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Abstract

The development of new epitaxial techniques has given rise to a
variety of new material combinations. Pseudomorphic combinations
where the partners have lattice constants which differ by more
than 1% are currently being extensively studied. The built-in
strain can alter the symmetry and magnitudes of the band gaps
concerned. Interesting examples of systems currently being
investigated are strained layer superlattices based on
5i/Si1«Gex, Gaas/InAs and InSb/InSbi-xABx.

The growth and properties of narrow gap semiconductor aystems
are reviewed together with their use as components for strained
layer structures. The materials discussed are InSb, InAs, the
alloys of these two cumpounds and alpha tin. The alloy 8y.-ei
InAssSbi-x is prone to metallurgical problems such as ordering
and phase separation in the mid alloy range but high mobility
samples have been grown. Other alloy systems, e.g. Ali-xdnzAs,
are currently of great intereat and are also prone to similar
problems.

The electrical and optical properties of mismatched systems are
discusped both as strained layer superlatticea and in relaxed
structures. One of the most interesting and surprising results
concerns the observation of a strong Shubnikov-de Haas effect
and mobilities close to the bulk value in ultrathin films of weakly
doped InSb grown on mismatched GaAs substratea. This result
demonstrates that the dislocations found in the interface region
are only weakly charged and therefore do not scatter the
carriers significantly.

The strain associated with the gmall but significant mismatch
between a-5Sn and InSb stabilises the alpha phase up to 100°C and
opens up an energy gap of 0.2eV. The first observation of the
Shubnikov-de Haas effect with this heterostructure system
demonstrates the presence of a high density two-dimenegional
electron gae at the interface. The carrier density is too high to
arise solely from the band offsets. A complicated cyclotron
resonance gpectrum is observed.

Spike-doped and n-i~p-i structures are studied in InSb and
InAs. Minimal dopant diffusion is tound and highly non-linear
optical absorption and a striking Quantum Hall Effect are alao
observed. The possibilities for devices based on intersubband
transitions in spike-doped and quantum well structures are also
discussed.

1. Introduction

The most developed low-dimensional semiconductor structures,
both for fundamental studies and in device applications, are
those based on abrupt heterostructures between GaaAs and
AlGaAs, This system depends for its success on the near-perfect
match between the binary components, GaAs and AlAs. However,
neither silicon nor GaAs has a band-gap suitable for long
wavelength optical sources, gsignal processing devices or
detectors. Consequently developments in optoelectronice have
produced demands for new semiconductor materials and device
concepts. A variety of new materials systems are now emerging
where the components are deliberately chosen to be grossly
mismatched. In many cases mismatch epitaxy i8 used deliberately
to change the symmetry of the bands and to modify the band
gaps (egd. GalxInxAs/GaAe and Si/Sii-uGex gtrained layer
superlattices}. In the case of InAsi-xSby strained layer quantum
wells the long wavelength barrier of 10pm can be breached
although both components of the heterostructures have band
gaps corresponding to ghorter wavelengtha. However, ag will be
discussed in this paper, there are severe metallurgical problems
in the mid-alloy range with this system.

The strain can alsc be ug d to increase the phase stability of
one component &g for alpha-tin grown on InSb or CdTe. This
system shows a very pronounced two-dimeneional electron gas at
the interface of a single heterostructures. Another example of a
novel materials system ig the binary compound InBi.

There is a need with the new materials systems to integrate
structures onto well eatablished materials such as silicon or GaAs.
With some systems {(eg. InSb or InAs on GaAs or GaAe on Si} the
mismatch is too great to permit the growth of thick epitaxial
layers although it is desirable for other reasone to create
structures of these combinations. In these cages the layers are
allowed to relax and a high dengity of misfit and threading
dislocations form at the interface. A surprising result is that
strong Shubnikov-de Haas oscillations and mobitities cloge to the
bulk value can be obgerved in lightly doped ultrathin sample of
InSb grown on GaAs gubstrates. This result suggest that the
dislocations (predominantly edge in character] are only weakly
charged and do not therefore degrade the majority carrier
properties significantly.

Spike or delta doping where the dopants are deposiied on a
single atomic plane gives rise to the possibility of building in
electric tields as high as 108V /cu into semiconductor structures.
The fabrication of n-i-p-i structures can give rise to large
reducticns in band-gap, long lifetimes and big optical
nonlinearities. Quantum transport measuremenis can be used to
study dopant diffusion and an interesting Quantum Hall Effect is
seen in the limit of extreme disorder.



Another alternative to narrow gap semiconductors for devices
operating in the long wavelength regime is the wuse of
intersubbani transitions in quantum wells or doping structures.

A novel development in strained layer syslems concerns the
incorporation of single monolayers of grossly mismatched
materials in a matrix of another material {eg. single layers of
InAs or CaSb in GaAs - good quality samples of both systems
have been demonstrated). It becomes a semantic question as to
whether this should be considered as delta isoelectronic doping
or an ultrathin strained layer system.

