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Abstract. Recently there has been greatly expanded interest in narrow bandgap 
materials. Modern epitaxial techniques and the growing interest in nanostructures 
have provided areas of application for some of the unique properties of the 
narrpw bandgap material. As always: one of the primary sources of interest is 
the small bandgap, which makes them the material of choice for many applications 
in the Infrared. However, in recent years their other unique properties have been 
the basis for a broader set of interests in narrow bandgap semiconductors. The 
type II band offsets (InAslGaSb) have been the basis for novel tunnel devices and 
infrared superlattices. The very small effective masses inherent in small bandgap 
materials make them the obvious candidates in which to observe quantum 
confinement effects at larger dimensions than in materials of larger effective 
mass and wider gap. The ease of making electrical contact to some of the 
materials (ohmic contact to n-lnAs) has made them the material of choice for 
electrical nanostructures. The ability to put in large amounts of magnetic ions to 
make magnetic semiconductors has led to a number of novel properties. The 
technical importance of a narrow bandgap and the unique applications promised 
by some of the other properties of these materials bode well for substantial 
research in narrow bandgap semiconductors well into the next decade. 

1. Introduction 

Beginning wi th  the pioneering work of R A Smith at  
RSRE, who employed PbS for infrared detection in the 

for sources and detectors in the infrared. The uses of InAs 
[Z], InSb [SI, PbSnTe [4] and HgCdTe [ 5 ]  for these 
applications are a l l  well known to this community. 
However, in recent years these narrow bandgap materials 
hrve become interesting k c c a w  of some of their other 
properties. The possibility of small masses, high conduc- 
tivities, unique band offsets and surface properties have 
made these materials of  great interest to the quantum 
device physicist. These new applications plus some very 
cove! app!ica!io:s of modcnr scper!atti.cc techniques for 
the infrared have created further interest in narrow 
bandgap systems. 
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2. Important properties 

Most discussions ofmodern semiconductor physics begin 
with the plot of  bandgap against lattice constant (see 
figure 1). Examination of such data shows the characteris- 
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Figure 1. The energy bandgap against lattice constant for 
some of the relevant 'narrow' bandgap semiconductors. 
The groupings about a given value of the lattice constant 
lead to a set of nearly lattice-matched heterojunctions. 
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tic grouping of materials with similar lattice constants, 
leading to some of the very exciting near-lattice-matched 
heterojunctions in systems like HgTe/CdTe 161, InSb/Sn 
171 and InAs/GaSh/AlSb [8] (see discussion below) to 
name just a few. These heterojunction systems are the 
basis for much of the superlattice and quantum well 
research currently being carried out on narrow handgap 
systems. 

In addition, the narrow bandgap semiconductors 
have a number of other very important properties. These 
include small effective masses for light holes and 
conduction electrons, unusual surface and interface 
properties, and the possibility of incorporating tens of 
percent of magnetic ions such as Fe and Mn. 

Simple k . p  theory says that a small effective mass is 
naturally connected with a small gap [SI. The effective 
mass for the conduction band and light hole semiconduc- 
tors in the case of zinc blende systems is given by 

Effective mass - Energy gap 

Hence, small gap naturally means small mass. For 
example, for the sequence GaAs, InAs, InSb with 
bandgaps at room temperature of roughly 1.43,0.36 and 
0.1 8 eV respectively, the conduction band effective masses 
are 0.065, 0.025 and 0.014 [IO]. 

Yet perhaps the most unusual features of the narrow 
bandgap semiconductors are found in their surface and 
interface properties. For wider handgap materials, many 
of the relevant energy positions for interfaces are in the 
gap. For example, the position of the metal Fermi energy 
at metal-semiconductor interfaces is typically located 
well inside the gap of the semiconductor, leading to the 
typical Schottky barrier behaviour. With small bandgaps, 
the possible locations of these energies within the gap are 
more restricted because of the narrow gap, leading to 
some rather unusual positions for the interface energies. 
The position for Fermi level pinning for lnAs and the 
band offsets for heterojunctions involving InAs/GaSb/ 
AlSb are illustrated in figure 2. For lnAs the pinning 
position for the Fermi level is in the conduction hand 
leading to a negative Schottky barrier of 122 meV [ll] 
and a great tendency for the InAs surface to invert. For 
the near-lattice-matched heterojunction system of InAs/ 
GaSh/AlSb, the band offset 1121 (shown in figure 2) is 
such that the conduction band of the lnAs is below the 
valence band of the GaSb, leading to the cross gap or 
type I1 heterojunction behaviour. The band offset of 
AlSb with respect to lnAs and Gash  is such that it pro- 
duces a harrier between the conduction band of InAs and 
the valence band of GaSb. Further, it would act as a 
harrier between two layers ofGaSb or two layers oflnAs. 

