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A tutorial review is given of the transport, the electronic and optical properties and the
applications of quantum wells and superlattices which can be formed from ITI-V narrow gap

struclures containing antimony.

I. Introduction & Electronic Properties

The most developed low-dimensional semiconductor
structures, both for fundamental studies and in device
applications, are those based on abrupt heterostruc-
tures between GaAs and AlGaAs. This system depends
for its success on the near-perfect match between the
binary components, GaAs and AlAs. However, GaAs
does not have a band- gap suitable for long-wavelength
optical sources, signal processing devices or mid- in-
frared detectors. There are also potential applications
for narrow gap materials for fast signal processing and
for a electrical sensing devices. These developments
have produced dermands for new materials based on
InAs, InSb and GaSb. The primary electronic charac-
teristics of these systems are their high mobailities, and
saturation drift velocitics, the band gaps which corre-
spond to the infrared region of the spectrum and the low
effective masses which give high quantum confinement
energies. The latter characteristic opens up the pos-
sibility of the observation of mesoscopic and Coulomb
blockade effects at higher temperatures. This paper
reviews recent work carried out at Imperial College
with MBE grown samples. The heterostructure com-
binations of particular interest are InAs/In(As;_;Sb;),
InSb/In(As;_;Sb;), InAs/GaSb and InAs/AlSb.

InAs has a very low lying conduction band which
leads to the formation of type II band alignments at

heterojunctions and to very large conduction band off-

sets which can be exploited in such devices as tunnel
diodes. The type II alignment can drastically modify
the electronic properties; e.g. by leading to the suppres-
sion of Auger recombination. Another special property
is that the deep lying conduction band causes native
defect levels to lie about 200meV above the conduc-
tion band edge rather than in the middle of the for-

bidden gapl!'~—3l.

Consequently electron accumulation
layers form naturally at the surfaces of bulk layers and
the Fermi energy at a metal semiconductor contact is
pinned within the conduction band at a similar energy.
Thus a Schottky barrier is not present and contacts
which are extremely transparent to electron flow are

readily formed.

The defect levels which cause the surface pinning
also act to stabilise the Ferrni level which provides an
electronic reference level for the defect annihilation en-
ergies. In the case of amphoteric impurities this deter-
mines the maximum free carrier concentration which
can be obtained from dopingl!!. Consequently InAs
can be doped very heavily with Si donors where con-

3 can be achieved.

centrations as high as 5 x 10*%ecm™
With GaAs, where the Fermi level is pinned mid-gap,
the donor doping limit is ~ 10*°cm™3. With InSb the
pinning energy is near to the valence band so Si acts
amphoterically but almost complete activation of the
silicon as a donor up to concentrations of 3 x 10'¥ecm=3

can be obtained by reducing the temperature in MBE



growth to 350°C. With GaSb and AISb silicon only acts
as an acceptor. These trends can be understood quali-
tatively in terms of the amphoteric native defect model
introduced in Ref. [1] where the defects act to stabilise
the Fermi level. The position of the defect levels with
respect to the band edges therefore determines the max-
imum free carrier concentration which can be obtained
by silicon doping. The defect levels lie in the conduc-
tion band of InAs but close to the valence band edge in

GaSh.
1.1 InAs;_,Sb,

InAs;_,Sb, alloy with x ~ 0.65 has the narrowest
direct band gap of any thick-film III-V system. Re-
markably, when InSb is mixed together with the wider
band gap material InAs at low compositions, the band
gap narrows. Unfortunately the alloy is prone to metal-
lurgical problems such as ordering and phase separation
in the mid alloy range and even natural superlattices
can be grown when material is supplied at constant
composition. High mobility strain-layer superlattices
of both InAs/InAs;_,Sb, and InSh/InAs;_,Sb, have

been grown despite the large mismatch.
1.2 InAs/GaSb and InAs/AlSb systems

InAs/GaSb/AlSb provides attractive combinations
for both infrared and electronic applications. In the
case of InAs/GaSb, the InAs conduction band min-
imum lies lower than the top of the GaSb valence
band (type IIT alignment) so the system is naturally
semimetallic leading to the possibility of novel electron-
hole states. The InAs/AlSb system has an exception-
ally high conduction band offset (1.6eV) particularly
suited to tunnel and other microelectronic devices.

The untreated GaSbh surface is known to produce
donor like levels which act to pin the Fermi energy
at the surface about 0.2 eV above the valence band
edgel®6l,

source of electrons for the InAs quantum well above

The surface donors provide an additional

the intrinsic concentration arising from the semimetal-
lic band alignment with the concentration of extra elec-
trons varying approximately inversely with the thick-
ness of the GaSb cap [5].

