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Giunther Bauer (Montanuniversitiit Leoben) re-
viewed some of the interesting experimental inves-
tigations that have been carried out on IV-VI
compound QW and SL structures. QW structures
of these materials were first grown in 1980. The
main application of these materials is for mid-IR
lasers with relatively high operating temperatures
as compared to those made from III-V materials.
Many II-VI and IV-VI NGSs have large diffusion
coefficients, and experiments that can give infor-
mation on the diffusion constant D are important to
carry out. Figure 4 shows the results of x-ray dif-
fraction experiments on a PbTe/Pbl-,MnTe SL
sample with x =0.027 consisting of 20 periods with
thicknesses tPbTe=

4
.5 nm and tPbMnTe=30 nm. The

curves for Bragg intensity versus angle exhibit
satellite peaks which can be analyzed to give infor-
mation on the period (34.5 nm) as well as on inter-
diffusion (e.g., values for D). With increasing
annealing times, more and more satellite peaks are
smeared out; this directly shows the increase of D.
The calculated scattered x-ray intensities are
shown below each experimental curve. These
kinds of experiments imply that close to the sub-
strate, inter-diffusion will be more severe than
close to the surface, since layers in the vicinity of
the substrate have been at the growth temperature
for a longer period of time. Thus the electronic
properties will be very different for wells close to
the substrate from those close to the surface. An-
other interesting set of experiments showing quan-
tum confinement effects in PbMnTe/PbTe
structures is seen in figure 5. A Nd-YAG laser was
used to excite luminescence in PbTe and PbMnTe
films and in two QW structures. Since MnTe has a
greater band gap than PbTe, the x = 2.7% alloy has
a greater gap than PbTe, and its photolumines-
cence peak appears at lower wavelengths or higher
energies. For the sample with a period of 8 nm, a
real SL is formed with finite dispersion along k2,
whereas for the sample with 30-nm-thick PbMnTe
barriers, the carriers are confined in the PbTe
wells. BOs are important parameters to understand
for the artificially structured materials, and Bauer
points out that electron-beam-induced current
techniques showed that the valence band offsets in
both PbEuSeTe and PbEuSe structures depend
drastically upon temperature. Finally, PbTe nipi
structures have been shown to have large detectiv-
ity values (=10" cm Hz"X2 W-'), close to the back-
ground limit at 77 K.
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Figure 4. Example of the use of x-ray diffraction techniques to
characterize MBE-grown SL structures. X-ray diffraction
Bragg intensities versus angle of incidence for a Pbl- Mn.Te
structure (x = 0.027, 20 periods tpbTe = 4.5 nm, tPbMnTe = 30
nm) (see Conference paper by G. Bauer, fig. 4). The experimen-
tal data compare favorably with the calculated intensities shown
below each data curve. The influence of the annealing time on
the satellite peaks can be directly seen as discussed in the text.

H. Pascher (Universitdt Bayreuth) reviewed the
use of optical four-wave mixing Raman techniques
for observing and studying magneto-optical intra-
band transitions in NGSs. Coherent anti-Stokes Ra-
man spectroscopy (CARS) is one such technique
that is well suited to characterize a wide variety of
samples-bulk crystals, epitaxial films, QWs, and
diluted magnetic semiconductors (DMSs). The
strongest Raman-like resonances in a semiconduc-
tor exposed to a magnetic field are the spin-flip res-
onances from which the effective g-factors of
electrons and holes can be deduced. Figure 6
shows an example of the CARS technique applied
to an n-type Hgl-,Cd.Te bulk crystal (x=0.231)
showing cyclotron (CR), combined spin flip (CSF),
and spin resonances (SR). The effective g-factor of
the sample can be extracted from the SR signals
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Figure 5. Characterization of various MBE-grown structures by photoluminescence
techniques for PbTe and Pbl-,MnxTe films and two QW structures. The geometry of
each structure is shown along with x-ray intensity versus angle data for the two QWs.
As discussed in the text, these data give evidence for the quantum confinement effects
that are present in certain structures.
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65Figure 6. Example of using nonlinear optical techniques to
characterize semiconductors. The CARS intensity of an n-type
Hgj -Cd.Te sample (x =0.231) is shown versus magnetic field
(see Conference paper by H. Pascher, fig. 9). Various Raman-
like resonances appear at different magnetic fields and can be
used to characterize the electronic structure of the material in a
contactless manner. Cyclotron resonance (CR), combined spin
flip (CSF), and spin resonance (SR) structures are shown.

