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Surface states in superlattices
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A terminated Kronig-Penney-like model is proposed for studying electronic surface states in com-

positional {potential-modulation) and in effective-mass {mass-modulation) superlattices. The ex-

istence of surface states in the minigaps of both types of superlattices is shown explicitly and their
properties are discussed.

Semiconductor superlattices (SL) have been extensively
investigated experimentally in recent years. Consider-
able efforts have also been made to determine the elec-
tronic structure of these new materials using the
envelope-function approach, pseudopotential methods
and tight-binding approximation. In a series of pa-
pers, it has been shown that a classical Kronig-
Penney analysis can serve as a useful approximation for
calculating the electronic level structure of a semiconduc-
tor SL. This model shows that a conduction band of a SL
consists of the electronic minibands alternating with
minigaps with the bandwidths and effective masses in
good agreement with experiment. '

However, a SL is composed of a few layers and thus
the surface effects must be included in more realistic cal-
culations. In particular, the possibility of the surface
electronic structure in the minigaps (MG) of a thin
periodic SL was studied using the tight-binding envelope
approximation and two-band model. The obtained re-
sults suggest that, as expected, surface states can appear
in MG. However, important physical parameters, such
as the thickness and effective mass of particular layers, do
not appear explicitly in the above mentioned approaches.
Thus, the obtained results seem to have rather limited ap-
plicability.

The aim of the present paper is to propose a Kronig-
Penney-like model appropriate for a terminated composi-
tional SL (e.g. , vacuum/GaAs/Al„Ga, „As/GaAs/ )

and mass-modulation SL (e.g. , vacuum/Inc 69Gao»As/
InP/Ino $9Gao 3]As/ . ). By using the direct matching
procedure we calculate analytically the energy and locali-
zation properties of surface states. Then, the correspond-
ing expressions are solved numerically.

To obtain the conduction-band electronic structure of
a semi-infinite compositional SL we assume a potential
profile as shown in Fig. 1, i.e., consisting of alternating
well and barrier layers of thicknesses a and b and
effective masses m& and m2, respectively. The potential
V describes the differences in the conduction-band edges
while the zero energy fits the GaAs conduction-band
edge. The SL is terminated at the well region (GaAs) by
the step potential U» V representing the vacuum with

In Eqs. (1) and (2)

K =k, m2/k2m &,

k& =(2m&E)', kz =(2m~E —
V~ )', d =a +b is a

period of the SL, k is the wave number of an electron in
the SL, and E is the energy of an electron. Here, we are
interested only in localized electronic states lying inside
MG. For the nth MG, k is complex and has the follow-
ing form:

k =ip+ntr/d, p, )0, n =0, 1,2, . . . . (4)

Inserting (4) into (1) shows that now the wave function
decreases along the positive z axis by a factor of
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FIG. 1. Potential profile of a compositional superlattice. For
notation see the text.

the electron mass m = 1 (in Hartree atomic units, used in
this paper).

Using the direct matching procedure with Bastard's
boundary conditions at z =a (Fig. 1) and Bloch require-
ment we can obtain the SL wave function for the first
well layer (0&z &a) in the form

'IItst(z)= A [sin(kz)+A, cos(kz)], E & v

with A being a normalization constant and

sin(k &a)+Ksinh(k2b)exp(ikd)

cosh(k2b)exp(ikd) —cos(k &a)
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exp( —pd) and, thus, can be used to study localized sur-
face states.

In the vacuum region (z (0), the wave function has the
form

Vv(z) =F exp(k3z), (5)

where k3 = [2( U —E)]',F being a constant.
Using (4) and applying Bastard's boundary conditions

to Eqs. (1) and (5) at z =0, i.e.,

+sL(0)=4 ~(0), m, '
%st (0)=4'v(0)

yields

sin(k&a)+G cos(k&a)

6 cosh(k, b) —K sinh(k, b)

(6)

(7)

where

Eliminating p from (7) and (9) gives the following ener-

gy equation for surface states in the nth MG:

S(E) 8( E)+[8 —(E)—1]' =0, (10)

where + and —correspond to n even and n odd, respec-
tively.