A particular problem arises with InAs/AlISb devices
because of the instability in air of AISb. In order to pre-
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vent corrosion, the final AISb layer has to be capped by
either a thin GaSb or InAs layer. When GaSb is em-
ployed the Fermi energy is pinned by the surface donors.
Alternatively an Gaj_,Al,Sb alloy with 2 0.5 can be
used as an air-stable cap.

There is no common anion or cation across the inter-
face between InAs and GaSb (or AISb). Tt is therefore
possible to induce two different types of bonding, InSh-
like or AlAs (or GaAs)-like at the interface by careful
control of the shutter sequences. Without such con-
trol the bonding at the interfaces will be random. The
band offsets, the local vibrational properties and the
electronic mobilities will depend on the nature of the
interfaces

Generally samples grown with AlAs (GaAs)-like in-
terfaces have inferior structural quality and much lower
mobility than those with InSb interfaces®l. The prob-
lem appears to be the roughening of the surface dur-
ing the growth of the first AlAs (GaAs) interface due
to the exposure of the AISb (GaSbh) surface to excess
As. There have been reports that this problem can
be overcome by the use of a cracker cell. By reduc-
ing the As pressure to the minimum level required to
grow good quality InAs and by growing at low tem-
peratures (~400°C) we can obtain 4K mobilities up to
200,000cm/Vs with GaAs-interfaces without the use of
a cracker cellll. The optimum temperature for obtain-
ing high mobility with InSb-interfaces is about 450°C.

1.3 The Remote doping of InAs/GaSb quantum
wells by means of a second InAs well doped with

silicon

Remote doping of InAs/GaSh or InAs/AISb quan-
tum wells presents a problem with molecular beam epi-
taxy (MBE). Use of a group VI dopant risks long term
memory effects. Silicon, which 1s the preferred MBE
dopant for most other TII-V systems, acts as an accep-
tor with GaSbh and in AlSb.

An alternative technology has been developed [8] for
remote doping of the InAs quantum wells (see Fig. 1)
where a double well structure is employed. The sec-
ond InAs well is thin (~ 2nm) and doped with silicon

3 can be

where concentrations as high as 5 x 10%cm~
employed (see section I). Because of the high confine-

ment energy this well acts as a source of electrons for the
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first well. As can be seen from table one mobilities as
high as 185,000 cm?/Vs with a carrier concentration of
2.68 x 10'2 em~? can be achieved in the wide well. The
conductivity in this case is 1071S. Higher electron con-
centrations are possible but the mobility falls when the
second subband becomes occupied, probably due to in-
tersubband scattering. The parallel conductance from
the thin well is negligible. A self-consistent modelling
programme has been developed to describe the electron
transfer. The model includes i) the nonparabolicity of
the InAs conduction band, ii) the hole 2DEGs in the
GaSb and iii) the surface pinning of the Fermi energy
due to the presence of surface donors in the GaSh. The
modelling predicts that we can achieve even higher car-
rier concentrations in the high mobility channel without
degrading the mobility by using even thinner (~ Inm)
doping wells.
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Figure 1. Tllustrates the principle of the doping well tech-
nique where a thin highly- doped well is used as a source of
electrons. The high confinement energy causes the electrons
to transfer to the wider well.

I1.4. Mesoscopic Properties

Two clear advantages of narrow gap materials over
other semiconductor systems have been identified for
mesoscopic studies. The increased energy separation
of the 1- or 0-D subbands means that mesoscopic ef-
fects can be followed to substantially higher tempera-
tures it should be possible to follow effects to about

three times higher temperature for a particular feature

size if InAs/(AlGa)Sh rather than GaAs/(AlGa)As is
Thus Inoue et all”]

were able to observe the quantised conductance of an

employed for a given structure.

InAs/(AlGa)Sb split-gate quantum wire device up to
80K. The second advantage identified by Koester et

aJ1[10]

is that ballistic effects can be observed to longer
channel lengths; e.g. fully ballistic quantised conduc-
tance was observed with a channel length of 1um. It
was thought that this enhanced length performance
arose because the subband separation was greater than
the amplitude of the potential fluctuations in the wire.

