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1.    Introduction 

The Semiconductor Electronics Division at the 
National Institute of Standards and Technology 
(NIST) hosted an International Conference on 
Narrow-Gap Semiconductors and Related Materi- 
als in Gaithersburg, MD on June 12-15, 1989. A 
brief background on narrow-gap semiconductors 

(NGSs) is given in this paper, along with an 
overview of the conference itself. The major sec- 
tion of this report is devoted to highlights from 
each of the invited papers in order to put this field 
of semiconductor research and technology in per- 
spective. The Conference Proceedings has been 
published as a special issue of Semiconductor Sci- 
ence and Technology (Institute of Physics Publish- 
ing, Bristol, March 1990, Volume 5). 

1.1   Background on Narrow-Gap Semiconductors 

Semiconductors are an important class of materi- 
als that not only are of scientific interest, but also 
have a wide variety of useful, technological appli- 
cations in our modern-day world. Semiconducting 
phenomena have been detected in several basic 
forms of matter including crystals, glassy and 
amorphous solids, liquids, and even organic materi- 
als. A definition of a semiconductor that includes 
all of these materials would be somewhat too gen- 
eral to be useful. A narrower but more often-used 
definition involves the concept of a crystal which is 
composed of a periodic array of atoms. Here, a 
semiconductor is defined as a solid, crystalline ma- 
terial with predominantly covalent bonding and 
electrical conductivity that is intermediate between 
that of a metal and that of an insulator. The con- 
ductivity is usually strongly temperature depen- 
dent over some range of temperatures. 

What are NGSs? The energy band theory of 
solids allows this classification of a semiconductor 
material in terms of the size of its fundamental en- 
ergy gap, £g, the separation between the energy of 
the lowest conduction band and the highest va- 
lence band. W. Zawadzki [1] has defined an NGS 
as a material in which the energy of an occupied 
electron or hole state, as measured from the corre- 
sponding band extremum, can become comparable 
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to the energy gap, Eg. According to this definition, 
any semiconductor can exhibit "narrow gap" prop- 
erties under appropriate conditions (e.g., if elec- 
trons are optically excited sufficiently high above 
the band edge). However, a more traditional defini- 
tion would identify NGSs as solids having energy 
gaps of less than 0.5 eV [2]. With this last defini- 
tion, it is clear that NGSs are found among a broad 
spectrum of elements, compounds, alloys, and arti- 
ficially structured materials. Table 1 gives some 
representative examples of NGSs. Improvements 
in crystal growing techniques have led to the pro- 
duction of many different types of alloys whose 
energy gaps can be adjusted by varying the compo- 
sition. In particular, the emergence of molecular- 
beam epitaxy (MBE) technology has opened up the 
new field of band structure (or band gap) engineer- 
ing. The MBE process refers to a technique in 
which several atomic (or molecular) beams im- 
pinge on a heated substrate material under ultra- 
high vacuum conditions. With the growth of new 
artificial semiconductor structures by MBE tech- 
nology, the transport, optical, and other properties 
of the electrons and holes can be altered continu- 
ously and independently, leading to interesting new 
physics and new classes of semiconductor devices. 
Single crystalline layers are grown in registry with 
the substrate, permitting highly controlled epitaxial 
growth. Numerous specific examples of MBE- 
grown materials were presented at the conference. 

NGSs have long been recognized for their spe- 
cial characteristics that give rise not only to inter- 
esting physical effects for basic studies but also to 
useful technological applications. In 1957, E. O. 
Kane [3] showed how to describe the band struc- 
ture of NGSs by using the k -p method. This ap- 
proach uses perturbation theory in conjunction 
with crystal symmetry requirements to investigate 
the wave functions and the form of the energy 
bands in the vicinity of high-symmetry points in 
k-space. The corresponding band structure can 
then be determined by obtaining a limited number 
of parameters experimentally such as energy gaps, 
electron and hole effective masses. This method is 
of considerable importance because it has a firm 
theoretical foundation and has been found to de- 
scribe most of the semiconductor properties related 
to band structure. The small energy gap character- 
istic of an NGS usually means that the electron 
effective mass m * is also small. Values of m * less 
than 0.001 WQ have been observed, where WQ is the 
free electron mass. Small values of m * lead to large 
carrier   mobilities   and   many   other   interesting 

