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Electronic properties of (111) twin boundaries and twinning superlattices in lead sulfide
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The electronic properties of single twin boundaries in lead sulfide, and of superlattices based upon
them, are calculated and discussed. Substantial differences are noted from a similar study based on
zinc-blende-type semiconductors. It is found that such superlattices can have either wider or narrower

band gaps than the homogeneous material.

Twin boundaries and related structures (stacking
faults) are among the most common type of defects in
semiconductors. The two sides of a twinned crystal may
be viewed as being rotated with respect to each other,
and joined at some crystal plane. In face-centered-cubic
crystals the (111) plane is the most frequently occurring
twinning plane, and the two halves of the crystal on ei-
ther side of the boundary are rotated by 180° (or 60°)
about the [111] axis. These defects usually appear unin-
tentionally, e.g., due to strain, and may have a significant
influence on semiconductor electronic properties, acting,
e.g., as scattering centers and lowering the electron mo-
bility, or as recombination centers, etc. The electronic
properties of twinning boundaries have been almost ex-
clusively studied for zinc-blende-type semiconductors,
since the vast majority of important semiconductors crys-
tallize in this fashion. However, twinning appears in oth-
er crystal systems as well. !

In this paper we consider the electronic properties of
twin boundaries in the important small-band-gap
rocksalt-type semiconductor PbS. Twinning is common-
ly found? in naturally occurring mineral PbS, galena.
Growth twins are normally of (111) type, but other twin-
ning planes, most prominent being (113), also occur,
presumably due to stress to which galena is subjected. In
laboratory-grown bulk PbS single crystals, twinning has
not been reported as a problem, even when starting from
natural galena raw material.’> However, the (111) twin-
ning in PbS has been reported during dendritic growth.*
Similar to the zinc-blende case, twinning in rocksalt crys-
tals may be viewed as a reversal of the atomic stacking se-
quence along the [111] axis. However, there is a
significant difference in the structure of twins based on
zinc-blende- and rocksalt-type crystals. In the former the
twinning plane, where the stacking reversal takes place,
lies in between the two atoms joined by [111]-directed
bonds, and the junction of the two crystal halves is highly
perfect in the sense that all the bond lengths and angles
are preserved. In case of rocksalt-type crystals, the twin-
ning plane contains atoms, as depicted in Fig. 1, and the
junction is “less perfect” because only the bond lengths
are preserved; bond angles are not. In such a situation,
some amount of interface reconstruction may be expected
to take place, but this will probably not be a large effect,
since bond lengths are much more important than bond
angles for the total energy of the structure.

Two types of twins may exist, anionic or cationic, de-
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pending on which type of atoms occupy the twinning
plane. We are not aware of any study, experimental or
theoretical, to determine which type of twins (if not both)
actually occurs in PbS. In the somewhat related case of
AgBr, also a rocksalt-type material where twinned micro-
crystals appear and are considered advantageous for the
photographic recording process, atomistic simulations
have indicated that anionic twins are somewhat more
stable than cationic ones.> We do not know whether this
is the case for PbS, so we have done the calculations for
both cases. The same study for AgBr also indicated that
the reconstruction in the vicinity of the interface is rather
small, and the same may be expected for PbS, so this
effect may be neglected to a first approximation.

The electronic properties of single twin boundaries in
PbS are first analyzed. We then calculate and discuss the
electronic properties of twinning superlattices, a possible
structure based on this type of defects, that we have re-
cently proposed and studied for the case of zinc-blende-
type semiconductors. %’

Lead sulfide is an L-type direct-band-gap semiconduc-
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boundary

FIG. 1. The structure of PbS crystal in the vicinity of a twin
boundary. Light and dark atoms may denote either of Pb and S
atoms.
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tor, with the extrema of both the conduction and valence
bands occurring at the exact L point. The band gap is
0.287 eV at low temperatures. Band energies at all other
Brillouin-zone symmetry points (e.g., I' and X) are very
far (a few eV) from the band edges at L. The method
used in our calculations is an empirical pseudopotential-
based layer method. Used for finding the electronic
structure of either superlattices or single twins, this is not
a supercell-type method. It considers individual layers of
the superlattice as slabs of bulk semiconductors, with
their own complex band structures. These are calculated
and used to propagate the wave function across the su-
perlattice period. The details are described in our previ-
ous publications.”® We may note that, in spite of its rel-
ative simplicity, the results of this method for zinc-blende
twins compare favorably to those obtained by more so-
phisticated ab initio self-consistent calculations. The
pseudopotential form factors for PbS are taken from Ref.
10. The spin-orbit coupling is important and therefore
taken into account. However, its role is quite different
here than in zinc-blende semiconductors. It leaves the
valence and conduction bands doubly degenerate (it is
only some higher and lower bands that get split), but
influences the band gap and effective masses, making the
L valleys more spherical.!! A total of 31 in-plane Fourier
components (g, values) were used in interface matching,
corresponding to a total of 89 three-dimensional recipro-
cal lattice vectors, up to and including the (331) star.

In order to discuss the electronic properties of twin
boundaries and superlattices, we note that two out of
eight L points project onto the T (center), and the other
six onto six M (edge) points of the interface Brillouin
zone (Fig. 2). Therefore, the low-energy electronic struc-
ture, of importance for transport and optical properties,
should be explored in the vicinity of these two points.
The physics of electron behavior at the twinning boun-
daries is also discussed at length in our previous paper.’
In brief, the nontrivial electronic properties stem from
the fact that the wave functions at any point of the inter-
face Brillouin zone are rotation sensitive, and the same
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FIG. 2. The projected band structure of PbS (solid lines), and
interface bound states (dashed lines, for the case of anionic twin
interface only) along the T'-M line of the interface Brillouin
zone. The insert displays the (111) interface Brillouin zone,
with mapping of some points of the bulk Brillouin zone. (The
M point is at |ky| =0.8165X 27 /a away from the T point.)
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applies to the dispersion along the [111] direction (except
at the exact T point). This implies a considerable scatter-
ing of carriers at the twinning boundary, resulting in a
limited transmission probability through the interface,
and may also result in the appearance of interface bound
states.