We have prepared a series of InAs/GaSb quantum
wires using e-beam lithography and wet etching down
to 0.3pum width using a “doping well” sample as de-
scribed in section 1.3 with a carrier concentration of
2.7 x 10'2¢cm~? and 4K mobility of 185,000cm?/Vs
and observed the giant weak-field magnetoresistance re-
ported in Ref. [11] which is enhanced by high carrier

concentrations.
I1. Optical properties

I1.1 Raman Scattering from Plasmon Modes in

Narrow Gap Semiconductors

Raman measurements of the plasmon frequencies
provides a simple, accurate and non- invasive deter-
mination of the concentrations and mobilities of the
charge carriers in semiconductors. The main features
of the plasmon-LO phonon interaction are well estab-
lished for 3-D systems. Two coupled modes are seen
in Raman and FIR measurements with the L} mode
occurring at the LO phonon frequency in the limit of
low carrier concentrations and progressively changing
character to become the plasmon mode at high car-
rier concentrations. The L_ mode approaches the TO
phonon frequency in the limit of high carrier concen-
trations. A detailed Raman study!'? however shows
unexpectedly that the L_ branch approaches the TO
frequency asymptotically from the high frequency side
as the carrier concentration increases. This behaviour is
attributed to competition between screening (dominant
at high frequencies) and a large-wavevector induced de-
coupling.

The widths of the plasmon modes observed by Ra-
man and FIR spectroscopy can provide information

With our bulk

about the mobility of the carriers.
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Table 1: A comparison between experimental and theoretical carrier concentrations obtainable with InAs/GaSh
quantum wells by remote doping with a second well which is thin and highly doped.

Sample  Electron Density (xlellcm™) Mobility
Theory Experiment Difference  (cm*V.s)
subband Total subband Total %

1 2 1 2
Single Wells

1C411 12.3 2.5 14.8 13.6 37 173 14 90,000

1C404 9.3 0.7 10.0 9.5 - 9.5 5 200,000

IC410 74 - 74 8.2 - 8.2 10 100,000

Double Wells

1C452 16.1 7.4 235 159 59 218 8 155,000

IC455 24.4 5.7 30.1 228 4.0) (26.8) 12 185,000

1C463 19.2 9.6 28.8 21.2 8.9 30.1 4 50,000

IC475 253 8.1 334 284 7.2 356 6 70,000

1C497 234 4.8 28.2 20.8 - 20.8 36 180.000

InAs;_,Sb, alloys the mobility in samples without de- ity edge.

liberate doping degrades rapidly as the composition (x)
is changed from either end of the system (x=0 and
x=1) and also falls off rapidly with decreasing tempera-
ture. This mobility degradation cannot be explained by
chemical contamination, particularly as samples heav-
ily doped with silicon have higher temperature inde-
pendent mobilities. Insight into the reason for this
behaviour 1s provided by the scattering times deduced
from the widths of the plasmon modes observed which
are several times narrower than expected from the dc
mobility. The explanation for the degradation of the
dc mobility in the undoped samples appears to be that
a mobility edge occurs, possibly because of the metal-
lurgical effects referred to in section I.1. The optical
transitions are “vertical” and are therefore unaffected
by the fluctuations in potential on a scale larger than

the de Broglie wavelength which give rise to the mobil-

1

where E7s is the energy spacing between the first and
second electron subbands and Ep is the polarisation

shift associated with the intersubband plasmon energy.

The main application of intersubband scattering lies
in that the technique allows a relatively simple determi-

nation of the energy separation between subbands. The

Several new peaks are observed in resonant Raman
scattering from GaSh/InAs!'® and AISh/InAs quantum

1415] These lines are assigned to the coupled LO

wells!
phonon-intersubband plasmon modes originating from
the InAs wells('3].

coupled system (L_ mode) lies between the LO and

The lower frequency branch of the

TO frequencies of InAs, and the line intensity depends
strongly on the two dimensional carrier concentration
and the laser excitation energies (chosen to be mnear
to resonance with the Fy gap of InAs). The L; lines
are weak and relatively broad, their frequency increases
with increasing carrier concentration in the InAs wells
and they are not observed when the carrier concentra-
tion is low (figure two and three). If the InAs conduc-
tion band is parabolic then the energies of the main L_

and L4 modes can be derived from

1
SUBL + Efo + Ep) = A(EL B o + Epo E3)]'?

main scientific interest for narrow gap semiconductors
is in the nonparabolicity corrections. We have studied
the L_ and L4 coupled plasmon-phonon intersubband
modes also with InAs/TnAs; _,Sb, strained layer super-

lattices.