2. The MBE Growth of Narrow-Gap II-V Materiale
2.1 The Growth of InAs and InSb

High purity InSb and InAs layers have heen grown both
homoepitaxially and also heteroepitaxially on GaAs {1,2]. In both
cases the background donor contamination level was found to be
comparable to that in MBE GaAs.

2.1.1, The Characlerisation of InAs

The value of farinfrared measurements in characterising
semiconduclor samples (see Appendix A) was atrikingly
demonstrated for the MBE layers of InAs. When laser
magneto—optical sludies were performed, it was clear that there
were two types of carrier present in the layers {see figure one).
The hroad line seen at high fields can be identified as arising
from cyclotron resonance from a two-dimensional electron gas
from its shift to higher fields on rotating the magnetic field away
from the perpendicular to the surface. The sharper lines to lower
field are unaffected on tilting the field and therefore come from
carriers located in the bulk of the film. In order of decreasing
field the sharp lines are firstly the cyclotron resonance from the
bulk carriers, then the la-2p. line from the shallow donors and
then subsequently the 1s-3d:«2 and higher order donor lines, No
evidence for dislocation scattering was found as the cyclotron
resonance line width was independent of the film thickness. The
two dimensional electron gas responsible for most of the oscillator
strength of the transitions shown in figure one is thought to
arise from a surface accumulation layer. The surface accumulation
is thoughl to arise from amphoteric native defects in the surface
region. Alone amongst III-V materials the presence of these
defects in InAs presents a major problem for device applications
as their energy levels lie outside tLhe forbidden gap and
consequently pin the Fermi energy in the conduction band. As a
result the surface in any lateral or mesa structure will always
provide a shorting conduction path unless the native defects are
passivated.

The idea of the amphoteric native defect has been developed by
Spicer and coworkers [3] and by Walukiewicz [4). Almost identical
energy  levels are found al metal-semiconductor and air-
semiconductor interfaces and also in the bulk on particle
irradiation. These defects can also limit the doping activity of
substitutional impurities and the ability to dope InAs heavily
n-type compared with InSb or GaAs (see following paragraphs)
appears to be related to the location of the levels from Lhe
native defect approximately 150meV into the conduction band
{figure 2). Schottky barrier heights measured for metal-
semiconductor junctions are to a considerable extent independent
of the metal concerned because of the existence of the native
defeect levels. Monch [5] has shown empirically that Schottky
barrier heights do not depend simply on the magnitude of the
direct energy gap but a remarkably linear relationship is
obtained if the barrier heighte are plotted against the values of
the indirect gap for a variety of semiconductors. [t would seem
therefore that the reason that InAs is &0 prone to surface
accumulation is that the indirect band gap is so much greater
than the direct which results in the native defect levels lying in
the lower conduction band.

Flectrical measurements with these epitaxial InAs films provide a
good example of how Hall measurements can be misinterpreted.
The conducting skin formed by the electron accumulation layer
severely affects the measurements, particularly with thin films,
leading to grossly misleading values of mobility and carrier
concentration if interpreted on a single carrier model.

As can be seen in figure three, the mobility derived from the
product (Ro} decreases rapidly with decreasing film thickness. A
similar variation had been noted by another group and attributed
to the onset of scattering by misfit dislocations located close to
the interface. The magneto—optical experiments shown in figure
one demonstrated that the samples consisted of two different
conducling regions, ie. a high mobility region in the centre of
the film with sharp donor states separated from a low mobility
two-dimensional electron gas (2DEG) caused by surface states.
The mobilities in the two regions could be estimated from the
magneto-optical line widths and the number of carriers in each of
the two regions could be determined; in the cone case from the
Shubnikov-de Haas effect {(appendix B) observed by the ZDEG
formed by the surface accumulation layver and, for the bulk
electrons, from the absolute value of the abeorption coefficient
found from the intensity of the cyclotron resonance line.

The boundary condition for the Hall current generated with a
magnetic field perpendicular to the film is identical to that for
two carrier conduction in a homogeneous medium (ie the net
current has to be zero). Hence equations {B2) and (B4), modified
by replacing the volume carrier densities by the concentrations
per unit area, can be used to model the field dependence of the
Hall coefficient and the magnetoresistance, and alsc the thickness
dependence of the apparent carrier concentration deduced from a
simplistic interpretation of the Hall coefficient {(figure 3). It can



be seen that the two carrier modelling  predicts the observed
drop in Hall mobility as the sample thickness is decreased
without the need to include dislocation scattering,

In addition it should be noted that, because of the wvery high
mobility for the electrons in the bulk of the film, the magnetic
field has to be reduced to the extremely low value of 0.01T
before the low field limit applies and the Hall coefficient is
independent of field. The absolute values for the magneto-
resistance are predicted accurately, the values for the apparent
mobility and n less so. The reason for this difference between
experiment and model probably lies in the existence of a third
conducting region close to the InAs/GaAs interface rather than in
a significant error in the fitting parameters.

1t should also be noted that, despite the carrier concentrations
in both the surface and bulk regions being independent of
temperature between 290 and 77K, the Hall coefficient increased
by more than a factor of two in this temperature range. This
temperature dependence arises because the mobility in the bulk
region is increasing rapidly with decreasing temperature whereas
that in the low mobility surface skin is independent of
temperature. A freeze-out of electrons onto impurity sites would
be deduced if a single carrier model were assumed although in
fact no such deactivation was taking place.