physical properties such as high carrier saturation 
velocities, strong nonlinear optical effects, strong 
magnetic quantum effects, etc. The properties of an 
NGS are also more sensitive to external influences 
such as temperature, magnetic field, electric field, 
or strain, than are the larger band gap semiconduc- 
tors. Some of these NGSs are used extensively as 
infrared detectors, particularly those that are sensi- 
tive to the regions of the electromagnetic spectrum 
corresponding to the atmospheric windows at 3 to 
5 fim and 8 to 14 jam. 

1.2   Applications of Narrow-Gap Semiconductors 

Two major applications of narrow-gap materials 
are infrared detectors for passive imaging and 
diode lasers for high-resolution spectroscopy. 
Other applications include Hall probes for measur- 
ing magnetic fields and thermoelectric devices for 
power generation and cooling purposes. NGSs are 
also used by radio astronomers as sensitive, reli- 
able, and comparatively fast submillimeter detec- 
tors. We briefly review the two major applications. 

1,2.1 Infrared Detectors The electromagnetic 
radiation spectrum lying between the visible and 
microwave frequencies is generally defined as the 
infrared (IR) region. Its importance arises from the 
fact that every material object emits, absorbs, 
transmits, and reflects infrared radiation in a char- 
acteristic manner. From a study of the intensity and 
wavelength distribution of the radiation which has 
arisen from or interacted with an object, informa- 
tion concerning the object may be obtained. This 
information can be used to distinguish a body from 
its surroundings or to identify an unknown mate- 
rial. Military applications in IR technology are im- 
portant for several reasons: (1) most targets of 
interest (vehicles, troops, etc.) differ from the sur- 
rounding terrain either in temperature or emissivity 
or both and thus can be seen readily by IR equip- 
ment; (2) IR systems can utilize the radiation emit- 
ted by the targets they seek (in a passive manner 
such that the detection system does not disclose its 
presence the way a radar system does); (3) IR is 
capable of revealing greater detail than radio or 
radar waves because of its shorter wavelengths. 
The key component of IR systems is the detector 
itself 

IR detectors are devices that convert electro- 
magnetic radiation to conductive electric signals 
which can then be processed to obtain the informa- 
tion inherent in the temporal and spatial variations 
of the radiation. Detectors may be classified as 
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Table 1. Some representative narrow -gap . semiconductors 

Elements Compounds Alloys 

II-V II-Vl III-V IV-VI V-VI 

Tellurium BaAs3 HgS InSb PbS BiaSes Hg, _;tCd;.Se 

Selenium CaAsj HgSe InAs PbSe BiiTea Hg,. _,Cd;<Te 

Gray Tin CdaAsj HgTe PbTe SbjSej Hg,. -i_;,Cd,MnyTe 

CdjP, SnTe SbjTe, Hg, -xPe^Se 

a- and /S-EuPs GeTe Hg,. -.Fe,Te 

ZnjAsi Hg, -,Mn;,Se 

ZnjPz Hg, 

HgS 

Pb,. 

_;,Mn,Te 

;tSe,_;t 

.:,Mn^Te 

II-IV-V II-IV PbS l-;(Se, 

CdSnAsi MgzSn Pb,- 

Pb,- 

.:(Sn;,Se 

.:cSn,Te 

Superlattices and Quantum Wells PbSe,Tei_, 

(Many combinations from the above lists, 
such as HgTe/CdTe, InAs/Ini_,Ga,Sb, 
PbTe/Pbi_:<Mn;,Te, etc.) 