Figure two shows also an Ly mode associated with
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transitions from the second subband. Figure three
demonstrates a shift to higher frequency with increas-
ing carrier concentration. These measurements were
made with the carrier concentrations increased by the

“doping well” technique.
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Figure 2. Shows the Raman spectrum from an InAs/GaSb
single quantum well. The L._ mode is observed just below
the main LO phonon peak (a composite of the InAs and
GaSb phonons). Above 750cm ™! the gain is increased by
35 and two L peaks are seen corresponding to the transi-

tions from the lowest subband to the first two of the higher
subbands.
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Figure 3. Shows the Raman spectrum from three

InAs/GaSb single quantum well with different carrier con-
centrations. The Ly mode corresponding to transitions
from the lowest subband to the first of the higher subbands
increases in energy with increasing carrier concentration.
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I1.2 Structural characterisation of semiconduc-

tor structures by Raman spectroscopy

We are exploring Raman techniques for non-
destructive and rapid characterisation of a variety of
electronic materials and device structures. Applications
for characterisation include the simple determination
of alloy composition, local strain, the folded phonon
modes in the case of superlattices which provide infor-
mation on the quality of the superlattice structure, and
interface integrity which can involve, in the case of the
InAs/GaSb and InAs/AlISb, the detection and analysis
of the InSb and GaAs-like interface modes.

I1.3 Interband magneto-optics in InAs/InAs;_,Sb,

superlattices

Interband magneto-optical measurements show
many more transitions than luminescence studies be-
cause excited states in both the conduction and valence
band wells are involved. Consequently magneto-optics
can be extremely powerful in determining the complete

set of band structure constants!él and band offsets*7],

We have investigated by interband magneto-optics
the band alignments of a series of InAs/InAs;_,Sh,
strained layer superlattices of the same composition
0 < z < 0.4 used for studies of photoluminescence
and electroluminescencel!”.  Luminescence, by our-
selves and also by other groups, shows that the photon
energy emitted falls extremely rapidly with increasing
x with the band gap decreasing from 0.4 eV for x = 0

to 0.1 eV for x=0.4 (Fig. 4).

The reason for this rapid narrowing of the super-
lattice energy gap has been controversial with differ-
ent groups suggesting conflicting schemes; (i) extreme
“type II” band alignments with the valence band off-
sets changing rapidly with x (in which case the photon
emission is spatially indirect) or alternatively (ii) a spa-
tially direct band gap in which the alloy band gap is
anomalously narrowed by microstructural effects such
as atomic ordering. Our data provide an unambiguous
assignment for the band offsets as the peaks can only
be fitted with the type II band alignments. However it

is still unclear whether a model involving placing the
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InAs band lower than the alloy or the reverse ordering

(Fig. b) is more appropriate
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Figure 4. Shows the narrow high-efficiency photolumines-
cence at 12K from four InAs/InAs;_;Sb, strained layer su-
perlattices with x =0, 0.2, 0.32 and 0 4. Thus increasing the
average antimony content of the structures by only ~20%
shifts the luminescence peak by a factor of three in wave-
length.
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Figure 5. Shows the schematic band alignment which

provides the best fit for the interband magneto-optics for
InAs/InAsi_-Sb, strained layer superlattices with x= 0.32.
E1, L1 and H1 are the first quantum confinement states;
E, L and H are the band extremes and the dashed lines
correspond to unstrained values. All energies are in meV.

I1.4 Magneto-optical and transport measure-
ments with gated InAs/GaSb quantum well

structures

Gated Hall effect and capacitor structures show-
ing a good field effect have been fabricated on wafers
containing InAs/GaSh quantum wells using MOS tech-
niques with the SiOy being deposited either by a low

temperature photolytic process (in collaboration with
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DRA Malvern) or a plasma assisted chemical vapour
process (in collaboration with the University of Ham-
burg). The structures consisted of a single InAs quan-
tum well located about 20nm from the SiO2/GaSh in-
terface. Reproducible breakdown characteristics were
obtained with both processes with breakdown fields in
the oxide of up to 5 x 10° V/ecm. The field effect in
the InAs/GaSb structures is extremely good for inter-
mediate gate voltages with the electron concentration

? as measured

changing between 0.8 and 2.2 x 10 em~
by the Hall effect. The low temperature mobility in-
creases from 40,000 cm?/Vs at negative bias to 135,000
cm?/Vs for a bias of +40V. These results suggest that
mobilities near to the phonon limited value of 30,000
cm?/Vs should be achievable at room temperature in

FET structures using SiO» gates.

We have therefore demonstrated a viable technology

for InAs/GaSb/AlSb MOS field effect devices.