2.1.2 The Growth and doping of InSb

RHEED oscillations were observed for the firat time with InSh (6]
They are now used routinely for determining the growth rates
and to set up the starting conditions. The optimum flux ratio for
maximum RHEED oscillation amplitude was much lower than the
ratios commonly employed.

The doping of InSb and InAs by silicon and beryllium has been
explored. In the case of bulk InSb silicon is known io be
strongly amphoteric with p-type activity and a compensation ratio
of 0,3 [7). In contrast silicon acts as a donor in MBE material
and, provided that the growth temperature is kept below 350°C,
virtually 100% donor activation is achieved up to concentrations
of 5 x 101 cm-3 In InAs silicon is incorporated as a donor up

to very high concentrations and levels of about 10% cm™® are

achievable, With both InSb and InAs we have shown that Be can
produce hole levels up to &x101% cm-). The higher silicon donor

concentrations achievable with InAs compared with InSb or GaAs
ig in accord with the concept of the native amphoteric defect and
its role in determining the site occupancy of the group IV
dopants. Alone amongst the III-V compounds the native defect
level is resonant with the conduction band in InAs. With InaAs
therefore greater concentrations of silicon can be incorporated on
the group III site without the Fermi energy rising too far above
the energy of the native defect level. High levels of doping with

bolh silicon and tin have also been reported for Inosi>acaras
(8], DPeak levels of 1.5x101% and 4x10%% cm? were found with
silicon and tin respectively, ie. the maximum concentrations
achievable were intermediate between those for GaAs and InAs.

The MOCVD doping of InSb has also been investigated in detail
{9]. Donor concentrations in excess of 101 cm™¥ are achievable
using tellurium. However this element in common with its use in
MBE (10] was found te suffer from a severe memory effect which
produced a background contamination level of the order of 5x104¢
cm™? in samples grown subsequently in a reactor which had been
used for tellurium doping. Attempts to introduce donors using
silane and hydrogen selenide as the dopant gases resulted in
poor surface morphologies and a reduction by up to an order of
magnitude in the growth rate. This behaviour is indicalive of an
interaction between the dopant gas and the metal-organics in the
vapour phase.

The ability to control the dopants in MBE growth of these
materials has allowed us to use atomic plane doping to produce
delta spike-doped single well structures, and delta n-i-n-i and
n-i-p-i structures (see section 5).

2.2 The Growth of III-V Alloys

The alloy system InSbixAsx is of considerable interest as

strained-layer superlattices with band-gaps corresponding to
wavelengths longer than 10um have been grown with this system
[11). In our work the use of in-situ RHEED has enabled the
accurate calibration of the Group V fluxes, thus permitting the
production of alloys within 2% of the expected composition. As a
result of the RHEED measurements we should now be able to
reproducibly grow superlattices of InAsxSbi-x/InAs1-ySby over a

wide range of thickness or composition. Depending upon the
growth temperature, the 77K Hall mobility of these alloys can
drop by as much as three orders of magnitude in mid-range
compared with the mobilities measured for the binary compounds
(tigure four) . This is & surprising result because the level of
contamination in the growth system is very low as demonstrated
by the high quality of both the InAs and InSb samples produced.
It is believed that this drop of mobility in the MBE alloys arizes
from structural problems. High on the list of poasible mechanisms
for the drop in the mobility in the alloys are the ordering
effects which have recently been observed [12) in transmission
electron diffraction which include localised ordering, the
formation of clusters and even phase separation in the mid-alloy
range (see figure five for the remarkable platelet structure
associated with the phase separation which occurs when the
alloys are grown at relatively low temperatures. This type of
electrical inhomogeneity on the scale of the electron mean free
path will severely distort the current flow in the sample and
give rise to highly misleading Kall measurements. The dangera of



s simplistic interpretation of mobilily in an inhomogeneous medium
were amply demonstrated in respect of the thin hetercepitaxial
samples discussed in 3.2, We are now carrying out a careful
comparison of the electrical, optical and structural properties of
the alloys in order to establish the correlation with alloy
ordering clustering and phase separation.

Fxcellent results for both surface morphology and mobility have
been obtained for MBE growth of the alloy system using a dimer
source for the As and a tetramer source for the $b [13]. A
robility of 40,000cm?/Vs was obtained with a sample of 3um
thickness containing 34% InAs. With these samples a graded
buffer layer was used and it is not yet clear how much of the
improvement in material quality was due to the different surface
chemistry involved in mixing dimer and tetramer sources.

Another alloy system where ordering and clustering can be a
problem is Ah.xInxAs as there are large differences in the In
and Al related bond energies. The interest in thise system is that
it is lattice matched to InP at a composition x=0.52 and
{Galn)As/{AllnAs) HEMTs show superior microwave performance to
{GalnAs/InP) structures, probably because of the larger
conduction band offsete. This large offset for (Galn)As/(Alln)As
has enabled intersubband multiple-quantum-well detectors
operating at wavelengths as short as 5um to be fabricated [141.

