
NARROW BAND GAP SEMICONDUCTORS

Narrow band gap semiconductors are defined as semicon-
ductors with an energy band gap smaller than that of sili-
con. Figure 1 shows the energy band gap versus the lattice
constant plot for major semiconductors. The area of the
narrow band gap semiconductors is marked with the slant
lines. Several important narrow band gap semiconductors
are displayed in the figure. One is the elementary semi-
conductor Ge with the lattice in the diamond structure.
Other key ones are III-V and II-VI compound semiconduc-
tors: InAs, GaSb, InSb, and HgCdTe, whose lattice is in the
zincblende structure. Also shown in the figure are three
lead salts, PbS, PbSe, and PbTe, whose lattice is in the rock-
salt (NaCl) structure. The structures of all these narrow
band gap semiconductors are composed of two interpene-
trating face centered cubic (fcc) lattices (1) with the lattice
constant a0 defined as the length of the fcc cube edge. For
the diamond and the zincblende structures, each fcc lattice
is shifted by a0/4 (111) to the other lattice, whereas in the
rock-salt structure, the shifting vector is a0/2 (100). After
describing the fundamental structures, the properties and
the related devices of each narrow band gap semiconductor
are described briefly as follows.

Ge was an important semiconductor material used for
electronics before the emerging of the modern Si technol-
ogy. It has an indirect band gap energy of 0.664 eV (2)
at room temperature as observed in Fig. 1. Interestingly,
its lattice constant is close to that of GaAs, which has
been taken advantage of to allow the deposition of high-
quality GaAs-based materials on Ge for use in implement-
ing the InGaP/InGaAs/Ge triple-junction tandem solar cell
(3), which has a record conversion efficiency of about 40%.
Another important application of Ge is infrared detectors.
Despite the large lattice mismatch between Si and Ge as
observed in Fig. 1, the alloy SiGe has been successfully used
to realize the Si heterojunction bipolar transistor (HBT)
(4). Because of a smaller band gap as compared with Si,

Figure 1. Energy band gap versus lattice constant plot for major
semiconductors. The area for narrow band gap semiconductors is
marked with slant lines.

SiGe has been used to implement the base of the Si HBT
with a very narrow base width, SiGe-base HBT, which al-
lows a heavy p-type doping density without deteriorating
the electron injection efficiency. Because of the very small
base width and the very low base resistance, SiGe-base
HBT has become an important high-speed semiconductor
device for use in Si integrated circuits needed for wireless
communications.

InAs has an energy band gap of 0.354 eV at room tem-
perature (2). In the 1960s, the light-emitting diode and the
laser diode were realized based on InAs (5). For the past
decades, its alloy InGaAs has been intensely studied to
be used for implementing electronic and photonic devices.
Because it is lattice-matched with InP, InGaAs is a basic
material for realizing devices used in optical fiber commu-
nication (6) and high-speed electronics (7). Thanks to the
superior transport properties resulting from a small elec-
tron effective mass, the InGaAs-base HBT and the InGaAs-
channel high electron mobility transistor (HEMT) have
been created for implementing high-speed communication
integrated circuits such as the 40-Gb transimpedance am-
plifier (8). Because GaAs is a more mature material as
compared with InP, the structure of InGaAs on GaAs has
raised a substantial amount of attention for industrial and
academic research. As the lattice constant of InGaAs is
larger than that of GaAs, the strained InGaAs/GaAs quan-
tum well (QW) and the metamorphic InGaAs (9) structures
on the GaAs substrate have been successfully developed.
The strained InGaAs/GaAs QW structure on the GaAs sub-
strate is used to implement pseudomorphic HEMTs and
lasers. The metamorphic InGaAs structure on the GaAs
substrate is used for realizing HEMTs. Because of the con-
straints on the thickness and the In composition (10), the
lowest inter-band transition energy of the strained InGaAs
QW structure on the GaAs substrate is about 1 eV (11). The
transition energy could be lowered by the diluted nitride
InGaAsN solutions. The band gap energy and the lattice
constant could be simultaneously reduced by incorporating
a tiny amount of nitrogen (less than 3%) in the traditional
III–V compound semiconductors. As shown in Fig. 1, the
boundary of the quaternary InGaAsN material is GaAsN
and InAsN as indicated in blue and red curves. The energy
band gap reduction using the diluted nitrides could be ex-
plained using the band-anticrossing model (12). Incorpora-
tion of the highly electronegative nitrogen atoms gives rise
to the localized energy levels close to the conduction band
edge of the host semiconductor. The hybridization between
the localize states and the conduction band results in two
modified bands. The lower band, caused by the repulsive
effect, is lower than the original band of the host semi-
conductor. As a result, the strained InGaAsN/GaAs QW
structure could have a transition wavelength as long as
1520 nm (13), which has been used to realize the 1300-nm
vertical cavity surface emitting lasers (VCSELs) for optical
communication (14). Because of the lattice contraction re-
sulting from the nitrogen incorporation, InxGa1−xAs1−yNy,
with x ∼ 3y, can be lattice-matched with GaAs, thus becom-
ing a promising material for the tandem solar cells (15).
Currently, most high-efficiency tandem solar cells are com-
posed of three sub-cells: InGaP, InGaAs, and Ge. For a fur-
ther higher efficiency, the targeted energy band gap of the
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fourth cell is about 1 eV, where InGaAsN is a promising
candidate.