The field effect in the capacitor structures was also
The amplitude

and half width of the CR transmission minima gen-

monitored by cyclotron resonance.

erally show a strong oscillatory behaviour with mag-
netic field (Fig. 6). This can be interpreted in terms
of the variation of the screening on the electron occu-

(18] or because of the move-

pancy of the Landau levels
ment of the Fermi energy through the Landau levels
which can change the weightings of individual inter-
Landau level transitions which differ in energy because
of nonparabolicity"®=23]. The ability to change the
carrier concetration controllably by means of the gate
shows that both these mechanisms play a role in de-
termining the line shape. At negative and low positive
gate biases the CR line is broadens when the Fermi en-
ergy lies between two Landau levels. As the gate volt-
age (carrier concentration) increases, the oscillations in
the line width decrease and disappear at one particular
gate voltage. At higher gate voltages the oscillations
reappear but with opposite phase; i.e. when the line
width is greatest when the Fermi energy lies within
a Landau level at the position of a maximum in the
density-of-states function. When the line width is near
to its minimum value the individual inter-Landau level
transitions become resolved (Fig. 7). This observation
therefore suggests that the second mechanism is oper-

ative at high electron concentrations.
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Figure 6. Shows cyclotron resonance absorption lines taken
at intervals in magnetic field of 0.2T for an InAs/GaSb
single quantum well. The intensity and inverse line width
shows Shubnikov-de Hass like oscillations which are periodic

in 1/B.
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Figure 7. Shows the magnetic field positions of the cy-

clotron resonance absorption lines for a gated InAs/GaSb
single quantum well. Above about 6T the individual transi-
tions making up the cyclotron absorption become resolved.

Because of the very high Fermi energies, the effec-
tive mass measured with large positive gate biases in-
creases by more than a factor of two compared with
the band edge mass of InAs. This demonstrates the ex-
treme importance of non-parbolic corrections in these
narrow gap systems.

The semimetallic band alignments with InAs/GaSh

heterostructures lead to the simultaneous presence of

13

electrons and holes in undoped strucures. There has
been considerable speculation for some time that such
a system could lead to the formation of stable exci-
tonic states at low temperatures. Experimental evi-
dence for such states has been lacking until recently
when Cheng et all?¥] reported the presence of an ad-
ditional line approximately 2 meV above the cyclotron
resonance line in a number of InAs/(Ga,Al)Sb quantum
wells which disappeared with increasing temperature.
In this experiment the persistant photoconductive ef-
fect was used to control the carrier concentration and
the line was only present when the electron and hole
concentrations were approximately equal. In our own
experiments with gated InAs/GaSb structures we were
unable to obtain convincing evidence for the existence
of such an excitonic related line although we were able
to observe a line with approximately the same magni-
tude of energy offset from the cyclotron resonance line
but of differing sign (i.e. on the low energy side of the
main CR) with a strongly n*t “doping well” sample.
Warburton et all?®! also observed a similar line with a
heavily pt sample and they interpreted this as a split-
ting arising from spin-orbit coupling arising from the

lack of inversion symmetry.

The Shubnikov de Haas oscillations in the resistance
could be observed at magnetic fields as low as ~0.5T
near zero bias and ~1.5T even at large positive gate
voltages where the fundamental fields were ~50T. The
observation of such high Landau indices (n ~ 30) cor-
responding to filling factors (v) of ~60 implies that the
gate induced 2DEG is extremely laterally homogeneous.
The peaks were analysed using fast Fourier transform
techniques to derive the electron concentrations. Above
a gate bias of ~10V the Shubnikov de Haas measure-
ments show clearly that the second electron subband is
occupied with concentrations between 3 and 6 x 10'!
em~2. Extrapolation of the observed bias dependence
suggests that this subband first becomes occupied at
about 0V applied to the gate. The sum of the first
and second subband concentrations agrees rather accu-
rately with the value of carrier concentration derived
from the four parameter fit to the classical Hall and

magnetoresistance measurements.

The appearance of an extra peak in the Fourier spec-

trum is linked with the observation of a beating pattern
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superimposed at relatively low fields on the Shubnikov-
de Haas peaks (see Fig. 8). Similar beating patterns
have been reported previously for InAs/GaSb quantum
wells(?®] and for GaAs/AlGaAs structures6=2%1 In
Ref. [25] the beating was attributed to the lifting of
inversion symrnetry in the well by electric field induced
terms whereas in the case of the GaAs/AlGaAs sam-
ples the new structure was believed to result from the

occupancy of the second subband.
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Figure 8. Shows the beating pattern superimposed on
the Shubnikov de Haas oscillations (dR/dB) for a gated
InAs/GaSb single quantum well.