Cdj 

(Cd, 

-;,Zn;,As2 

_,Mn,)3As2 

Pb,- .;,Ge;,Te 

InAs !*Sb,_, 

Pb,. -,Cd,S 

Pbi- .;,_j,EU;,Sj,Se 

Pb,. .,_j,Eu;,Te,Se 

Pb,- -X—y ^-^O jc o « o c 

Pb,. .;,Eu;,Te 

Pb,. 
Pb,_ 

-xEu;,Se 
-,Sr;,Se 

either thermal or photon detectors. The absorption 
of radiation in thermal detectors such as bolome- 
ters or thermopiles produces an increase in temper- 
ature which then can be measured. In photon 
detectors, electrons or holes, or both, are created 
by the absorption process, thus producing carrier 
concentrations and conductivities greater than the 
thermal equilibrium values. Important photon de- 
tectors are based upon characteristics or effects 
such as photoconductivity, photovoltaic effect, 
photoelectro-magnetic effect, and charge-transfer 
effects (i.e., metal-insulator-semiconductor (MIS) 
structures). Photon detectors are greatly superior 
to thermal detectors in terms of speed of response 
and sensitivity. 

IR detectors are used extensively in military 
night-vision systems and remote temperature sens- 
ing. Interest also exists in heat sensing for home 
and industrial energy loss, medical thermography 
(e.g., breast cancer detection), for astronomical re- 
search, and in spectrophotometers. 

1,2.2 Diode Lasers Lead-salt (i.e., PbS, PbSe, 
and PbTe) diode lasers have proven to be ex- 
tremely valuable tools in high- resolution molecu- 
lar spectroscopy with related applications to air 
pollution monitoring. A direct energy gap is a re- 
quirement for efficient radiative recombination and 
stimulated emission. The emission occurs in the in- 
frared region at photon energies close to Eg, and 
the laser wavelength can be adjusted with high 
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precision and often over wide ranges by varying 
the temperature, magnetic field, or pressure in or- 
der to change E^. Diode lasers of PbSi_;tSe;t, 
Pbi_;cSn;cTe, or Pbi_;cSn;tSe are typically used as 
sources of coherent infrared radiation with wave- 
lengths between about 4 to 30 }ira. Their spectral 
output has an extremely narrow Unewidth which is 
particularly attractive for high-resolution spec- 
troscopy. Work continues today on increasing their 
operating temperatures, improving their output 
characteristics, and increasing the device operating 
lifetime. 

2. Previous Narrow-Gap Conferences, 
Conference Organization, Sponsors, 
and Attendance 

Conferences are important not only for review- 
ing and summarizing past research, but also for 
providing an overview of the current state of the 
art. In addition, a conference can be an important 
stimulus to new progress in the field. As can be 
seen from table 2, no conference devoted entirely 
to NGSs has been held since the one in Linz, Aus- 
tria, in 1981. The date, place, sponsors, and pub- 
lished proceedings are listed there. New materials 
and new phenomena have subsequently arisen and, 
consequently, new perspectives in the field of 
NGSs were obtained by holding this conference. 
Important papers were given at the Gaithersburg 
Conference in 1989, covering many new materials 
and phenomena. The considerable progress made 
since the previous meeting in 1981 was reviewed, 
clarified, and elucidated in numerous invited talks. 

The Conference Chair was David G. Seller, 
Group Leader of the Materials Technology Group 
at the National Institute of Standards and Technol- 
ogy. Mike Kinch of Texas Instruments was the 
Program Committee Chair and Chris L. Littler the 
Conference Treasurer. Sponsors of the Confer- 
ence were the U.S. Air Force Office of Scientific 
Research, American Physical Society, National In- 
stitute of Standards and Technology, National Sci- 
ence Foundation, U.S. Office of Naval Research, 
Texas Instruments, and University of North Texas. 
The session chairs came from well-known govern- 
ment, industrial, or university laboratories. 