Another important structure on the GaAs substrate for
long transition wavelength applications is the InAs self-
assembled quantum dot (QD) (16). The formation of the
InAs QD is from the about 7% lattice mismatch between
GaAs and InAs. The accumulating strain energy during the
deposition of InAs turns the growth mode from the layer-
by-layer mode to the island mode as the nominal deposition
thickness reaches 1.7 monolayers (17). From a photolumi-
nescence (PL) study, the PL wavelength of the bared InAs
QD on GaAs can be as long as 1500 nm. However, the com-
pression and the In/Ga atomic interchange resulting from
the overgrown GaAs capping layer needed for realizing de-
vices shift the transition energy up to about 1 eV. By in-
serting a thin InGaAs layer between the InAs QD and the
GaAs capping layer, the compression and the atomic ex-
change could be reduced, leading to the extension of tran-
sition wavelength to over 1300 nm (18, 19). Insertion lay-
ers using other materials such as AlGaAs, GaAsSb, and
InGaAsN have also been studied to manipulate the com-
position and the shape of the QD to obtain a longer emis-
sion wavelength (20, 21). As a result, 1300-nm VCSEL with
the InAs QD active medium has been realized on the GaAs
substrate (22).

GaSb has an energy band gap of 0.725 eV at 300 K
(23). GaSb is particularly important as a substrate ma-
terial for the Sb-based alloys, whose energy band gap is
in the mid-infrared wavelength range. It is interesting
that the spin-orbit splitting of the valence band is al-
most equal to the energy band gap of GaSb, which results
in a high hole ionization coefficient. Therefore, a signifi-
cant advantage in the signal-to-noise ratio property has
been obtained from the GaSb-based avalanche photodetec-
tors. The mixed alloy of GaAs and GaSb is a promising
material for optoelectronic and electronic device applica-
tions. GaAsSb, which is lattice-matched with InP, has been
used as the base of the InP/GaAsSb NPN double HBT (24,
25). Because the band lineup between InP and GaAsSb is
type-II, this HBT is free from the complicated base-
collector junction grading, which is used to avoid the an-
noying current blocking and the reach-through effects com-
monly observed in the HBT with the type-I base-collector
band discontinuity (26). As the As mole fraction is larger
than 0.6, GaAsSb has its lattice constant and energy gap
relation close to that of InGaAs with the same As mole
fraction. According to several reports (27, 28), the band
lineup of the GaAsSb/GaAs QW structure is composition
dependent. The alignment is weak type-I for a small Sb
mole fraction and turns out to be type-II as the fraction
increases. These types of band lineup make the electrons
stay in GaAs and the holes in GaAsSb. Although the spatial
separation lowers the dipole matrix element of the electron
hole recombination, their transition energy can be lower
than the fundamental energy gap of either GaAsSb or
GaAs, which is beneficial for long wavelength applications.
Overall, 1300-nm lasers of edge- or vertical-emitting type
on the GaAs substrate (29, 30) have been developed. The
diluted-nitride GaAsSbN material has also been intensely
studied (31). This quaternary alloy has a better thermal
stability than InGaAsN because it has only one group III

element, thus free from the InN/GaN bond change during
the heat treatment (32). As post-growth annealing is nec-
essary for the diluted nitrides to result in a good device
quality, this behavior could be taken advantage of to result
in a smaller blue shift in wavelength due to the chemical
change for the GaAsSbN material. The p-i-n detector with
a cutoff wavelength longer than 1300 nm using GaAsSbN,
which is lattice-matched with GaAs, with an energy gap be-
low 1 eV has been reported (33). In addition, the strained
quinternary InGaAsSbN QW structure has also been used
in lasers operating at 1600 nm on the GaAs substrate
(34, 35).

