figs. 4a) andpE(a) vngigs. 4b) r:qu E(b)l]. More- (2Da+b4), being in the midst of the Brillouin zone of the

over, inspection of the corresponding wave functignet  respective two-layer basis SL; E@1) yields coskD)<—1,

shown indicates that all the surface states are localizedndicating clearly the minigap openinglet #/D, i.e., at the

mostly in the well being in contact with substrate. Brillouin-zone boundary of the four-layer basis SL. Conse-
Figure 6 demonstrates the possibility of surface-state ocquently, each degenerated miniband of the constituent binary

currence for a symmetric termination of the SL potentialSL’s splits into two minibands of the biperiodic SL due to a

when using a two-well complex basis, in contrast to the typi_perturbation introduced by a different second barrier in the

cal two-layer basis of a single well and barrier. However, forSL basis.

a wide range of SL parameters, i.e., acceptable layer thick- This is confirmed by the miniband structure calculations

nesses and barrier heights, it is virtually impossible to obtaiPerformed for a two-barrier basis GaAsfAGa sAs SL with

a surface state well separated from the miniband edges. Asa=60 A, b,=15 A, and variableb,. The corresponding

consequence, the existing surface states are rather poorly [Bumerical results are presented in Fig. 8.

calized, and their wave functions exhibit Bloch-like charac- The energy expression for surface states in a two-barrier

ter with almost no damping toward the SL. In practice, suchasis SL terminated by an arbitrary medium refafs Egs.

surface states should not actually modify the bulk electronid21) and(13)]

properties of two-well basis SL’s.

. : Fe F Fs Fyp
B. Two-barrier basis ZBaerz(E)[ (F_S - F_a> SaCo, + (F_S - F_) CaSh,
C e g . . . . . a s b S
A semi-infinite two-barrier basis SL is schematically
shown in Fig. 7. Characteristic parameters are the same as Fa Fyp Fs b
for a two-well basis Sl(cf. Sec. V A and Fig. Rexcept for F, F.) %%t E, TS0t 0, (42

a, b,, andb, denoting now the well and two different bar-
rier thicknesses, respectivelthe barrier p,) is always as-
sumed to be closer to the SL surfjce together with the existence conditipef. Egs.(23) and(13)]
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ELECTRON ENERGY (meV)
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F
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SaCb4+Cb2+ b4CaSa y v v J
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Fa 2
(F—bcasb2+sacb2 SaSb,* Sb,+b,Ca FIG. 9. Surface electronic structure of a semi-infinite two-
barrier basis GaAs/AkGa, As SL with (a) a=b,=20 A and vari-
ableb, and (b) a=b,=20 A and variableb,, terminated by the
Al ¢Gay sAs substratésymmetric termination of the SL potential
Shaded areas correspond to the minibands, while full dots indicate

the position of surface states.

>1.

Fp
—2Ba+b,(E) ( E_ SaSo,* CaCo, | T Co,-b,
a

(43

Since, however, we are interested mostly in the effect o
SL termination by the substrate identical to the SL barrier
(mg=m, and V¢ =V, in Fig. 7), we simplify Egs.(42) and

I)een pointed out, however, that if E@6) holds (which is
Yhe necessary condition for a surface state to gceumini-

(43) by replacingag and F¢ with «, andF,,, respectively.
They become
Ba+b,(E)=0 (49

and

+ewb2le"@ba>1 (45

Fp
ZBa+ bz(E) F_Sa_ Ca
a

correspondingly. Furthermore, we substitute E44) into
Eq. (45) and arrive at

e(P27Pa)> 1
or
b,>b, (46)

as the necessary condition for a surface state to exist.

gap opens around the energy satisfying &¢). Hence, we
really deal with a true surface state.