Another interesting narrow gap combination is InAs/AlSh. These
two compounds are closely lattice matched and have a conduction
band offset which is thought to be in the range 1.35 to [.9eV,
ie. even larger than that for the the (Galn)As/(Alln)As system.
Iixcellent electrical properties including quantum Hall
measurements have been reported for this system [15,16].
However, both the anion and cation change across the interface
and the eleclrical quality depends strongly on the sequence in
which the gquantum well interfaces are grown because of Lhe
possibility of formation of antisite donors at the interface. High
mobilities are only seen when the bottom interface is InSb-like.

in the search for materials having optimal properties, GaSb/AlSb,
GaSb/TnAs and InSb/Ini-xAlxSb are being investigated for long
wavelength applications and the quaternary systems (Galn}{AsP)
and {Galn){As5b) for applications in the 1.3 to 1.6pm wavelength
band.

Alternative IlI-V systems which are currently being investigaled
for the mid-infrared wavelength range are the strained layer
systems discussed in section 3.3, the n~i-p-i structures discussed
in section five and also InSbixBix [17] and InAsi-xBix.With the
latter system the band gap of InAs was reduced by 25% on
introducing 2X Bi [18] An even more exotic possibility for this
wavelength region is the alpha tin/germanium alloy system which
can be combined with InSh or CdTe as discussed in section four.
With both the SnGe alloy system and the narrow gap Il-Vs
alloyed with Bi, the alloys are metastable but can be grown by
thin-layer epitaxial technigues.

3 Mismatch epitaxy

Mismatch epitaxy 1is now widely employed te fabricate
heterostructures where the lattice constants of Lhe two
component materials differ by 2 #%. In strained layer superlattices
(SL5) the epitaxial layers of the two components are thinner than
the critical thickness for the formation of misfit dislocations with
the result that the layers remain in registry. In this case the
resuling strain is deliberately used to modify the band structure
of the system. With SLS the materiale are generally chosen so
that the mismatch is relatively small so that quite thick layers
can be grown without dislocations forming. In many other cases,
it may desirable to combine materials with very different
electrical or optical properties despite the large mismatch
precluding the pseudomorphic growth of more than a few
monolayer (i.e. when the mismatch exceeds a few percent).
Examples of such materiala combinations are InSb or InAs on
GaAs where GaAe substrates are chosen because of their
cheapness and their electrical insulating properties; and GaAs on
5i where the aim is to integrate optloelectronic and
microelectronic devices on the same chip. With these systems the
strain is relieved in the interface region by the formation of a
high density of misfit dislocations and relatively thick layera may
then be grown with reasonable electrical and optical quality with
the epitaxial material in the almost completely relaxed and
unstrained state.

3.1 Electrical measurements in relaxed films of InSb and InAs

If the components are grossly mismatched and epitaxial films are
grown at thicknesses much greater than the critical Lhickness
above which the lowest energy state is the layer having its
natural lattice spacing, a very high density of misfit dislocations
( 10Mem 2} will be found close to the interface and the film is
almost  completely relaxed. The dislocation density falls below
107%cm~? after growth has ceontinued for a few micrens. There is
an almust universal belief that a high density of dislocations will
dramatically degrade the electrical properties of semiconductors
and there are many reported cases of materials systems where
the Hall mobility falls rapidly as the thicknesz of the epitaxial
layers is decreased. The dependence of the Hall effect,
conductivity and magnetoresistance on temperature and film
thickness has been investigated for & series of thin layers of
InSh grown by Molecular Beam Epitaxy {MBE} on GaAs substrates
where the dislocation density is high throughout the films (the
lattice mismatch is 14% for this system)., GaAs is a popular
substrate for narrow gap semiconductors such ag InSb and InAs
as it provides good isolation for electrical measurements., Even
with thick InSb filme grown on mismatched substrates, Hall
measurements have generally indicated electron concentrations
substantially higher and mobilities up to several orders of
magnitude lower than those found with homoepitaxial material
grown in the same reactor.



In the present work early stages of growth were monitored by
RHEED and the layers grown were studied subsequently by TEM
{18]. Mulliply connected islands were found until the thickness
reached 0.1pm. Beyond this thickness the films were flat and
parallel sided.

The averagde carrier concentration {n) determined by the Hall
effect increased rapidly with decreasing thickness and the
mobility {u} fell at a slightly greater rate {see fig six}. The
magnetic field employed for the Hall measuremenis was below
0.05T to ensure that a low field analysis could be applied. No
conductivity could be measured at thicknesses below 0.08pm. Also
included in the figure are 77K mobility results for magnetron
sputtered samples of lower purity than the MBE samples [20].