The fact that the additional peak in the Fourier
spectrum appears so strongly in our gated samples
favours the electric field induced mechanism. Peak Bx
appears to split off from the main strongest Fourier
peak and in this sense could be mistaken for the peak
arising from the difference between the occupancies of
the first and second subbands. However the position is
quite different and mixing peaks from both the second
subband and peak Bx can frequently be observed (as
can be seen from Fig. 9). The peak can frequently be
seen in Fourier spectra of ungated samples but 1s gen-
erally of weaker amplitude. The peak is not thought to
be be hole related as the concentration required would
be some four times greater than that expected at a sin-
gle interface. Electron accumulation at the GaSh/SiOx
interface can be ruled out as the peak appears close to
zero bias applied to the gate. A more likely explana-
tion is in terms of an electric field induced spin-splitting
brought about by spin-orbit coupling as discussed in
Refs. [25, 29 and 30]. This term should be stronger
in the gated structures the internal electric fields are
generally weaker in the ungated samples, e.g. the fields
at the opposite interfaces are of different sign with the

remotely doped structures investigated!®l. The advan-
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tage of the gated structures for a study of such electric
field induced effects is obvious in that the induced peak
can be studied systematically as a function of electric

field for a single structure.
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Figure 9. Shows the Fourier transform of beating pat-

terns observed in the Shubnikov-de Haas peaks for a gated
InAs/GaSb single quantum well as a function of increas-
ing gate bias. The separation in magnetic field of the main
doublet increases with applied electric field (carrier concen-
tration). This behaviour is consistent with an electric field
induced spin-orbit effect.

I1.5 Non linear optics with the free electron laser
- FELIX

Free electron lasers (FEL’s) offer an unrivalled com-
bination of wide, rapid and continuous tunability, high
peak power (~ 1 MW c¢m~2) and controllable high
(ps) time resolution. In the far infrared (FIR) region
other systems give only sparse coverage and do not have
the time resolution. The Dutch FEL at Utrecht (FE-
LIX), is a unique “user facility”, giving laser output
for time resolved spectroscopy spanning the 5 to 110
pm wavelength range. There is a major collaborative
programme from the UK, of which we are part, in non-
linear and time-resolved studies in the mid-infrared of
semiconductors using FELIX.

The first measurements conducted in the collabora-
tive programme which involved ourselves and Heriot-
Watt University were on MBE films of InSb grown on
GaAs. Using the FEL it was possible to obtain results
over a much wider range of excited carrier densities, n,
than obtained previously by less direct methods. The
different scattering regimes were clearly observed, from
Shockley-Read (carrier concentration independent) life-

times at low excitation intensity, through an n-squared
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dependence at intermediate concentrations consistent
with non-degenerate Auger scattering, to a linear n de-
pendence at high concentrations, as expected for de-

generate Auger scattering.

1.04 O Insb, | =300kW/c’
O sLs, | _ka/an

Ratioed Transmission
(o)
[6,]
1

T=300K

0.0

i 2 3 4 5 6 T
log (Intensity W/cn)

Figure 10. Shows dramatic results taken with a Free Elec-
tron Laser for the bleaching of interband absorption in As-
rich InAs/InAs;_,Sb, strained layer superlattice (SLS). In
comparison the power needed to saturate bulk InSb is about
thirty times greater.

This work has been extended to the much more
interesting long wavelength heterostructures grown by
MBE at Imperial College (the InAs/InAs;_,Sb, sys-
tem). In particular, Fig. 10 shows dramatic results
for the bleaching of interband absorption in As-rich al-
loys of InAs/Sb strained layer superlattices (SLS). This
is consistent with extremely strong room temperature
photoluminescence observed experimentally for the first
time between 4 and 11 microns, and is a direct demon-
stration of the results of ‘band structure engineering’,
where the Auger processes have been deliberately sup-
pressed by creating a type Il strained layer superlattice
structure. In comparison with the Auger lifetime ob-
tained from similar measurements on InSh (room tem-
perature bandgap about 7um), the lifetime deduced
from an alloy, whose measured bandgap was 11 um,
was some 50 times longer. Fig. 11 shows the results of
pump-probe measurements which measure directly the
room temperature lifetime of an InAs/InAs; _,Sb, SLS
and also of state-of-the-art cadmium mercury telluride
detector following excitation at two different above-
band-gap energies. Again the SLS outperforms the bulk

material. These measurements represent the longest
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room temperature lifetime yet measured for a I1I-V

semiconductor, either in bulk or heterostructure form.
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Figure 11. Compares the results of pump-probe mea-

surements taken with the Free Electron laser (FELIX)
which measure directly the room temperature lifetime of
an InAs/InAs;_,Sb, SLS and also a cadmium mercury tel-
luride detector following excitation with above-band-gap en-

ergies. The lifetime for the InAs/InAs;_;Sb, SLS is much

longer.