The diluted magnetic semiconductors offer a special 
case of systems with unique properties [13]. Many of the 
narrow bandgap 11-VI and IV-VI semiconductors alloy 
with magnetic ions, notably Mn and Fe, to a few tens of 
percent. The interaction of these magnetic ions (randomly 
arranged on the cation sites) with the electrons and holes 
in the narrow bandgap semiconductor leads to systems 
with very large magnetic response. 
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Figure 2. T h e  unusual interface properties of some of the 
narrow bandgap semiconductors. The Schottky barrier 
between l n A s  and metals is negative. The heterojunction 
band offsets for t h e  InAs/GaSb heterojunctions are such 
that the bottom of the conduction band of l n A s  sits below 
the top of the valence band of GaSb. 

3. Applications 

The number of applications of these narrow bandgap 
materials has been increasing rapidly over the last couple 
of years. Applications are found not only in the detection 
and generation of infrared radiation but more recently 
as the active regions of quantum devices. 

3.1. Narrow bandgap for infrared optoelectronics 

The biggest single application of the narrow bandgap 
systems has been as infrared sources and detectors. The 
use of these materials as detectors for the military is well 
known and amply illustrated by recent television 
coverage. However, the military uses of the infrared are 
not the only applications for sources and detectors in this 
wavelength range. Monitoring the properties of the earth 
both with respect to temperature (global warming) and 
chemically requires very advanced detectors that are 
suitably reliable for application in satellites for surveil- 
lance of the earth from space [14]. This application as 
detectors is the driving force of research in narrow 
handgap systems. Observation of the heavens in the 
infrared is giving us a whole new view of the constituents 
of our universe [l5]. The most appropriate wavelength 
range for searching for nearby planetary systems is the 
infrared since in this spectral range the brightness of a 
planet is more nearly equal to that of the star which the 
planet is circling [16]. Spectrally resolved active and 
passive infrared systems show promise as the chemically 
sensitive environmental monitoring system of the future 
[17]. The push to produce highly controlled industrial 



processes may find a partial solution to the monitoring 
of temperature, chemical composition and other key 
process-sensitive parameters by the application of infra- 
red imagers [IS]. The future requirements for energy 
efficiency will make infrared imaging a routine technique 
for discovering potential energy leaks in housing and 
other structures and processes. All of these future 
applications bode well for the unique niche that the 
infrared materials fill. The venerable Ph salts continue 
to play a role as sources and detector arrays. The 
performance of HgCdTe alloys throughout the 3-12 pm 
infrared hands makes them the likely choice for infrared 
imagers in the short term. The 111-V quantum well 
approach promises to provide the benefits of a 111-V 
technology to make possible large pixel arrays ofinfrared 
imagers but with performance substantially less than in 
those using intrinsic gap materials. The recently proposed 
InAs/GaInSh [I91 superlattice promises to provide 
infrared imagers [20] with performance comparable to 
or better than that of HgCdTe [21] in a 111-V based 
materials technology. 
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3.2. Quantum devices 

shift in the way that we produce electronic computers. 
The old strategy of simply shrinking the transistors will 
begin to fail in the early part of the next century [22]. 
For continued improvement in the performance curve 
fer -&:E c!ec::&cs a "e.:: s::a:egy w:!! ha:,e to be 
developed. That new strategy is likely to involve the 
application of heterojunction devices that are capable of 
being shrunk to even smaller dimensions. There are a 
number of advantages that narrow hand materials have 
for application in the quantum devices. Some of these 
are: small effective mass; high conductivity; ease of 
obtaining large suhhand splitting; and ease of making 
ohmic contacts. To  illustrate the role of small effective 
masses, we have plotted the temperature at which the 
schbznd sp!i!ting bctween the !WO !awes! !sve!s is sqca! 
to k,T in figure 3. This is simply a calculation of 

T+ :- Fn:-l.. ... :,4-1.. -~ ---- :..-A *h-& ...~ ... :I1 "~~ - ----A:-- 
I t  1) lalrlg wtuc1g '~'CY&"LC" L I I n L  w c  w111 JCC n pn''l"L~,L1 

h2n2 

2m*k,d ' 