The observation of a strong thickness dependence of the
measured electrical parameters by itself suggests the presence of
layered conductivity. This in turn implies that the measurements
require reinterpretation in terms of parallel conductance effects.
Simple mathematical models have been developed assuming
single-carrier layered n-type conductivity which show the
correct functional form of the dependence of mobility and carrier
concentration on thickness. However the magnetoresistance and
field dependence of the Hall constant {r) predicted by these
models were always about two orders of magnitude smaller than
those observed experimentally whatever the analytic function
chosen to describe the dependence of carrier concentration and
mobility on thickness. Thus, although at first sight it would seem
that dislocations are responsible for the apparent degradation of
the electrical properties, the strong field dependence of r and
the large magnetoresistance cannot be explained on this picture.

Furthermore measurements with samples backdoped with silicon
show that the bulk electrical parameters can be recovered even
with very thin samples at modest doping levels. Two structures
were studied. The first consisted of a alab-doped region 1000A
thick with a carrier concentration of 2x107cm-3 grown starting

at the interface in an InSb film of total thickness 1.2pm. The
mobility at 77K of 19,000 cm?/Vs was within a factor of two of the

normal ionised impurity mobility for bulk samples at the doping
concentration concerned. The doping concentration ceoincidentally
was close to the value measured with thin samples of thickness
O.1pm. Yet the mobility measured with the thin undoped samples
(100 cm?/Vs at 1500A and 20 cm?/Ve at BOOA) was more than

three orders of magnitude lower than that found with the thicker
sample containing the doping slab. The gecond doped structure
consisted of a very thin film of total thickness of 0.15 pm grown
on GaAs at 330°C with the last 0.05 um doped with silicon to a
concentration of 2x10%cm-) The carrier concentration measured

in a weak field Hall experiment was identical to the doping level
and the mobility of 29,000 cm?/Vs was even higher than that
measured for the first sample. The reason for the increase in
mobility is probably that the carriers in & slab of thickness of
500A are starting to show significant two-dimensional character
so that Lhe Fermi energy and velocity for a given doping

concentration will be substantially higher than for the thicker
slab.

It should be noted that the theory of Read [21] for dislocation
scattering suggesis that the scattering rate is proportional to
the averaged carrier velocity, If the Hall measurements are taken
al their face wvalue, the velocities are nearly identical so the
scattering rates and mobilities should be very similar for the
doped and undoped samples. If on the other hand it is assumed
that the Hall measurements grossly overestimate the carrier
concentrations in the undoped samples, either because of
localisation effects or a p-type layer near to the interface, the
carriers in the undoped sample would obey classical statistics at
71K whereas the carriers in the doped sample would be
degenerate at this temperature. In this case the Fermi velocity in
the doped material would only be a tactor of three higher than
the averaged velocity for the classical distribution. In bolth
cases it is impossible to explain the very large differences in
mobility in terms of the Read theory of scattering from charged
dislocations.

It is clear that the Hall measurements obtained with the doped
samples are in conflict with those for the undoped samples.
Shubnikov-de Haas meagurements provide an independent check
on both the microscopic carrier concentrations and mobilities in
the doped samples. With both samples good quality Shubnikov-de
Haas peaks were observed at 4K (mee fig seven). In both cases
the periods observed at high tielde were consistent with the
silicon doping levels. Measurements performed with the magnetic
field parallel to the alabe showed diamagnetic peaks at fields
below 6T due to the emptying of successive subbands. As
expected the separation of these peaks increased with decreasing
thickness of the slab.

These results demoncirate clearly and unambiguously that the
nall measurements on the thin undoped samples are misleading
when interpreted in terms of a single carrier model for InSb
grown on GaAs substrates and that the local mobility can be
close to the bulk value even when the conducting region is very
close to the interface demonstrating that a high density of
dislocations has little effect on the electrical properties of the
majority carriers. Very similar results are found with thin InAs
samples.

The contradictory results for the doped and undoped samples can
be reconciled if it is assumed that the apparent catastrophic fall
in the mobility in the undoped samples as the film thickness is
an artefact arising from the presence of a p-type region close to
the interface. The resultant two carrier conduction resulting from
such a layer would cause the Hall voltage to decrease rapidly
with decreasing thickness while maintaining the local conductivity
approximately constant as is observed experimentally with the
undoped structures.

The conclusion therefore is that, even when conduction is



cronfined 1o within 1000A of the mismatched interface, Lthe high
density of dislocations have only a small effect on the carrier
mobiliLy. It was shown by Kimmerling & Patel [22]) that in silicon
only a small proportion of the sites at the dislocation core are
electrically active., It therefore implies that virtually all the
dislocation core is reconstructed and neutral. Recombination site
spacings of the order of 200A along the dislocation cores were
estimaled. Consequently Kimmerling & Patel proposed that the
electrically active sites are located at the dislocation kinks, The
situation should be similar in II1-V materials [23). In sufficiently
narrow guantum-well superlattice the majority of the dislocation
kinks can be expelled from the wells into the barriers with the
result that good Juminescence efficiency can be obtained from
GaAs/AlGaAs quantum well lasers grown on Si substrates [24].

With our thin InSb on GaAs films, a doubly-charged dangling
kond at each kink, a kink separation of 200A and a dislocation
density of 101 cm-2 would give rise to 101! charges cm™? in a
1600A film or a volume density of about 3x10'¢ ¢m-3. This is less
than the silicon levels used for the doped InSbh samples and
therefore in agreement with experiment would not degrade the
mobility significantly.