The solutions of (10) give the energy of surface states as
a function of the effective masses m& and mz, layer
thicknesses a and b; the barrier height V and the vacuum
level U. Obviously mz and V depend on the crystal com-
position x.

The localization properties of the superlattice surface
states (SSS) are examined with the help of the relative
probability density function defined as

P (z) =
~
+(z)

~
I

~
ql(0)

~

G =k, jk3m, .

On the other hand, the dependence E(k) is given by
the familiar, Kronig-Penney-type, expression. For k
complex [Eq. (4)], it has the form

(
—I)"coshpd =cosk, a coshkzb

+ ,'(K
' —K—)sink&a sinhkzb: B(E) . —

(9)

V(x) =0.6 EEr(x),

where b,Er(x) is the band-gap difference at the I minima
between GaAs and Al Ga, „As, and'

1.247x, x &0.45
bE„(x)= '

1.247x +1.147(x —0.45), x )0.45 .

It should be mentioned that the other conduction-band
minimia in the momentum space, I —X or I —L, have not
been considered in this paper. However, it was pointed
out "that the electron coupling probability from I (X)
to X (I ) states is poor when compared with I -I states.
For the value of U, the electron aSnity of the outermost
superlattices layer is taken, which for GaAs equals to
4.07 eV.

Solving (9) and (10) leads to the energy spectrum of the
terminated GaAs/Al„Ga, As SL consisting of mini-
bands alternating with minigaps. The first and second
MG are shown in Fig. 2, where shaded areas correspond
to the miniband regions. The most interesting result is
the appearance of the electronic levels inside each of the
MG. Their wave functions exhibit decaying character in-
side the SL and in the direction of the vacuum [Figs. 3(a)
and 3(b)]. Consequently, these levels can be recognized as
superlattice surface states (SSS). The exponential decay
factor R, being the ratio of the maxima of P (z) in two ad-
jacent SL cells, can serve as a measure of localization
properties of the corresponding SSS. It should be added
that the number of maxima of P(z) in each cell always
coincides with the MG number [cf. Figs. 3(a) and 3(b)], as
in the well-known Tamm model.

In the low-lying MG, there always exists one SSS (cf.
Fig. 2). However, for the fourth and higher MG, two SSS
can be observed. When the SSS energy comes closer to
the miniband edge, its localization becomes weaker (i.e.,
R increases), in agreement with the results of Ref. 2. We
also note that for small x and, in particular, for higher

All the above expressions have been derived for E & V.
For V &E & U, a simple transformation k~~ikz should
be made.

Equations (9)—(11) have been solved numerically for
both the compositional and effective-mass SL. As an ex-
ample of a terminated compositional SL we consider the
case of the vacuum/GaAs/Al„Ga, As/GaAs/ . . sys-
tem (cf. Fig. 1). The electron effective mass in the GaAs
wells, m &, is taken to be 0.067 (in atomic units) while the
effective mass in Al„Ga, „As barriers, m z, has the form
(cf. Refs. 3 and 5)

m&=m&+0. 083x .

The conduction band discontinuity or barrier height
V = V(x) is assumed to be
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FIG. 2. Energy spectrum of the terminated
GaAs/Al„Ga, „As superlat tice with the layer thicknesses

0 0
a =60 A and b = 15 A. Hatched areas correspond to the energy
minibands, thick curves represent the energy of surface states,
and underlined numbers denote the values of the localization
factor R.
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MG, R is close to 1, thus the corresponding SSS are
Bloch-like. For larger values of x, the SSS eigenfunctions
change and become highly localized near the "surface"
(z =0 in Fig. 1). Similar behavior was reported in Ref. 6.