and is shown plotted versus magnetic field in figure
7. Thus, very precise band-structure information
can be obtained by these techniques. In MQWs and
SLs of the IV-VI compounds, the nonlinear sus-
ceptibilities are enhanced with respect to the corre-
sponding bulk materials. Strong mixing signals
can be observed even in samples which were only
2-ptm thick. Studies of g-factors of a PbTe/
Pbl-,SnxTe MQW showed they were identical to
those of a Pbl-.SnxTe reference sample. This
proved that the electrons were confined within the
Pbl-xSnxTe layers and thus the band alignment of
the system is of type I.

M. Dobrowolska (University of Notre Dame) re-
viewed the phenomenon of spin resonance (SR) of
conduction band electrons in NGSs. SR is defined
as a magneto-optical transition in which the elec-
tron spin is flipped between two spin states belong-
ing to the same Landau subband or to the same
impurity state. It is important to investigate be-
cause (1) SR gives the most direct and accurate
measurement of the g-factor, a parameter that pro-
vides detailed information about band structure
and (2) SR is normally forbidden by electric-dipole
selection rules, but perturbations (nonparabolicity,
inversion asymmetry, and warping) relax these
rules allowing insight into band-structure details.
For a typical NGS at laboratory magnetic fields
(B < 10 T), the SR transition corresponds energeti-
cally to the far-infrared (FIR) region accessible by
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Figure 7. Effective g-factor of a Hg1 .,Cd.Te sample (shown in
fig. 6) versus magnetic field (see Conference paper by H.
Pascher, fig. 10). The g-factors can be accurately calculated
from the magnetic-field positions of the SR. The magnetic-field
dependence of the g-factor is a direct consequence of the non-
parabolic nature of the conduction band.

FIR lasers. The review concentrated on InSb, but
other materials such as HgSe, HgTe, HglxMnSe
were also briefly discussed.

Ulrich Merkt (Universitdt Hamburg) reported on
his investigations of quantum wires and dots near
the surface of InSb that contain quasi-one-dimen-
sional and zero-dimensional electron systems. InSb
and GaAs/Gal- AlAs heterojunctions are the
first semiconductors in which electron systems can
be studied in all four sets of dimensions from 3-D to
O-D. The 3-D system in InSb has been studied since
1952; the 2-D system began around 1970 with in-
version layers (ILs) in metal-oxide-semiconductor
(MOS) structures; and within the last 3 years 1-D
and O-D systems were created by laterally confin-
ing the ILs. Figure 8 presents the basic ideas of the
quantum-wire and quantum-dot structures fabri-
cated by Merkt. It is essentially an MOS capacitor
configuration. NiCr is evaporated onto a p-InSb
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substrate using a photoresist mask. A Schottky
contact is established at the NiCr/InSb interface
and the Fermi energy EF is pinned within the band
gap. Mobile electrons can be induced by a gate
voltage V, under the narrow areas where the metal
has no direct contact to the InSb surface. Thus, the
wires and dots can be charged without direct con-
tacts to the inversion-layer electrons since the InSb
substrate has a finite resistivity, even at liquid he-
lium temperatures. Holographic lithography can be
used to fabricate wires and dots in arrays on
macroscopic areas so that sufficiently high optical
absorbance signals can be attained. A simple k * p
approach to the concept of effective mass in low-
dimensional systems leads to the following: (1) In a
2-D system, the electron mass depends on subband
index and on momentum parallel to the layer; (2) in
a 1-D system, the mass is only defined in the direc-
tion along the wire; (3) in a 0-D system, it is no
longer meaningful. For 3-D electrons in a NGS,
the mass increases with momentum away from the
P-point, giving rise to nonparabolic effects. Merkt
used an optically-pumped FIR laser to perform CR
experiments. The average number of electrons in a
dot and the mobility could be determined. The
number of electrons per dot was found to be 3±-1
at low Vg. The size of the dots is of the same order
as the effective Bohr radius, 64 nm. Quantum dots
have similarities with shallow donors in semicon-
ductors; but unlike them, dots can have their size
and electron number tuned by technological
means. Quantization energies of up to 10 meV at
wire widths below 100 nm were found by FIR
spectroscopy.