Sb-based alloys grown on the InAs or GaSb substrate
are important semiconductors for mid-infrared optoelec-
tronic devices. Several chemical gases and liquids have
a strong signature absorption in the mid-infrared wave-
length range. The development of the Sb-based semicon-
ductors can provide miniature and low-cost emitters and
detectors for device engineering in this wavelength band.
The InAsSb alloy is an important material for this applica-
tion because it has the lowest energy gap (0.108 eV for an
Sb fraction of 0.65 (36)) in III–V compounds at room tem-
perature. Experimental and theoretical studies pointed
out that the As-rich InAsSb/InAs structure is a staggered
type-II heterojunction when the InAsSb is strained (37).
Lasers based on this type of the InAsSb/InAs heterojunc-
tion have been demonstrated at cryogenic temperature
(38). However, high-temperature operation is limited by
Auger recombination and inter-valence band absorption
(39). Type-I InGaAsSb/AlGaAsSb heterojunction has been
also successfully applied as an active medium for lasers
operating at room temperature (40). However, its thresh-
old current increases rapidly as the wavelength is longer
than 3 µm, which is attributed to hole leakage and Auger
recombination. Much more sophisticated devices called
inter-band cascade lasers with the “W-shape” QW struc-
ture have been designed to extend the wavelength of the
laser operating at room temperature (41). The structure
uses the type-II broken gap QW in four layers, for exam-
ple InAs/InGaSb/InAs/AlGaAsSb, in each period with the
“W-shape” conduction band profile. The type-II lineup of
InAs/InGaSb allows the tailoring of the electronic states
for Auger recombination suppression (42), whereas the
“W-shape” conduction profile can concentrate the electron
wave function and improve the radiative recombination.
Furthermore, a carefully designed broken gap heterostruc-
ture between the laser stages also allows the recombined
electrons in the valence band to tunnel to the conduction
band of the next stage for another radiative recombina-
tion (43). Strip inter-band cascade lasers have reached the
3.38-µm CW operation at 350 K (41).

Alloy Hg1−xCdxTe is an important narrow gap semicon-
ductor for infrared detectors and image sensors (44). HgTe
and CdTe, the alloy made of the binaries, are II–VI com-
pounds in the zincblende lattice structure. The energy gap
of CdTe is 1.606 eV, larger than Si. On the other hand,
HgTe is a semi-metal, having its �6 band state—the con-
duction band bottom, lower than its �8 band state—the
valence band top, by 0.3 eV. The energy gap of the alloy
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Hg1−xCdxTe can be expressed as

Eg(T) = 1.59x − 0.25 + 5.233 × 10−4 T (1 − 2.08 x)

+ 0.327 x3 eV.

The temperature coefficient of HgTe is positive, which is op-
posite to those of CdTe and other ordinary semiconductors.
Therefore, the coefficient of the alloy is composition depen-
dent. The lattice constants of CdTe and HgTe are 6.482 Å
and 6.46 Å, respectively. The alloy is usually grown on
the CdTe substrate because of excellent lattice match and
chemical compatibility. In the 1970s, HgCdTe photocon-
ductive detector technology progressed rapidly. The wave-
length of the detectors developed covers 1–3, 3–5, 8–12, and
15–30 µm (44). Detector linear arrays of 60–180 elements
have been in mass production for military and civilian ap-
plications (45).

Lead salts include PbS, PbSe, and PbTe. They are IV–VI
compound semiconductors with the crystalline in the rock-
salt structure (NaCl). These semiconductors have the L di-
rect band; i.e., the top of the valence band and the bottom
of the conduction band occur in the (111) direction at k =
π/a (46). The energy gaps at room temperature for PbS,
PbSe, and PbTe are 0.41, 0.27, and 0.31 eV, respectively
(47). The temperature coefficients of these energy gaps are
positive, which is opposite to those for Si and III–V com-
pounds. Lead salt laser is the oldest mid-infrared emitter,
and for many years, they are the only commercially avail-
able mid-infrared sources. Pb1−xSnxTe, which is a mixed
alloy of PbTe and SnTe, an IV–VI compound with the en-
ergy gap strongly depending on the carrier concentration,
has an energy gap of Eg(eV) = 0.19 − 0.543x at 12 K (48).
The energy gap vanishes as x approaches 0.35. The most
successful IV–VI lasers are based on the PbTe/PbSnTe het-
erostructure. Another alloy PbS1−xSex has an energy gap
of Eg(eV) = 0.289 − 0.144x at 12 K (49). Lasers based on
PhS/PbSSe have been also successfully created. The elec-
trically pumping lead salt lasers have achieved the 333 K
operation in pulsed mode (50). The above room tempera-
ture operation is caused largely by the low Auger recombi-
nation rate in the IV–VI system. The Auger coefficients of
the lead salts are generally an order of magnitude smaller
than those in III–V compounds with the same energy gap.
However, as compared with III–V materials, the lead salts,
which are more susceptible to damage, have lower thermal
conductivities. Thus, their output power is limited to below
1 mW (51).
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