A tour through several major semiconductor 
laboratories of NIST's Semiconductor Electronics 
Division (SED) was hosted by David G. Seller and 
Frank Oettinger, Division Chief. The SED con- 
ducts experimental and theoretical research on 
semiconductor materials, devices, and integrated 
circuits. The tour concentrated on visits to labs and 
on presentations on deep-level metrology, MBE 

work, intelligent test structure metrology, and el- 
lipsometry. 

One hundred fifty-nine attendees from 14 differ- 
ent countries participated in the conference ses- 
sions. Seventy-two contributed and 14 invited talks 
were given on a wide range of bulk, film, and arti- 
ficially structured materials: II-VI, III-V, IV-VI 
compounds and various alloy semiconductors. 
Topics covered ranged from IR detector device 
physics to the growth and characterization of artif- 
ically structured materials, as well as a review of 
high-7'c superconductors as IR detectors. As 
judged by the attendance at the conference, the 
quality of the talks given, the papers submitted for 
publication, and the oral and written comments 
from the attendees, the conference was a great suc- 
cess. 

3.   Highlights from Invited Papers 

In this section we present some highlights se- 
lected from the invited papers given at the confer- 
ence. No attempt is made to be comprehensive in 
these short reviews. We hope that these highlights 
will be interesting enough that many readers will 
wish to examine the complete Conference Pro- 
ceedings published in Semiconductor Science and 
Technology, March 1990. 

Bill Paul (Harvard University) opened the NGS 
Conference with some stimulating remarks and 
perspectives on this class of materials. He pointed 
out that attention to the details of the materials 
preparation and chemistry is essential to a determi- 
nation of the correct physical properties. Further- 
more, good materials preparation has been the 
springboard for most of the new advances in the 
NGS field. A review of studies on gray tin (a-Sn) 
was given (a-Sn was the progenitor of the whole 
class of zero-gap or negative-gap materials). The 
advent of MBE and of the production of thermo- 
dynamically metastable films may allow alloys 
such as Ge-Sn to be grown with direct gaps vary- 
ing from about 0.5 eV to zero over a certain range 
of composition. Many superlattices (SLs) of the 
types Sn/InSb, Sn/CdTe, SnxGei_;,/Ge, Sn;,Sii_;</ 
Si or Sn/Hg;cCdi_;tTe remain to be made and stud- 
ied. He concluded that the maturing fabrication 
techniques for quantum wires and dots (made pos- 
sible by different kinds of lithography) have al- 
ready resulted in new physical phenomena and 
new devices and will continue to do so. One can 
say confidently that there are unimagined phenom- 
ena beyond the horizon, ensuring the need for 
meetings such as this one well into the next cen- 
tury. 
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Table 2. Previous conferences on narrow-gap semiconductors 

Date Place Sponsors and financial support Publication 

Jan. 21, Columbia Univ., TopicE il Conference 
1964 New York APS 

April 2-4, Univ. of Durham, 
1968 England 

July 15-18, Centre National C.N.R.S. 
1968 de la Recherche 

Scientifique, 
Paris, France 

Mar. 20-21, Dallas, TX, USA Texas Instruments, 
1970 ONR, LTV Research 

Center, Topical 
Conf of APS 

Mar. 24-25, Univ. of Moore School of EE, 
1972 Pennsylvania, Lab. for Res. on 

Philadephia, PA Struct, of Mat., 
Topical Conf of APS 

Sept. 10-14, Nice, France Royal Society, Plessey 
1973 Cardiff, Wales Co. Limited, C.N.R.S. 

Sept. 12-15, Institute of Physics, Recognized by the 
1977 Polish Academy of Int. Union of Pure 

Sciences, Warsaw, and Applied 
Poland Physics (lUPAP) 

Sept. 3-15, Universite des Various institutions 
1979 Sciences et and companies includ- 

Techniques du ing European Research 
Languedoc, Office, IBM, ONR, 
Nimes, France Thomson CSF 

Sept. 14-17, Johannes Kepler lUPAP, European Phys. Soc. 
1981 Univ., Linz, Austrian Phys. Soc, IBM, 

Austria Siemens, European Research 
Office, Austrian Fed. 
Ministry of Science 
and Research 

Proc. of Conf on The Physics 
of Semimetals published in 
IBM J. Res. Dev., Vol. 8, 1964. 
One paper on IV-VI Compounds. 