To demonstrate the wide variety of two-terminal tunnel 
devices, we have illustrated ten different negative 
resistance devices in figure 4. All of these devices have 
been demonstrated experimentally over the last couple 
of years [23]. The device shown in figure 4(A) currently 
holds all of the performance records for two-terminal 
tunnel devices. Frequencies as high as 1.2 THz have been 
projected [24]. The devices in figures 4(B) and 4(C) are 
examples of the so-called 'resonant interhand tunnelling 

electrons tunnel from the InAs conduction hand through 
an AlSh harrier into resonances in the Gash valence 
band, then through the second AlSh barrier into the 
second layer of InAs. This device has a very large 
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Flgure 3. The subband spacing for infinite quantum wells 
made up of GaAs. lnAs and InSb. The materials with the 
smaller bandgaps (InSb and InAs) and consequently the 
smaller effective masses are seen to have splittings that 
are equivalent to k,T at characteristic dimensions that are 
IIIYI.,, ,a,y.=, L l l c l l l  ,VI "ana Ylllll a ,my='' "a,,"gap a,," 

greater mass. 
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Flgure 4. Schematic illustration of the heterojunction 
layers for ten different two-terminal tunnel devices that 
have been fabricated in the InAs/GaSb/AISb 
near-lattice-matched heterojunction system. 
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Figure 5. The schematic diagram of a three-terminal 
tunnel device. T h e  electrons tunnel fiom an  InGaAs 
emitter through a base with an lnAs notch into an InGaAs 
collector. The base layer is very narrow. The lnAs notch 
both improves t h e  conductivity and makes it easy to 
establish an ohmic cwtact !o !he ve!y ~erro'u layer. 

peak-to-valley ratio for the negatiie resistance region of 
the current-voltage characteristic. This particular attri- 
buie has made it the most desirabie device for appiication 
as elements in quantum device-based logic and fuse-based 
artificial retinas. In addition to the two-terminal devices 
shown here, the narrow handgap systems have played a 
major role in the fabrication of thr-e-terminal quantum 
devices. Investigators at Texas Instruments [25] ,  have 
successfully fabricated devices ori:inally proposed by 
Schulman and Waldner [26]. A ty ica l  device is shown 
in figure 5. The fact that it is so easy to make an 
ohmic contact to InAs has been explDited by this group to 

layer that forms the base of this device. Other three- 
terminal quantum devices have bee2 fabricated by using 
narrow handgap systems. The most successful demon- 
stration of the Stark effect tran istor employed the 
InAs/AlSb/GaSb heterojunction s! stem, In figure 6 wc 
show a schematic diagram of the structure of the Stark 
effect transistor [27] This structur: takes advantage of 
the highly transparent GaSh/InAs ~nterface and the ease 
of making contact to  the InAs layx. The device shows 
the largest current gain observed it room temperature 
for a three-terminal quantum device. 

This same InAs/AISh/GaSh hzterojunction system 
promises to be a nearly ideal systc m for quantum dots 
and quantum wires. The small effective mass of the InAs 
and GaSb means that quantum size effects will occur at 
a much iarger thickness, making the nanofabrication 
process simpler. The occurrence of holes in the Gash 
and electrons in the InAs at roughly the same energies 
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The so-called 'Stark effect' transistor. The device 
functions by the modulation of the position of the 
subbands in the l n A s  collector layer due to a 'Stark' effect 
shift induced by the applied base potential. 

Figure 7. Schema1 c fl aqrdm of e a q  qoantJm wires ana 
dots Tne unique banfl offsets in  tne nAsIGaSblAISb 
nelerolunction System pJls t h e  energies 01 electrons and 
holes at rOJghly tne same level mamg poss ble a 
whole set 01 comp!ementary qdantdm device StrJctJres 

suggests that we could make devices with leaky quantum 
wires and dots as illustrated in figure 7. 

3.3. Narrow baodgap diluted magnetic semiconductors 

The subject of diluted magnetic semiconductors has 
recently been the subject of a very extensive review [13]. 
We strongly recommend that those interested in the 
details of this subject consult this review. However, suffice 
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it to say that the unique combination of magnetic 
response and narrow gap has given these materials 
unique properties, including a bandgap that is tunable 
in a magnetic field and very large magnetoresistance. 

4. Summary 

The future is very bright for narrow bandgap systems. 
The historical role they have played as infrared sources 
and detectors is likely to be enhanced as the infrared 
spectal region finds progressively greater application in 
earth observation systems, infrared astronomy, environ- 
mental monitoring systems, process control systems and 
commercial applications. The small effective mass and 
unique surface and interface properties make narrow 
bandgap heterojunction systems the candidates of choice 
for quantum devices. The unique magnetic response of 
the small effective mass systems, along with the solubility 
of magnetic ions in some of the narrow bandgap 
materials, makes them the obvious candidates for many 
applications in which magnetic fields could play a role. 
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