A, P. Silin, Semiconductor superlattices. Solid state
structures having, in addition to the periodic potential of the
crystal lattice, an additional one-dimensional potential the
period of which significantly exceeds the lattice period, are
usually called superlattices.

Superlattices are a new type of semiconductors charac-
terized by the presence of a large number of energy bands,
having very large anisotropy (they are practically two-di-
mensional). For the first time such systems were studied by
Keldysh in 1962.! The properties of semiconductor superlat-
tices are presented at some length in the review articles of
Refs. 2-5 and the monographs of Refs. 6~7.

The rapid growth both of theoretical and experimental
interest in superlattices is related to the latest achievements
of the technology based on the molecular-beam epitaxy in
ultra-high vacuum, metallo-organic epitaxy from the gas
phase, and other methods. A low temperature of an epitaxy
and a low growth rate (~1 A/sec) allow one to achieve
atomic smoothness of the interface, and to grow superlat-
tices of high quality.

Physical properties of semiconductor superlattices are
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determined by their electronic spectra. While the motion of
the charge carriers perpendicular to the superlattice axis is
free, the motion along the superlattice axis (z) will have a
mini-band character.

Compound superlattices of type I (Fig. 1) constitute
such periodic alternation of the layers of two semiconduc-
tors of thickness d; and d; and with energy gaps E &’ and
E M, which gives rise to a periodic system of quantum wells
for electrons and holes (type I semiconductors), separated
from each other by quantum barriers.

The energy spectrum of electrons in compound super-

.——[I d” [—

Em Eﬁ(ﬂ)

I e

FIG. 1
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lattices of type I has the following form:

Ee, s (0) = gt Ee, 5 (d1) + Ee, 5 (ps: ), (1)

where E; ;(d;) is the position of the bottom of an energy
miniband, which is determined mainly by the width of the
quantum well d;; for lowest minibands
hen?
Ec.j(dl)z_zm—:izl‘j; (2)
where E, ; (p,,d}; ) is the dispersion of the energy minibands,

which in the strong coupling approximation has the follow-
ing form:

Ee, j (Pzs d11) = — Ac,; (d11) co8 p;,d ) (3)

where |A_ ;(dy)| is the width of the jth miniband, d is the
superlattice period. With the increase of the miniband num-
ber its width increases, and the width of the energy minigap
decreases. By varying the width of the quantum well 4 it is
possible to find the required position of the miniband
E, ;(d\), and by varying the barrier width d ;; —the width of
the miniband | %=/

If the width of a quantum well becomes comparable to
or smaller than the Bohr radius of an exciton in a bulk semi-
conductor, then, because of the spatial confinement, the
binding energy of the exciton increases. Due to the increase
in binding energy, excitons in such superlattices can be ob-
served at higher temperatures, including room temperature.
The spatial confinement manifests itself also in the fact that
the emission and absorption spectra of type I compound su-
perlattices are determined mainly by free excitons, and not
by impurities®, and also by the anomalously large Stark ef-
fect.®

Of special interest for the study of transport properties
are modulation-doped type I superlattices, in which only the
layers of the semiconductor with the wider energy band are
doped. The ionized impurity centers and the charge carriers
generated by them which move to the layers of the semicon-
ductor with a narrower energy gap are spatially separated.
As a result, the strong doping of some layers leads to signifi-
cant change in concentration of free carriers in others, al-
most without changing their mobility.

In a strong constant electric field E,, directed parallel
to the axis of a superlattice, the motion of charge carriers is
confined-they undergo vibrations with a Stark frequency
Q = eE,d /#, and the current is equal to zero. This behavior
of charge carriers can be easily explained by the fact that in
the periodic potential of a superlattice the motion energy of
charge carriers along the axis of the superlattice, given by
expression (3), and, therefore, the velocity v, = dE, ;/dp,,
oscillate with the period 27/."°

The small dimensions of the regions to which the charge
carriers are confined in the coordinate and momentum space
lead to a strong nonlinearity in superlattice conductivity in
particular, to a negative differential conductivity already for
weak electric fields.

In compound type 11 superlattices, the peak of the va-
lence band of one semiconductor (GaSb) has a higher ener-
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gy than the bottom of the conductivity band of another semi-
conductor (InAs), and for this reason a flow of electrons
from the valence band of GaSb into the conductivity band of
InAs occurs.

However, if the thickness of the layers of this superlat-
tice is sufficiently small, the quantization of charge carriers
which depends on the layer size, may lead to the transition
from a semimetal into a semiconductor state.’

Significant improvement in spatial (on the atomic
scale) control over the doping during the growth process of
films by the method of molecular-beam epitaxy has made it
possible to grow doped superlattices, i.e., periodically alter-
nating thin layers of GaAs of n- and p-types. The superlattice
potential is created only by the spatial distribution of the
charge (Fig. 2).

An important characteristic of doped superlattices is
that the extrema of wave functions of electrons are shifted by
half a period of a superlattice relative to the extrema of the
wave functions of holes. For this reason, the effective energy
gap E 7 is not rectilinear in coordinate space. By choosing
the parameters of a doped superlattice, it is possible to make
the recombination times of charge carriers extremely long,
since the overlap of the wave functions can be made very
small.* The large lifetimes allow one to vary easily the con-
centration of charge carriers.

In addition to the compound and doped superlattices
considered above, stressed superlattices with a large mis-
match (1-5%) of lattice constants, and amorphous com-
pound and doped superlattices (see, for example, Ref. 5)
were also synthesized.

Superlattices provide a unique opportunity to change,
in a practically arbitrary manner their energy band structure
(band engineering). This allows one, in particular, to
change greatly their transport and optical properties and to
create, using them as the basis, low-noise avalanche photo-
diodes, photomultipliers, fast-acting devices, and photode-
tectors.!! In addition, semiconductor superlattices are al-
ready used for the desgin of a new generation of
light-emitting devices, which are easier to manufacture and
more efficient than the presently used LED.!?
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