Qualitatively the dislocation structures found in relaxed films of
IT1-V materials on other grossty mismatched substrates appear
very similar. Consequently other materials systems such as GaAs
or InP on =ilicon should also show little degradation in the
microscopic nob.lities even at high dislocation densities.

3.2 Strained Layer Superlattices based on GaAs/InAs

The most extensive studies of strained layer superlattices
incorporating strains greater than 1% have been with InAs/GaAs
binary and alloy combinations on InP or GaAs substrates (eg. see
review by Marzin [25}). Good electrical and optical properties can
be obtained at moderate strains (eg. with Gansslne.isAs on GaAs,
band edge emission showing sharp excitonic peaks can be
observed in photoluminescence - see figure eight. The
band-edge in these samples can be tuned between 1.3 and 1.4
eV by growing wells of differing thicknesses, thereby changing
the confinement energy).

Attempts to grow more strongly strained combinations of
GaAs/InAs by MBE have been disappointing. Three dimensional
growth is found and indium rich clusters are found in TEM
studies. A large shift to lower energy and a degradation of the
absorption spectrum is found with such structures (eg. a
superlattice structure consisting of two monolayer [nAs wells
separated by 200A GaAs barriers showed a 100meV wide emission
line at 1.15eV- see figure nine).

Recently, however, remarkable results have been obtained by
flow-modulation MOCVD growth [26] where the enhanced
migration of the In atoms stimulated by the intcrrupled flow is

thought to be responsible for the improved heterostructuare
quality. Extremely sharp photoluminescence lines {(0.4meV full
width at half maximum) are seen with [nGaAs/GaAs quantum wells
grown by this technique. The samples were grown at 500°C.

Even the replacement of a single plane of Ga atoms by In (ie. a
single monomolecular well of InAs inserted into a O.4um thick GaAs
layer} reduces the GaAs band-~edge emission in the region of
1.510eV  in photoluminescence experiments. The free carriers
created in the GaAs diffuse into the InAs monomoiecular well and
recombine to give a sharp line at 1.483eV of ImeV total width
(figure ten)., The intensity of this line is some five hundred times
greater than the GaAs band edge emission from the same sample
and two hundred times stronger than Lhat from GaAs layers
grown without the gingle In plane,

Samples were also fabricated consisting of two 1InAs
monomolecular wells separated by up to 80 GaAs monolayers. WiLth
decreasing separation between the wells the emission shifted from
1.483¢V to 1.34eV. The observed variation was fitted rather by a
simple model which assumed that the electronic wavefunctions
were located only in the GaAs (figure eleven) . A significant
reducticn in the emission wavelength was observed when Lhe
number of GaAs planes separating the InAs wells was reduced
from one to zero {corresponding to a single InAs Lwo-monolayer
well). This result enabled the authors to deduce that the no
significant clustering or diffusion of the In was laking place. The
reasons for the superior quality of the MOGCVD samples compared
with Lthose grown by MBE are not clear al the present time.

3.3 Strained Layer Superlattices based on InShisAss

The 1InSbi-zAsx alloy system exhibits very pronounced band
bowing which produces a minimum band gap at a composition of
x=0.4 which is much less than the band gap of either InSb or
InAs and which corresponds at low temperatures to a wavelength
of about Tum., It has been estimated that by using strained layer
techniques it may be possible to reduce the band gap by about a
fartor of two so that the associated wavelength response would
be extended out to l4pm wavelength [27]. However, as discussed
in section 2.2, this alloy system is prone to severe structural
problems in the mid alloy range. Nevertheleas it has proved
possible to obtain strained layer superlattice structures with
good quantum-well photoemission in the 10pm wavelength region in
structures grown by both MOCVD and MBE. A type 1I
superlattice is obtained with x=0.13 and x=0. By wvarying the
period of the superlattice it was possible to use the confinement
energy to tune the emission wavelength. As can be seen from
figure twelve [13, 28], a sharp photoemission peak corresponding
to transitions between the lawest aubbands was observed at an
energy of 110meV which corresponds to a wavelength of 11.3pm.
This system therefore promising for long wavelengih detection.



4. The growlh of a-5n and alloys

Tin can be found in nature in the alpha or tarey’ form having
digmond struclure in addition to its more familiar metallic phase.
In a series of pioneering experiments some twenty years ago Paul
and olher workers [29-31} demonstrated that low impurity
concentrations {<5x10M cm™?) and high maobilities  (»>10%cmé/Vs)
were achievable with this material. The band structure was of
semimetallic form (figure thirteen) giving the possibility that a
very small energy gap might be created either by the application
of uniaxial stress or by alloying with germanium. However, very
little development work was subseqyuently performed on this
material following on the initial demonstration of its electronic
properties despite its potential device applicability, The reason
for this was the instability of the alpha phase at temperatures
above 13°C combined with the relatively difficult preparative
techniques involving recrystallisation from liguid mercury
solution.