Short report of Semimetals 
and Narrow-Gap Semiconductors 
Conference given by G. A. 
Saunders, in J. Phys., CoUoque C4, 
Supp. to #11-12, Vol. 29, pp. 3-8, 1968. 

International Colloquium on 
IV-VI Compounds, J. Phys., 
CoUoque C4, Supp. 
to #11-12, Vol. 29, 1968. 

Physics of Semimetals and 
Narrow-Gap Semiconductors 
Conference proceedings 
published in J. Phys. Chem. Solid, 
Vol. 32, Suppl. 1, 1971, pp. 1-568. 

Physics of IV-VI Compounds 
and Alloys (Gordon & Breach, 
London, 1974). 

Int. Conf on The Physics 
of Semimetals and Narrow-Gap 
Semiconductors. Proceedings 
unpublished. 

Conf Proc. published as Phys. of 
Narrow Gap Semicond. (PWN-Polish 
Scientific Publishing, Warsaw, 1978), 
pp. 1-481 

Int. Summer School Proc. published 
as Narrow-Gap Semiconductors 
Physics and Applications, Lecture 
Notes in Physics, Vol. 
133 (Springer-Verlag, 
New York, 1980), pp. 1-572. 

Conf Proc. published as 
Physics of Narrow-Gap 
Semiconductors, Lecture Notes in 
Physics, Vol. 152  (Springer-Verlag, 
New York, 1982), pp. 1-485. 
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Gordon Osbourn (Sandia National Laboratories) 
reviewed the multi-quantum well (MQW) and su- 
perlattice (SL) physics which influences device 
performance and described the status of the leading 
III-V approaches for long-wavelength detection. 
Modern growth techniques have made possible the 
preparation of high-quality, single-crystal layered 
structures, with layer thiciinesses ranging from 
micrometers to nanometers. These structures may 
provide useful alternatives to the II-VI 
Hgi_xCd;tTe alloy system for long-wavelength de- 
tector applications. Detector technology based on 
III-Vs will benefit from superior bond strengths 
and material stability, well-behaved dopants, and 
high-quality III-V substrates. The MQW and SL 
heterostructures (HSs) have new and interesting 
energy band structures which depend on layer 
thicknesses, layer strains, and the bulk properties of 
the individual layers. Research has revealed a num- 
ber of mechanisms for obtaining long-wavelength 
cutoffs in the following structures: (1) materials 
with "type 11" band offsets (BOs) where transitions 
occur between hole states in one type of layer and 
electron states localized in the other type; (2) dop- 
ing SL material with a series of back-to-back p-i-n 
junctions; (3) quantum-well materials with transi- 
tions occurring between the ground and first ex- 
cited states in the conduction band, the energies of 
which are determined by the quantum size effect; 
and (4) strained-layer superlattice (SLS) structures 
with a type II BO. SLSs, such as those in the 
InAsSb system, are grown from lattice-mismatched 
alloy layers with layer thicknesses thin enough to 
allow complete elastic strain accommodation of the 
mismatch. A schematic illustration of an InAsSb 
SLS photovoltaic detector fabricated at Sandia is 
shown in figure 1. These SLS structures require 
minority carrier collection across the SLS layers at 
low temperatures for good quantum efficiencies. 
The carriers are collected directly from the deple- 
tion region or by diffusion from the neutral regions 
to the depletion region edge. Other structures re- 
viewed were AlGaAs/GaAs, InAs/GaSb SLs, 
InAs/InGaSb SLSs, and InSb nipi SLs. All materi- 
als systems will require significant improvements in 
their detectivity values before competitive detector 
technologies can arise. 