We have also undertaken pump-probe studies of the
cyclotron resonance and donor lines in bulk InAs. Fig.
12 demonstrates that the shallow donors take much
longer to recover from near-saturation conditions than
the free carriers and the capture time for the free car-

riers at the donors 1s ~10ns.
III. Applications

A major area of development concerns infrared
LEDs and lasers where there is an urgent requirement
to provide low cost and sensitive systems for pollu-
tion monitoring where trace gases are to be detected
by their fundamental vibrational-rotational absorption

bands.

development of III-V antimonide based lasers operat-

There has been great progress recently in the

ing between 2 and 4 micron wavelength. The first re-

port of operation with III-V antimonide materials sys-
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tem was with bulk InSb where lasing was observed
at a wavelength of 5.2um but only below a tempera-
ture of 10K. Room temperature operation of lasers has
been achieved at wavelengths as long as 2.8 microns
and to 4.5 micron when cooled to liquid nitrogen tem-
peratures. Table 2 lists the characteristics of mid IR,
laser systems which have been developed recently with
II-V materials®3~%6! and compares the results with II-
VI (Hgl_xCdee)[MAg] and IV-VI (PbSe/PbSrSe) laser

491 Column one gives the institute and first

systems[
author concerned and column two the materials system
involved. Columns three to seven list the operating pa-
rameters at a particular temperature, column eight the
structure and column nine the mode of excitation and
the maximum operating temperature.
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Figure 12. Shows the results of pump-probe measurements
taken with a Free Electron laser which show the shallow
donors (lower field peak) and the free carrier cyclotron res-
onance in bulk InAs. At short time intervals only the cy-
clotron resonance line is seen and this is much broadened.
After times longer than Ins the donor peak appears. The
donors take much longer to recover from near-saturation
conditions than the free carrier cyclotron resonance and the
capture time for the free carriers at the donors is ~10ns.

In(As,Sb) has been used as a component in the ac-
tive region of the laser structure at wavelengths be-
tween 3.4 and 4.5 microns in Refs. [35-38, 40]. We
are studying infrared emission from MBE epilayers of
InAs/In(As,Sb) grown in-housel*>43],

minescence studies showed intense luminescence from

Our photolu-

these “strained layer superlattices” (where we use en-

gineered band structure effects to quench non-radiative

R. A. Stradling

Auger recombination) and encouraged us to attempt to
make practical light emitting diodes. We have observed
significant emission at a wavelength as long as 9.8um
from an uncooled LED and have now made a number

of LED devices emitting in the 4-10 pm spectral range.

The longest wavelength operation yet reported for
a III-V laser at room temperature is at 2.78 pm where
pulsed operation was achieved with a multiquantum
well system with Ing24Gag 76Asg 165bo.sqa wells and

(41 The main prob-

A10.25Ga0.75AS0,028b0.98 barriers
lem preventing cw operation seems to have been an un-
expectedly large series resistance, possibly from poor

conductivity in the cladding layers.

In contrast pulsed operation very near to room tem-
perature (282K) was very recently reported at 4.2 ym
wavelength with lead salt multiple quantum well lasers
(PbSe/Pbg.g7855T0.02155¢) 4.
that TV-VI laser systems may be preferable to I1I-Vs
for long wavelengths but that III-Vs are likely to be

These authors suggest

superior for wavelengths below 3 pm. The highest-
temperature long-wavelength laser results with III-V
materials are reported in Refs. [35] and [36] where 3.9
pm operation 1s achieved in the pulsed mode at 170K
or at 210 K using optical pumping.

HgCdTe/ZnCdTe lasers have been made to operate

47 and up

[45]

pulsed at a wavelength of 5.3 pm up to 60K
to 154K at 3.2 ym wavelength using diode pumping

A different approach, not involving band-to-band
radiation is to use transitions between the subbands
in a multiple quantum well structure[***3]. A sophisti-
cated (In,Ga)As/(Al,In)As superlattice structure is em-
ployed to obtain laser action where the lower state of
the laser transition is separated by an optical phonon
energy from the ground state to ensure population in-
version. The electrons are recycled through twenty five
stages and digital grading is designed to act as a Bragg
reflector for the electrons in the excited laser state. The
system 1s described as a “quantum cascade” laser. A
simpler version of this structure is used for LED de-
vices at longer wavelength. Operation at room tem-
perature has yet to be achieved but laser emission at a
wavelength as long as 8.4 ym was recently reported at