An example of the excellent electronic properties of the material
is the dramatic Shubnikov-de Haas effect found at moderale
doping levels (figure fourteen) {31]. Several hundred resistance
peaks can be observed with samples at carrier concentrations
where the Fermi level enters the L-conduction band minima (the
indirect band gap in this material is thought to be about S0meV).
The appearance of a large number of peaks in the Shubnikov de
Haas effect has been interpreted as arising from an enhancement
of the screening [32] when the Fermi energy enters the second
set of conduction band minima although a decrease in the
broadening due to inhomogeneities in the impurity distribution
due to the Fermi energy pinning at the L-band energy may have
also been playing a role,

Farrow at RSRE Malvern [33] using MBE methods demonstrated
two key features of thin-film growth of this material and
stimulated a resurgence of interest in its properties. There are
currently no less than six groups in the United States engaxged
in Lhe MBE growlth of this material on either InSb or CdTe
substrates. We believe that we are the only group outside the
USA growing the material by MBE. Strain introduced by growth
on a slightly mismatched substrate {such as InSb or CdTe) or by
alloying with germanium can stabilise the alpha (diamond
structure) phase to above 200°C or above, By chosing the correct
combination of alioy composition and substrate it has even been
possible to grow 1n5b on top of a diamond structure Sn/Ge alloy
f34] leading to the prospects of superlattices of the alloy
combined with InSb. The strain also modifies the band structure
opening up a small direct energy gu4p (tigure fifteen}. The most
direct evidence for the existence of guch an energy gap has
been the identification of a loss feature in High Resolulion
Energy Loss Spectroscopy studies [35] for o-Sn sampies grown on
CdTe substrates. These results and theoretical estimates of the
variation of direct energy gap with film thickness are shown in
figure sixteen [36]. At thicknesses greater than fifty monclayers
the band-gap is determined by the strain and levels off at about

100meY. Quantum confinement increases the band gap 10 a
maximum of about 500meV at 20 monolayers. At smaller thicknesses
leakage into the surface regions start to decrease the band gap.
A very similar dependence of energy gap on thickness was found
from fitting the intrinsic carrier concentration in a series of tin
films on CdTe of differing thicknesses [37).

Using a refined substrate cleaning procedures for InSb
substrales, we have grown high gquality alpha tin layers on InSb
which have shown excellent interface properties. A good
understanding of the surface reconstruction and growth
processes has been obtained by means of RHEED studies [38]. We
also are the first group to observe a high mobility
Lwo-dimensional electron gas (2DEG) at the interface between the
a-Sn and the substrate [38]. Shubnikov-de Haas measurements
showed that at least six subbands were occupied (figure
seventeen) Rotation of the magnetic field away from the
perpendicular to the surface caused the peaks toc move upwards
in field (figure eighteen) with the 1/coaB dependence
characteristic of a 2DEG (see Appendix Cl. Additional peaks due
ta spin-splitting started to appear at about 0=300, With the
magnetic field applied parallel ta the plane of the 2DEG the
diamagnetic Shubnikov-de Haas effect could be cbserved and five
subbands were depopulated at fields below 8T {figure nineteen).

The electron concentration concerned is extremely high
(6x104cm-?) implying & very high Fermi energy in view of Lhe
low effective masses involved., An alternative interpretation that
some of the peaks interpreted as individual subbands in figure
seventeen might arise from harmonics of lower field peaks which
would imply that the total carrier concentration would be very
substantially less can be discounted as i) the separation of the
peaks in figure seventeen would require that the harmonic
content was primarily third harmonic with little or no second
harmonic being present ii) a strong harmonic content would be
inconsistent with the smooth envelope of the peaks observed in
figure seventeen iii) the diamagnetic resonances demonstrate
conclusively that a large number of subbands are occupied.

[t would therefore seem from the high electron concentration
found in the 2DEG that the offsets involved are playing only a
mincr role in creating the 2DEG. A perfect polar-non polar
interfuce by itself should produce an even higher density of
interface charge and the lower carrier density observed may
result from deviations from ideality such as the diffusion of one
component acrose the interface. For example the diffusion of Sn
by only a single lattice spacing into the InSb would result in an
asymmetric &-doped well in the substrate. Similarly, diffusion of
vither the In or Sb into the Sn could produce high local doping
of the epilayer. The occupancy of the subbands was dependent
on the thickness of the tin film indicating that the 2DEG was
located at least in part in the tin.



In order Lo determine whether the effective mass of the
two-dimensional  carriers conld shed further light on whether
2DEG was completely localised in the tin or extended across the
interface, magneto-optical experiments were undertaken. In
addition 1o the bound hole transitions from the 1nSh substrale
which extrapolate back to the zero field binding energy of the
cadmium acceptors (figures twenty & twenty one}, a considerable
number of lines could be observed which extrapolated back fo
Lthe origin indicating that they were cycletron resonance
transilions involving free carrviers, The strength of these lines
were also extremely dependent on the thickness of the tin film
figure twenty two)., With a thin sample a group of lines is
observed with effective masses of the order of 0.03me. These are
thought to arise from the ZDEG in the interfacial region. With
thicker samples the dominant transitions have effective masses in
Lhe region of 0.016 to 0.020me. These lines are thought to arise
from the strongly non-parabolic and warped energy surfaces in
the highly-strained unrelaxzed region of the pseudomorphic alpha
tin [40].

lL.ow field Hall and conductivity measurements (figure Llwenly
three) show a double reversal of sign of the Hall coefficient as
the material is cooled down from room temperature. The reversal
at about 130K is due to the freeze-out of inlrinsic carriers in the
InSb which leaves the substrate p-type at low temperatures. The
second reversal is thought to be due to the increasing
conductivity of the alpha tin with respect to p-type InSb as the
sample is cooled down.