Horst Preier (Johannes Kepler Universitat) re- 
viewed the state of the art and the development 
trends of lead salt lasers. They are the key compo- 
nent in diode laser spectrometers. Scientific re- 
search in fields like high-resolution spectroscopy 
(of molecules, ions, and radicals), sub-Doppler 
spectroscopy in molecular beams, and heterodyne 

InAsSb/lnSb 
SLS 

pn junction 

Figure 1. Schematic illustration of the InAsSb strained-layer- 
superlattice photodiodes fabricated at Sandia National Labs (see 
Conference paper of G. C. Osbourn, fig. 3). The SL is grown on 
a /)-type InSb substrate with an intervening InAsSb graded 
buffer layer. As shown, the pn junction occurs within the SL 
structure. These SL materials can be used as direct replacements 
for bulk materials in standard photovoltaic or photoconductive 
device structures. 

and acousto-optic spectroscopy relies on these 
diodes. Diode laser spectrometers are also used (1) 
in the automotive industry for time-resolved car 
exhaust-gas studies and for trace gas analyses, (2) 
for smoke stack monitoring of power plants for the 
detection of trace gases like NH3 in the exhaust 
stream of catalytic converters, and (3) in medical 
diagnostics for isotope-specific analyses of exhaled 
breath after being treated with food or drugs la- 
beled with stable isotopes (giving information 
about metabolism). The entire wavelength range 
from 3 to 30 jum can be covered by using ternary 
and quaternary compounds like PbSnTe, PbSSe, 
and PbEuSeTe. These lasers can be easily tuned by 
temperature or current and have narrow linewidths 
of ~10~'* cm~'. Only 12 institutions worldwide 
have been or remain involved with lead salt laser 
activities. The lasers have been produced by liquid 
phase epitaxy (LPE), hot wall epitaxy (HWE), and 
MBE. The advantages and disadvantages of each 
of these methods are summarized in figure 2. The 
most sophisticated and expensive technique is the 
MBE method. Shown in figure 3 is a typical device 
grown by MBE technology at Laser Analytics. 
The compositional control is very good, allowing 
exact lattice matching, and close control of the 
doping concentration. In-situ monitoring of the 
crystalline quality of the growing layers can be ac- 
complished by RHEED analysis. Accurate thick- 
nesses are produced by low growth rates, but 
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METHODS ADVANTAGES DISADVANTAGES 

LPE 
Furnace (550-380 C) s^^ 
 \^       Quartz 
OOOOOOOOOOO       P"" Rod 

Simple 
Cheap 

- Rare earth materials 
difficult 

- Compositional 
change with time 

- Limited number of 
layers 

- No thickness control 
Carbon Boat   Substrate Wafer      Melts 

HWE 
Substrate 
(300 C) 

PbTe 
(540 C) 

Eu (480-520 C) 

Moderate price 
High quality layers 

HV 
Pump 

Te 
(380 C) 

- Compositional 
control is 
difficult 

- No in situ 
quality control 
(RHEED) 

MBE 
PbTe 

(500-600 C) 

Preparation 
Chamber 

Sources 

Eu(500 C) 

