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Preface

This volume is devoted to various narrow gap semiconductors which are very important
for both basic solid state physics and infrared devices. The first contribution
reviews the properties of IV-VI compound lead salts, the second one those of mercury
cadmium telluride. The latter contribution was originally published first 1976 in
Volume 78 of the Springer Tracts in Modern Physics. Since that time the research on
this II-VI alloy has not ceased, however, the main interest has now switched to
topics as for instance the epitaxial growth of crystals, the transport properties
and the recombination behaviour of p-type crystals, and last but not least to the
analysis of surface and interfaces. As that volume 78 is sold out, this contribution
is reprinted with supplements to various sections that contain some of the data pub-
lished quite recently. We added also some new sections, which consider the changed
spectrum of research on this alloy. (These supplements are indicated by verti-

cal stripes on the page margin.) We would 1ike to mention three other review
articles published quite recently on Hgl_xCdee dealing with "Magnetooptical Proper-
ties" by M.H. Weiler, "Nonlinear Optical Effects" by T.W. Kruse and J.F. Ready, and
"Growth, Properties and Applications" by H. Maier and J. Hesse.*

We would Tlike to apoiogize for using in the lead salt article a citation system
different from that in the Hgl_xCdXTe one. The reason for doing so against the pub-
lisher's esthetic arguments is, that the system used in the Tead salt article seems
to us more comfortable for both the reader and the author.

Finally we would like to acknowledge gratefully the patience and the support in
preparing this volume by the Editors Prof. Dr. G. Hohler and Prof. Dr. E.A. Niekisch.
To Miss Therese Becker, Mrs. Gisela Hahn, Mrs. Hilde Latta, Mrs. Inge Kirschke,

Miss Ruth Kiipper, and Mrs. Inge Simons we wish to express our appreciation and thanks
for their assistance in the preparation of this volume.

Cologne, April 1983 R. Dornhaus
G. Nimtz
B. Schlicht

* WEILER /367/, KRUSE and READY /368/, MAIER and HESSE /369/
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Narrow-Gap Lead Salts
By G.Nimtz and B. Schlicht

1. Introduction

The narrow-gap semiconductors among the family of IV-VI compounds and their pseudo-
binary alloys show some extraordinary aspects of solid-state physics. The polymor-
phism of IV-VI compounds indicate the inherent structural instahility which is based
on the average five valence electrons. The most interesting point, however, is that
the bonds are based on the itinerant electrons in the valence band which is sepa-
rated from the conduction band by a narrow energy gap. In such a situation one ex-
pects the electronic properties to be strongly correlated with the lattice insta-
bility. Another interesting feature follows from the many-valley band structure in
combination with a strongly non-isotropic effective mass in Tead telluride: the
Auger mechanism is expected to play a dominant role in free-carrier recombination.

During the last twenty years many experimental and theoretical studies were per-
formed to elucidate the basic properties of the IV-VI compounds. In addition many
activities in the field of infrared devices have been successful in producing laser
diodes and photodetectors for the wavelength range between 4 and 30 um.

It is our intention to present in this article the basic data of the lead salt
narrow gap semiconductors currently available. We should Tike to encourage further
efforts towards a better understanding of this fascinating semiconductor family,
and supply data for the development of efficient devices. We are aware of the fact
that this article is not a complete presentation of all investigations published
so far.

2. The Crystal

This chapter is devoted to the basic physical properties of the four lead salt
narrow-gap alloys Pb,_ . Sn Te, Pb;  SnSe, PbS;  Se , and PbTe; .S and their binary
compounds. In the first section the lattice, elastic and related data are presented.
The Tattice instability representing one of the outstanding physical properties of
these IV-VI binary and ternary compounds is also discussed in this section. In the
second section phase diagrams are introduced, and the third section deals with lat-

tice imperfections and their properties. §



2.1 Basic Properties

The narrow-gap lead salt alloys are more or less ionic crystals. The ionicity de-
creases in going from PbS to PbSe to PbTe. The ionic nature of the bonding of the
lead chalcogenides is impressively shown by the spatial valence charge distributions.

Fig. 2.1. The total valence electron Fig. 2.2. The total valence electron
charge density for PbSe derived from charge aens1?y for PbTe derived from
pseudopotential band-structure calcu- pseudopotential band-struqture'ca1cq—
Tations. The values are given in units Tlations. The values are given 1n units
of electrons per unit-cell volume. of electrons per unit-cell volume.
The charge around the catien sites is The charge around the cation sites 1s
mainly of s character whereas around mainly of s character whereas qrqund
the anion sites it clearly exhibits the anion sites it clearly exhibits
contributions from both s and p states contributions from both s and p states
/75S1/ /75S1/

SCHLUTER et al. /75S51/ have calculated the contours of constant charge density in a
(100) plane for various bands. The results for the sum of the five valence bands
are shown in Fig. 2.1 for PbSe and in Fig. 2.2 for PbTe. In Table 2.1 the calcu-
Jated approximate fractional charges inside touching spheres around anions and
cations decomposed into 1 = 0, 1,2 angular components, are given for the valence
bands /75S1/. From these an approximate charge transfer of 1.9 (PbSe) and 1.5 (PbTe)
electrons from cation to anion can be estimated (in the "totally ionic" model two
electrons of the cation are transferred to the anion)