This specific surface-state behavior is illustrated in Fig. 9
for GaAs/Al (Ga As SL's witha=b,=20 A and variable
b,, as well as witha=b,=20 A and variableb,, being in
contact with the A} (Ga, JAs substrate. As it can be seen, the
opportunity of a well-defined surface state to exist even for
the terminating medium identical to the SL barriers is unam-
biguously realized in a two-barrier basis SL. In contrast to
the previously studied two-well basis $tf. Fig. 6), surface
states resulting from a symmetric termination of the SL po-
tential are now clearly separated from the miniband edges
and, thus, are strongly confined to the SL surface. Since the
miniband splitting takes place exactlylat=b,, the surface
state—to keep Eq46) satisfied—appears within just one of
the minigaps opening at the band crossing point.

As has been shown before for terminated binary SP%,
the energy-level occurrence within a minigap, corresponding

Consequently, surface states can appear in a two-barriéo a state localized at the SL end, could—under certain
basis SL terminated in a symmetric way, provided the barrieconditions—lead to an effective removal of the forbidden
lying closer to the surface is wider than the other one. Thisnergy gap. Therefore, the existence of surface states should
indicates—in accordance with the general conclusions obe taken into account when device applications of SL’s are
Sec. IV—a critical dependence of the surface-state occurconsidered.
rence on the thickness of the barridx,]. For completeness, the results of surface electronic struc-

Conversely, as follows from Eq44), the surface-state ture computations for two-barrier basis GaAg/&ba AS
energy does not depend by, confirming again the findings SL’'s with other substrates, namely, AGa As (to get
of Sec. IV. Moreover, it lies in the range corresponding toVs>V,) and Ab:sGa sAs (to get Vg<V,), are shown in
the middle of miniband of a constituent binary SL. It hasFigs. 10 and 11, respectively. The effect of a different sur-
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FIG. 10. The same as in Fig. 9, but for the,fBa, ,As sub- FIG. 11. The same as in Fig. 9, but for the,ABa sAs sub-
strate. Strate.

: o SL period. In such a case, the surface-state energy does not
facepotential barrier is similar to that observed for tWO'We”depend on the thickness of the last layer forming the SL

basis SL's ?2r12d4 agrees with previous findings for terminatedhasis; however, the corresponding existence condition criti-
“"~“"Analysis of the surface-state wave func- ca|ly does.

binary SL's?
tions (not shown indicates that again all the surface states The general formalism has been applied to terminated
are localized mostly in the outermost well. GaAs/ALGa _,As SL's with a two-well basigtwo wells of

a different thickness coupled via identical barrjeesd a
two-barrier basigtwo identical wells coupled via barriers of
the same height and different widtHn both cases, the for-

In this work, the electronic structure of a semi-infinite mulas for the bulk dispersion relation as well as the energy
complex-basis SL wittN layers per period has been inves- €xpression .and existence condition fpr surface states have
tigated. Using the transfer-matrix method within an been explicitly written in a very concise manner. This en-
envelope-function approximation, the bulk dispersion rela-2bled us to conclude essential properties of the electronic
tion has been derived for a general multilayer basis. Th&Tucture, basing on analytical considerations and use the nu-
effect of the SL surfacéi.e., the SL/substrate interfackas merical results mostly for .'"”Stfat'?”- —
been studied, and the energy expression as well as existen eThe performed calculations |nd.|cate a pOSSIbI|I'ty of \,Ne"'
condition for surface states have been obtained for an arb _eflned. surface statt_as tq oceur-in cqmplex-bass SL's. As
trary terminating medium. was pom_ted_out, their ,eX|stence is of importance when de-

Special attention has been paid to the case of a symmetrific® applications of SL's are considered.
termination of the SL potential, i.e., when the substrate is
identical to the last layer of the SL basism;=my and
V¢=Vy in Fig. 1. It has been shown that—in contrast to  Two of us(R.K. and M.S) would like to acknowledge a
typical, i.e., two-layer basis SL’s—surface states can appeaupport of the University of Wroctaw within Grant No.
in complex-basis SL’s also without modifying the outermost2016/W/IFD/97.

VI. SUMMARY
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