Cold Shield 

- Highly flexible 
- Flux control 
- Lattice matched 

layer structures 
possible 

- Control of doping 
concentration 

Very expensive 
Small growth 

rates 

RHEED' 
Screen UHV 

Pump 

Figure 2. Comparison of three epitaxial growth techniques: liquid phase epitaxy (LPE), hot wall epitaxy (HWE), and 
molecular beam epitaxy (MBE) (see Conference paper by H. Preier, fig. 3). In the LPE method, growth occurs by 
controlled lowering of the melt temperature. No MQW and single QW structures can be produced by the LPE 
method. The HWE method is a vapor-phase epitaxy technique where substrate and source form a quasi-enclosed 
system. Layer structures are grown by positioning the heated substrate on top of different source furnace arrange- 
ments. As shown in the diagram, PbTe layers can be grown on the right side and PbEuTe layers on the left side. The 
temperature of the Eu furnace controls the Eu content, that of the Te furnace the doping concentration. Multiple- 
layer structures can be produced by switching the substrate back and forth. Using the MBE method, layers of various 
compositions can be deposited by properly combining molecular beams from different source ovens. 
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Metal contact 
Insulating layer 
PbTe:n+ Capping layer 
Pbi.yEuy Se1.^^,Te^^:n Confinement 
Pbi-xEux Sei.zTejr :n Active layer 
Pbi.yEUy SevwTewP Confinement 
PbTe:p+ Buffer layer 
PbTe'.p+ Substrate 
Metal contact 

Figure 3. Schematic view of a typical device structure of an 
MBE grown PbEuSeTe/PbTe double heterostructure laser 
grown at Laser Analytics (see Conference paper by H. Preier, 
fig. 3). Note that metal contacts have to be applied only to 
heavily doped PbTe and that the current is restricted to a nar- 
row stripe region by mesa etching. 

correspondingly long manufacturing times are then 
needed to produce the laser structure. The domi- 
nant development goal has been to increase the 
operating temperature to the point that only inex- 
pensive cooling equipment is needed. Improve- 
ments in the understanding of the basic material 
properties of these ternary and quaternary com- 
pounds are needed to establish better theoretical 
models for the threshold currents. 

C. Tom Elliott (Royal Signals and Radar Estab- 
lishment) reviewed research work on non-equi- 
librium modes of operation of semiconductor 
devices using the phenomena of minority-carrier 
extraction and minority-carrier exclusion to reduce 
carrier densities in narrow-gap HgCdTe alloys to 
near "extrinsic" values at temperatures where the 
materials are normally intrinsic. By this means 
Auger noise is suppressed; it would ordinarily be a 
severe limiting factor for IR detectors operating at 
near-ambient temperatures. Experimental work on 
excluding-contact photoconductors (one type of 
non-equilibrium mode device used to study the 
Auger suppression) showed signal-to-noise im- 
provements at high modulation frequencies which 
are consistent with the theoretically predicted 
Auger suppression mechanism. Bipolar transistor 
action, observed at temperatures where the mate- 
rial is near intrinsic, indicates the potential of NGSs 
for devices other than IR detectors when operated 
in a non-equilibrium mode at ambient operating 
temperatures. In ordinary intrinsic semiconductor 
IR detectors, thermal processes compete with opti- 
cal processes in the generation of free carriers and 

the purpose of cooling is to reduce the thermal 
generation and its associated fluctuations and noise. 
Currently, high-sensitivity detectors for the 8- to 
12-)Lim region are typically operated at 80 K, while 
those for the 3- to S-jim region are operated around 
200 K. These cooling requirements add consider- 
ably to the cost, size, and inconvenience of IR sys- 
tems. The experimental and theoretical work on 
steady-state non-equilibrium operation described 
here may open up possibilities for more widespread 
use of NGSs. 

Peter Wolff (Massachusetts Institute of Technol- 
ogy) described free-carrier-induced optical nonlin- 
earities of NGSs. There are three electronic 
mechanisms that give rise to large optical nonlin- 
earities in semiconductors: nonlinear free-carrier 
dynamics, band filling, and exciton resonances. 
There are a variety of semiconductor nonlinear op- 
tic devices, e.g., bistable phase-conjugate elements, 
tunable filters, and power limiters. Exciton reso- 
nances in AlGaAs/GaAs SLs have large, room- 
temperature optical nonlinearities and are currently 
the most promising for optical signal-processing 
devices needed for all optical computers. NGSs 
generally have large nonlinear optic coefficients. 
Comprehensive theoretical and experimental de- 
tails of free-carrier optical nonlinearities were pre- 
sented along with nonlinearities due to interband 
transitions in zero-gap materials and carrier-scatter- 
ing effects. 