0. A. Pankrotov (P. N. Lebedev Physical Insti-
tute) reviewed the concept of supersymmetry as
applied to the electronic properties of band-in-
verted heterojunctions. Heterojunctions between
semiconductors with mutually inverted bands con-
tain massless spin-nondegenerate interface electron
states. The universality of these states is due to the
specific symmetry (the supersymmetry) of the ef-
fective Hamiltonian. Predictions of giant Landau
splittings of the interface states and selection rules
for optical transitions in a magnetic field were
given.

Paul Kruse (Honeywell Sensors and Systems De-
velopment) gave a critical review of the physics
and applications of high-T0 superconductors
(HTSCs) for IR detection. With the discovery of
HTSCs came the hope that they could be exploited
to provide performance advantages over conven-
tional IR detectors based upon semiconductors.
Very long-wavelength photon detection at oper-
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Figure 8. Schematic cross section of the microstructure field-
effect device on InSb that is used for quantum wires and quan-
tum dots (see Conference paper by U. Merkt and Ch. Sikorski,
fig. 1). Basically it is an MOS capacitor. The lower half of the
figure shows the corresponding band structure and Fermi level
in the device.

ating temperatures near that of liquid nitrogen was
thought possible because the forbidden energy gap
of HTSCs was much larger than that in metallic
superconductors. Kruse reviewed three ways of es-
timating the energy gap in YBaCuO: from the
Bardeen-Cooper-Schrieffer (BCS) theory, from op-
tical measurements, and from electrical tunneling
measurements. For a transition temperature of 90
K, the BCS theory predicts a gap of 27 meV. Opti-
cal measurements gave a range of values from 15.5
to 44 meV. However, it is evidently not possible to
determine the gap from optical measurements due
to residual absorption in the samples. The tunneling
measurements also give inconsistent results. Three
types of IR detectors based upon HTSC's were
presented: the transition-edge microbolometer, the
non-equilibrium photo-effect, and photon-assisted
tunneling detectors. Practical exploitation of these
photon effects will be difficult and time consuming.
However, success is likely, and the result will be a
new class of very long-wavelength IR detectors
and focal-plane arrays.