temperatures up to 130K[6],

Narrow gap systems also give advantages for the

low power/high speed operation of devices such as



Table 2: Performance of Near Infrared Laser/LED Systems
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Group Material A Power T Threshoid To Structure Mode of operation
(micron)
MIT (GainAl)(AsSb) 2 1.3W(cw) 300K 140A/cm2 110K Broad stripe
Choi [33-34] 2 100mwW 300K 20mA Ridge waveguide
2 200mwW 300K tapered
3 90mW 100K 9A/cm2 at 40K DH 255K pulsed/cw to 170K
Le [35] InAsSb/GaSh 3.9 0.8W 85K optic pulse 210K optically pumped
Eglash [36] InAsSb/AllnAs 3.9 30mwW 70K DH 170K pulsed/105K cw
inAsSb/AllnAs 45 85K pulsed
InAsSb/AlAsSb 4 200mW(mean) DH/Diode Pumped 155K pulsed/80K cw
Sandia InAsSb/InGaAs 3.9 < 100K SLS optically pumped
Biefeld/Kurtz [37]
loffe InAsSbP/InAsSb 3.2 8mw 80K 40mA 30K DH 80K cw
Baranov [38] 180K 6A (LPEgrown) 180K pulsed
Hughes GalnSb/inAs 33 <170K Type Il SL 170K pulsed
Miles [39] 3.2 5K optically pumped
Hughes InAs/AlAsSb 3 DH
Zhang [40] InAsSb/InAs 34 95K 32K  Diode pumped cow
SLS
Samoff Research  AlGaAsSb/ 278 30mW 288K 10kA/cm2 58K MQW 333K pulsed
Center Lee [41] InGaAsSb
ICSTM InAs/InAsSb 3-10 290K SLS LED cw
Phillips [42,43] 45 ~1uw
7 ~0.2uW
ATT AlinAs/GainAs 10K 1.7kA/cm2 cascade laser
Capasso [44-46]
4.5 80mW 80K pulsed
100K  3kA/ecm2
8.4 40mW 10K 2.1kA/cm2 pulsed
AllnAs/GalnAs 8to13  6nW 10- cascade LED ow
200K (blue Stark shift)
IMIT CMT/CdZnTe 32 1.3wW 88K Qaw 154K diode pumped
eak
Le [48] 1 ('))Smw
mean
Fraunhofer PbSe/PbSrSe 4.2 282K 330mA MQwW pulsed
Shi [49] 5 300uW 120K 800mA ow
7.3 30K oW

DH = double heterostructure, SLS = strained layer superlattice, SL = superlattice, MQW = multiple quantum well
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Field Effect Transistors (FETs) and Resonant Tunnel-
ing Diodes (RTDs). The high conduction band offset
between InAs and AlSb (1.6 V) make this combina-
tion particularly attractive for RTDs and the highest
frequency operation yet achieved with any microelec-
tronic device has been with an RTD InAs/AlSb device
operating at 712 GHz[P%51 Better high frequency re-
sponse compared with InGaAs/AllnAs RTDs has been
demonstrated though free electron laser studies at near

[52]

terahertz frequencies Switching times as short as

1.7ps have also been measured directly by electro-optic

sampling(®3].

With FETs the attractive features of the InAs/AlSb
combination are the very high saturation drift velocity
for InAs and the high mobility together with the high
room temperature resistance of AISb which can be used
for internal gates. A particular problem intrinsic with
the use of a narrow gap material is impact ionisation.
However Li et all®¥ have shown that devices can be
made to operate at channel electric fields (20kV/cm)

well above the predicted threshold for impact ionisa-
tion. Three contributing processes were identified as
possibly contributing to the suppression of impact ion-
isation. Firstly a complex barrier structure had been
grown with these devices where holes generated in the
breakdown process escaped from the InAs and were col-
lected remotely at an AlISb/(Al,Ga)Sh interface. The
loss of holes from the InAs well causes a reduction in the
breakdown current. Secondly the gate length was less
than the electron mean free path reducing the probabil-
ity of an impact ionising collision significantly. Finally
quantum confinement acts to increase the minimum en-
ergy gap in the InAs channel substantially. Bolognisi

[55] showed that accumulation of holes in the bar-

et al
riers could lead to an undesirable “kink” effect in the
device characteristics which could be avoided by the
careful choice of composition for the (Al,Ga)Sbh buffer.
Microwave devices with a gate length of 0.5 ym have
shown a peak unity current cut- off frequency (f;) of 93

GHz. Structures with gates lengths as small as 0.2 pm
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(561 AISb used as a gate insulator

can withstand electric fields of 106V /cm (5V across 50

nm of AlSb) before breakdown occurs even with devices

have been fabricated

with such small gates[56].

Magnetic field sensors using Hall or magnetoresis-
tance devices are currently being developed for automo-
tive applications where temperatures up to 250°C may
be experienced. A high field sensitivity is expected be-
cause of the high mobilities expected with narrow gap
materials. However the intrinsic excitation of carriers
across the band gap can provide a problem as this con-
flicts with the other design criterion for a magnetic field
sensor for such applications which must have charac-
teristics which change little with temperature. The use
of delta doping or heterostructures involving InAs can
keep the reduce the change in carrier concentration with
temperature to acceptable limits and provide excellent
performancel®7.

Looking further forward to the future hybrid
superconductor-semiconductor devices are becoming of

increasing interest.
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