Jerry Meyer (Naval Research Laboratory) re- 
viewed the present understanding of band-edge 
and free-carrier properties in Hg-based SLs such as 
HgTe/CdTe. This field of study has blossomed 
since the first successful MBE growth of these SLs 
in 1982. Novel phenomena have been discovered 
which are distinct from anything observable in 
either Hg-based alloys or in wide-gap SLs. He 
emphasized the relation between the distinctive 
aspects of the SL band structures obtained theoret- 
ically and corresponding features in magneto- 
transport, magneto-optical, and optical data. Theo- 
retically, there is a high sensitivity of the free car- 
rier properties to the magnitudes of the valence 
band offset. For example, the identity of the domi- 
nant hole band depends on whether the valence 
band offset is large or small. He argued that most 
experimental results are qualitatively consistent 
with a large offset. However, there is a strong need 
for more detailed quantitative theories to explain 
the numerous unusual features of the band struc- 
ture, such as mass broadening (carriers coexisting 
with a wide range of in-plane masses). 
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Gunther Bauer (Montanuniversitat 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/Pbi_;tMnj:Te SL 
sample with x =0.027 consisting of 20 periods with 
thicknesses fpbTe=4.5 nm and /pbMnTe=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 Z). 
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 k^, 
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'^^ 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 Pbi_jMn,Te 
structure (x = 0.027, 20 periods tpbxe = 4.5 nm, tpbMnTc = 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 (Universitat 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 rt-type Hgi_;tCd;tTe bulk crystal (x =0.231) 
showing cyclotron (CR), combined spin flip (CSF), 
and spin resonances (SR). The effective ^-factor of 
the sample can be extracted from the SR signals 
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Figure S. Characterization of various MBE-grown structures by photoluminescence 
techniques for PbTe and Pbi_^Mn,Te 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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Figure 6. Example of using nonlinear optical techniques to 
characterize semiconductors. The CARS intensity of an «-type 
Hgi_,CdjTe 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 compoimds, 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-ju.m thick. Studies of f-factors of a PbTe/ 
Pbi_;cSn;rTe MQW showed they were identical to 
those of a Pbi-^Sn^^Te reference sample. This 
proved that the electrons were confined within the 
Pbi_;tSnxTe layers and thus the band alignment of 
the system is of type I. 

M. Dobrowohka (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 
(5 < 10 T), the SR transition corresponds energeti- 
cally to the far-infrared (FIR) region accessible by 

0    12    3    4    5    6    7 
MAGNETIC FIELD (T) 

Figure 7. Effective g-factor of a Hgi_xCd,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, Hgi_;,Mn;cSe 
were also briefly discussed. 

Ulrich Merkt (Universitat 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/Gai_;cAl;tAs heterojunctions are the 
first semiconductors in which electron systems can 
be studied in all four sets of dimensions from 3-D to 
0-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 0-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 Eji is pinned within the band 
gap. Mobile electrons can be induced by a gate 
voltage Kg 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 Fg. 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. 

O. A. Pankrotov (P. N. Lebedev Physical Insti- 
tute) reviewed the concept of supersymmetry as 
applied to the electronic properties of band-in- 
verted heterojunctions. Heteroj unctions 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 appUcations of high-rc 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 HTSCs 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, Hg,_^Mn;,Se:Fe, and HgSe,_;,Te;<:Fe 
were presented. Compounds involving HgSe sub- 
stitutionally doped with Fe have interesting prop- 
erties related to the unusual energy position of 
tf-derived Fe states: the Fe"*"^^"*"^ 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 
J-electrons to the conduction band provided that 
there are unoccupied states available in the con- 
duction band below the Fe level, Ep^. At low levels 
of Fe doping, the concentration n of free electrons 
in the conduction band is roughly proportional to 
the number of impurities, Np^, while n becomes 
nearly constant above a certain critical concentra- 
tion when the Fermi level Ep becomes "pinned" to 
the Fe resonant level Ep^. 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 Hgi_;cCd;tTe. 
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 (I) 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 lO-fim 
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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