Jacek Kossut (Polish Academy of Sciences) re-
viewed the field of donor-electron correlations in
DMSs with substitutional iron. Results for
HgSe:Fe, Hgl-MnSe:Fe, and HgSel,_Te.:Fe
were presented. Compounds involving HgSe sub-
stitutionally doped with Fe have interesting prop-
erties related to the unusual energy position of
d-derived Fe states: the Fe+21 +3 state is superim-
posed on the conduction-band continuum of states
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creating a resonant donor state. It is energetically
possible for the Fe impurity to donate one of its six
d-electrons to the conduction band provided that
there are unoccupied states available in the con-
duction band below the Fe level, EFe. At low levels
of Fe doping, the concentration n of free electrons
in the conduction band is roughly proportional to
the number of impurities, NFe, while n becomes
nearly constant above a certain critical concentra-
tion when the Fermi level EF becomes "pinned" to
the Fe resonant level EFe. Anomalously high values
of the electron mobility in this high-concentration
region have been explained by the onset of spatial
correlations of the donor charges, since the Cou-
lomb repulsion between the ionized donors tends to
keep them apart. Note that this correlation in-
volves transfer of the quasi-localized electrons as-
sociated with the Fe impurities, not motion of the
Fe atoms themselves. The existence of this correla-
tion results in a dramatic reduction of the rate of
scattering by ionized impurity potentials. The de-
gree of suppression of the scattering rate is cor-
rectly reproduced by theoretical calculations that
include these correlations. Other semiconducting
materials (because of the resonant nature of their
impurity states) may also exhibit a similar enhance-
ment of their mobilities, e.g., DX centers associated
with substitutional donors in GaAs and Cr in PbTe.

Robert S. Allgaier (formerly with the Naval Sur-
face Warfare Center) presented an historical re-
view covering research on a number of NGSs and
semimetals during the 1945-1965 period, including
IV-VI compounds (PbS, PbSe, PbTe, GeTe, and
SnTe), Column-V semimetals (Sb and Bi), Bi2Te3,
Te, Mg2Sn, graphite, a-Sn, InSb, and Hgl-,CdxTe.
The reference list is arranged chronologically and
identifies the subject of each entry so that it can
serve as an historical summary. The list includes
many books, review articles, and conferences, plus
selected individual references. Dr. Allgaier argued
that the semiconductor era may have begun in
1931, when A. H. Wilson's classic papers were
published. Pre-war semiconductor research fo-
cused on oxides and other large-gap materials.
Only in 1944 did the semiconductor category first
appear as a subject classification in Physics Ab-
stracts. The first III-V compound semiconductor
paper appeared in 1952. Other events mentioned in
the review of early NGS history include (1) super-
conductivity in GeTe and SnTe (first observed in
1964 and 1965); (2) the mid-1950s discovery that
Bi2Te3 was an excellent material for thermoelectric
generators and coolers; (3) the use of Te in the
crystal receivers of the first two decades of this

century; and (4) the early and rapid growth of InSb
into the most popular member of the III-V family
(it was relatively easy to grow and was quickly
found to exhibit a number of very interesting prop-
erties).

Concluding remarks given by Tony Stradling
(Imperial College) emphasized the new develop-
ments and trends occurring in the physics and tech-
nology of NGSs. He reviewed trends, selected
highlights of the conference and predicted future
efforts in the field. To detect trends, he analyzed
the subject matter of the papers presented at this
conference and at the two previous conferences in
1977 and 1981. It was quite apparent that technol-
ogy subjects are now much more important. This is
due to: (1) the burgeoning interest in narrow-gap
detectors and sources and (2) the increasing depen-
dence of both the physics and technology on so-
phisticated growth techniques such as MBE. The
topic that pointed most obviously to the future was
the Hamburg work on quantum dots. This work on
InSb is in advance of that on GaAs/AlGaAs be-
cause of the low mass and high confinement ener-
gies involved. The remarkable and revolutionary
political changes sweeping the world could reduce
interest in military devices operating in the 10-pym
wavelength range. However, high technology will
still be important as squadrons and fleets are cut
back. IR technology will be increasingly in de-
mand in a wide variety of areas such as telecommu-
nications, environmental and pollution monitoring,
space-born astronomy, and in the field of medical
diagnostics.

4. Conclusions

Narrow-gap semiconductors are important tech-
nological materials for infrared detector and laser-
diode applications. The International Conference
on Narrow-Gap Semiconductors and Related Ma-
terials, held in Gaithersburg, MD, June 12-15,
1989, served as an important vehicle for summariz-
ing and disseminating up-to-date scientific research
on these materials. Artificially structured materials
hold great potential for new types of devices, as
well as new materials for fundamental research.
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