For both anion- and cation-type twin boundaries we
have searched for interface bound states along the T’ — M
line of the interface Brillouin zone. Bound states are
found only when the interface plane contains anion
(sulphur) atoms. These lie slightly above the valence-
band top or below the conduction-band bottom. The
conduction-band-related interface state could be traced
from T almost up to M point (Fig. 2). It is approximately
8 meV below the local conduction-band edge, and is
weakly localized, with its wave-function amplitude decay
constant being just 0.04 per crystal unit cell (i.e., it is ex-
tended over approximately 20 unit cells). The valence-
band-related interface state was found in a rather narrow
range of the in-plane wave-vector (k;) values close to the
I" point, and is only 3 meV above the valence-band edge,
and is even less localized.

In calculating the electron (hole) transmission through
the twin boundary, the incident state energies were taken
in a limited range, starting from the conduction-
(valence-) band edge, up to 300 meV above (below) it, to
cover the range that thermal or hot electrons (holes) may
acquire. The results for the transmission at or close to T'
and M interface Brillouin-zone points are given in Fig. 3.
The transmission is different for the two types of inter-
faces, especially at the M point, and also has a non-
negligible variation with k. In both interfaces the low-
energy carriers experience considerable scattering at the
twin interface, which would adversely influence their mo-
bility.

Finally, in Fig. 4 we present some results for PbS-based
twinning superlattices. Calculations were again per-
formed for the M and T points of the interface Brillouin
zone, where the low-energy part of the miniband spec-
trum occurs. Although one may imagine superlattices
with both types of interfaces present, here we consider
the simpler cases of all-cationic or all-anionic interfaces.
With this restriction one may generally have m and n
monolayers of reversely oriented material per period,
denoted as (m,n) superlattice. The thickness of one
monolayer is @ /V'3=0.343 nm (a is the cubic lattice con-
stant). Here we display the results for the symmetric
(n,n) superlattices only.

Just as the transmission and the existence of bound
states depend on the type of interface, so does the mini-
band structure of the superlattice. Scattering at the inter-
faces is clearly quite sufficient to induce considerable
minigaps, though these are usually narrower than the
width of allowed minibands. The feature common to su-
perlattices of both anionic and cationic types is that the
minibands are rather broad for thin-period (n =5-8) su-
perlattices, which is due to rather small values of electron
and hole effective masses (~0.1 of the free-electron
mass). The important effect here, except for miniband
formation, is that the band gap is remarkably different
from its bulk value. Weakly localized bound states at the
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FIG. 3. The transmission coefficient vs incident electron
(hole) energy for the twin boundary with anionic ( 4) or cationic
(C) interface, calculated at T and M interface Brillouin-zone
;i)ints (solid lines), or close to them (ky=0.05X27/a off T or
M, dashed lines). In all cases energy is measured from the local
band edge (for the corresponding k| value) upwards for elec-
trons (subscript ¢) and downwards for holes (subscript v).

anionic interfaces interact strongly when a superlattice is
formed. This creates envanescent-like broad minibands
outside both the conduction and the valence bands, re-
sulting in a substantial reduction of the band gap. As the
superlattice period increases, these evanescent state mini-
bands eventually collapse into corresponding interface
states. However, very long periods are required for this
to happen (Fig. 4, bottom). In the case of cationic inter-
faces it is only the scattering that determines the mini-
band energies, and the band gap is somewhat enhanced
over the bulk value. As the superlattice period increases
beyond n =20 or so, the width of minibands becomes
much narrower (tens or hundreds of meV), typical for
conventional superlattices. This feature, and the absence
of any oscillations of miniband energies as the period in-
creases, make the PbS twinning superlattices quite
different from those based on zinc-blende-type semicon-
ductors.’

Since the mechanisms of twin generation are not exact-
ly known and controllable, the realization of PbS twin-
ning superlattices is not presently achievable. It is possi-
ble that this can be done in a way similar to that de-
scribed in Ref. 12 for single twins in silicon. Also very
interesting are the naturally occurring short-period (113)
twinning superlattices in the alloy PbS-Bi,S; (e.g., Ref.
13), for which the results qualitatively similar to those ob-
tained here (Fig. 4) may be expected. However, these su-
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FIG. 4. Allowed minibands (cross-hatched) in PbS-based
(n,n) symmetric twinning superlattices with anionic (A4) and
cationic (C) interfaces, calculated at T' and M points of the in-
terface Brillouin zone. Energy is measured from the
conduction-band edge. At the T point there is zero-energy gap
between any two neighboring minibands corresponding to
kspd =, where kg and d denote the superlattice wave vector
and period, respectively. These common miniband edges are
denoted by dashed lines, while miniband edges separated by
finite gaps (corresponding to kg d =0) are denoted by solid
lines. At the M point, due to the spin-orbit interaction, finite
gaps separate all the minibands. The top four figures are for
short-period superlattices, and the bottom one is for the long-
period case (type 4 and at the T point only).

perlattices will be separately studied in a future publica-
tion.

In summary, we have studied the electronic properties
of twin boundaries and twinning superlattices in PbS, and
found substantial difference from those of bulk PbS,
which may lead to their interesting electronic and optical
properties.
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