Most of the binary compounds, e.g. PbTe, PbS, PbSe, SnTe are found to be iso-
morphous with rocksalt, its lattice is shown in Fig. 2.3. The low molecular weight
material SnSe, on the other hand, is found in an orthorhombic structure (Fig. 2.4).
The nature of chemical binding in these crystals is mixed jonic-covalent. The phy-



Table 2.1. Calculated fractional charges (in percent) inside touching spheres

around anions and cations. The sphere radii were chosen as r =1.29 R,

cation
Fonion = 19 R for PbTe and r_ .. = 1.22 R, Famion = 183 R for PbSe (from
/7551/)
PbSe PbTe
Pb Se Pb Te
Band s p d s p d s p d S d
1 1 1 097 1 0 31 0|9% 1 0
2 5 0 O 18 24 3 70 0 O 13 13 4
3-5 9 7 1 1 78 4 5 9 2 0 80 4
1-5 16 4 1 23 52 4 18 6 1 22 50 3
21 79 25 75
Simple :
onic 20 0 0 |20 60 O 20 0 0| 20 60 O

sical background of the crystal structure of IV-VI compounds was recently discussed
extensively in papers by LITTLEWOOD /80L1/. The covalent binding is assumed to be
predominant which is concluded for instance from analysis of carrier scattering
/70R/. Investigations of the carrier scattering in various lead chalcogenides have
shown that both optical and acoustical phonons are important, the Tatter being an
indication of predominant covalent binding.

A11 the compounds with NaCl structure have a structural phase transition due to
their mixed ionic-covalent chemical binding. With decreasing ionicity the NaCl struc-
ture becomes more and more unstable, accompanied by both an increasing electronic

Fig. 2.3. The rocksalt structure



Fig. 2.4a,b. Sketch of an orthorhombic lattice
thick and thin circles indicate the atom is above or below the plane of the paper,
respectively, (b) projection on the (100) plane
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(a) ground plan and front elevation,

Fig. 2.5. The As-type rhombohedral
structure

Fig. 2.6. Lattice polarisability

(e-’F)2 vs electronic polarisability

(ew-1) for some IV-VI compounds
with rocksalt structure /73L2/



and lattice polarisability /77L5/. This behaviour is shown in Fig. 2.6 and will be
discussed in more detail in Sect. 5.4.

The cubic to rhombohedral phase transition can be explained as a result of a
large electron-TO phonon coupling due to the resonant nature of the half-filled
p states. Below the transition temperature T¢ (for most of the compounds T¢ < 0
holds as will be shown below) the two neighbouring ions along the <111> axis make
displacements in opposite directions forming a rhombohedral, As-type crystal struc-
ture as shown in Fig. 2.5. The cubic rocksalt structure of the lead chalcogenides
is stabilised by perpendicular p bonds, with the s states fully occupied and making
only a small contribution to the bonding. The lack of hybridisation between the s
and p bands in the lead salts arises from the large energy splitting between s and
p states. The rhombohedral structure is an intrinsic instability of the unsaturated
p bonds in the rocksalt structure. Because there are only six p electrons per atom
pair, and yet there are six neighbours for each atom, the p bonds are unsaturated.
The rocksalt structure is thus a resonantly bonded system /68Kl , 73L2/ in which the
bonding electrons are relatively free to move from the bond on one side of the atom
to the bond on the opposite side in response to an external field. In the rhombo-
hedral phase the six cubic nearest neighbours are displaced along the <111> direc-
tion with respect to the central atom so that each atom now has three nearest neigh-
bours and three second-nearest neighbours in the distorted phase. The nearest neigh-
bours bond strongly together in a layer perpendicular to the <111> direction. The
bonds in the rhombohedral structure are now more nearly saturated than in the cubic
system, because the bonding electrons are localised in the nearest-neighbour bonds.

The cubic-rhombohedral phase transition can be understood as the result of the
electron-TO phonon coupling for modes propagating in the <111> direction. Coupled
to this is a shear which distorts the cube into a rhombohedron, and lengthens the
<111> axis.

The orthorhombic structure found in SnSe arises because of the strong sp hybridi-
sation in IV-VI compounds with Tow molecular weights /80L1/ The orthorhombic struc-
ture also seems to present the high pressure phase of IV-VI compounds and their
alloys, which were found in the rocksalt structure at atmospheric pressure /e.g.:
40B , 48B , 54B , 67M , 68K3 , 68W , 80S , 81S1/. Data of the lattice constants of the
pressure induced orthorhombic structure of several IV-VI compounds are given in
Table 2.2. From a study of this high pressure phase transition in Pbl_XSnXTe SUSKI
et al. /81S1/ conclude that a metallic-covalent transition takes place. They assume
a promotion of an s electron to p states due to the decrease in interatomic dis-
tance.

Consequences for the transport properties as well as the accompanied softening
of the transverse optical phonon due to the structural phase transition are dis-
cussed in Sects. 4.2 and 5.4 respectively. Experimental data of the transition
temperature are shown for Pbl_XSnxTe in Fig. 2.7. These data published by MURASE