In the lowest (n =0) MG, the SSS detaches from the
lower miniband edge at x 0.85 and its P (z) exhibits one
maximum in a cell, i.e., the same character as the SSS in
the first MG. Since the lowest miniband is usually occu-
pied for typical doping densities, the low-energy SSS
should also be occupied and, thus, might be essential in
various electronic processes.

Increasing (decreasing) U shifts the energies of the
lowest minigap surface state towards (outwards) the band
edge, and, as a consequence, worsens (improves) its locali-
zation. Therefore, for U larger (smaller} this SSS de-
taches from the band edge at larger (smaller) values of x,
e.g., for U=4. 6 eV the SSS occurs in the MG only for
x =1.0 while for U & 4.6 eV there is no SSS in the lowest
MG. The SSS in the first and second MG are almost un-
sensitive to the changes of the vacuum level. Increase
(decrease) of U affects the localization of the SSS in such
a way that P(z) maxima are moved outwards (towards)
the surface and the peaks are more (less) pronounced
with respect to P(z =0).

Recently, Sasaki has proposed a new type of SL,
where the effective mass of electrons is changed periodi-
cally and the conduction-band edge is aligned as to elimi-
nate the potential discontinuities between the respective
SL layers. Our model (Fig. 1) represents a terminated
effective-mass superlattice (EMSL) when V =0. Follow-
ing Sasaki's analysis for an infinite EMSL, we assume
that

a/b =(m2/m&)'~ or k&a =k2b . (12)

For numerical computations the case of the
vacuum/In(j 69Gao 3}As/InP/Ino 69Gao 3,As/ . system
is taken with m, =0.034 and m&=0. 073, respectively.
Thus, according to (12), a /b = l.47. Now, U =4.4 eV.

The numerical solution to Eqs. (9}and (10) with V =0
and Eq. 12 gives the energy spectrum of the EMSL con-
sisting of minibands and minigaps. Inside the MG, the
electronic states appear and are identified as the SSS be-
cause their P(z} behave in a similar way as that shown in

Fig. 3(a). The variation of the first MG (which for EMSL
is the lowest one), with respect to the EMSL layer thick-
ness is presented in Fig. 4. The new result, compared to
Ref. 4, is the existence of SSS. One of them is always lo-
cated at the midgap position and thus is characterized by
the same value of the localization factor (R =0.47) and
this does not depend on energy. The second SSS emerges
from the lowest miniband at a ~ 35 A with P(z) having
also one maximum in the cell [cf. Fig. 3(a)]. However,
since it lies close to the miniband edge its localization is

0
much poorer and, in fact, for a =40 A it exhibits a
Bloch-like character. For larger values of a, the lower
SSS becomes well localized (Fig. 4). The "midgap" state
is almost unsensitive to the changes of U, while the
second SSS moves towards higher (lower} energies when
U is increased (decreased). However, these shifts are less
than 10 eV even for hU =+1 eV. The SSS wave func-
tions depend on U as in the case of the compositional su-

perlat tice.
To our best knowledge, the SSS in EMSL have not

been previously studied. On the other hand, it has re-
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FIG. 3. Relative probability density function P{z) for the
surface states in (a) the first minigap and {b) the second minigap.

FIG. 4. Variation of the energy of the surface states lying in-

side the first minigap of the terminated In069Gao»As/InP
effective-mass superlattice. Hatched areas correspond to the
miniband regions.
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cently been found that such SL exhibit a new type of neg-
ative resistance and a current density of 2 orders of mag-
nitude greater than that of a compositional SL. ' Thus,
the surface states can play an important role in many
phenomena occurring in the EMSL.

The presented model can easily be extended to

include the heavy-hole and light-hole energy bands, to in-
vestigate the energy spectrum of finite SL such as, for
example, Al„Ga, „As/A1As/GaAs/A1As/ /A1As/
Al Ga&, As, and to study the effect of the application of
an electric field perpendicular to the layers. Such calcu-
lations are now in progress.
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