Although the enhancement of the stability of the alpha phase to
temperatures of the order of 100°C by growth of Lhin films on
InSh or CdTe has been extremely important, the key to future
developments is to increase the stability range even further by
alloying the tin with germanium. At first sight this does not seem
to be a very promising approach as the alloys are
thermodynamically immiscible in the bulk at concentrations of
greater than 1% Ge in tin or 2% tin in germanium. Farrow et al
[33] were able to observe the stabilising effect of introducing Ge
inlo MBE growth of tin and noted that the bulk immiscibility limit
could be overcome. Fitzgerald, Kimerling et al [34] were able to
grow good guality metastable films with up to 8% germanium and
were subsequently able to extend this to 13% germanium [34].
1200 A thick films of this composition were stable up to 120-130°C
and 50 A films were stable to 2209C. With germanium rich alloys
grown on Si substrates, Pukite et al [42] report mirror smoolh
films stahle up to 140°C with a film thickness of [600 A with 30%
of Lin and 70% germanium.

5. Alomic Plane, Deita or Spike Doping

Modern  epitaxial techniques permit the creation of extremely
abrupt doping profiles in the growth direclion, The mast extreme
ecxample of this is atomic plane doping (sometimes referred 1o as
delta or spike doping) where growth is interrupted (usually by
switching off the Group 111 source in the case of II1-Vs) and a
single plane is flooded with the required dopant. The rclectronic
structure of the doping layer so produced shows a number of
striking new quantum features as discussed reference [43].

A major question is whether the dopant can stay localised on the
initial deposition plane or whether dopant diffusion or surface
segregation occurs. There have been three different approaches
to determining this question with the most frequently studied
system of silicon donors in GaAs. Firstly the Shubnikov-de Haas
effect is extremely powerful in providing very accurate values
for the individual subband occupancies {see figure twenty four
for. Fourier analysis of Shubnikov-de Haas measurements). The
fractional occupancy of the i=0 subband is very sensitive to the
diffusion of the dopant as the local potential at the initial deping
plane (z=0) loses its cusp-like shape and the effective well
broadens and becomes more shallow. Consequently, as can be
seen from figure twenty five, the other subbands gain population
At the expense of the i=0 subband [44].

In addition the mobility of the carriers in the i=0 subband is
rather sensitive to the local potential as these carriers are the
most locatised in the z~direction. In particular the mobility of the
iz subband falls as the impurity profile broadens until the width
of ihe dopant region is comparable to the extent of the i=0
wavefunction in the z-direction {typically 30A for GaAs). In the
Fourier spectrum shown in figure twenty four the amplitude of
the i=0 peak is rather weak because of diffusion of the silicon.
However, the mobility of this subband and the amplitude of this
peak recover on applying pressure because of the neutralisation
of the silicon dopants cloge to z=0 due to the occupancy of D(X)
centres [45].

The other techniques for studying diffusion are capacitance
{46,471 and SIMS [48,49] profiling. All three technigues have
approximalely the same spatial resolution when operaling under
optimum conditions and, after initial disagreements, there is now
a consensus that, provided the silicon concentration does nol
exceed the bulk solubility equivalent (ie. 6x10'cm-2) and the
growth temperature is kept down to less than or of the order of
500°C in MBE or somewhat higher in MOCVD [50], Lhe silicon
remains localised to about 30A or less of the initial doping plane.

Deita doping offers the prospect of building-in extremely high
electric fields into structures (approaching 108V/cm) and
provides the possibility for a number of new device
configurations - see the review in [51}. It also can be used fo
uptimise remote or modulation-doping of heterostructures cither
to improve the mobility [52] or increase Lhe carrier density (531



Antimony and dresenic delta doping

has also been used very

successfully for silicon |54-56] and carrier concentrations well in
excess of 10M%em-¢ have been achieved. The mobility is not high

encugh to enable Shubnikv-de

Haas measurements to be

informative but several subbands have been detected in
tunneling measurements. A short-channel FET structure has also

been demanstrated [57].

In our own laboratory Quantum Transport Measurements have
been made for single doping planes of silicon donors introduced

into InSb and InAs films grown

heteroepitaxially onto Gaas

substrates by MBE. Up to five subbands are occupied (figures
twenty six and sevenlh The free electron concentration saturates
al carrier concentrations of 4x10¥em-2 in the case of InSb but a
concentration of 2x1013%m-? is achieved with InAs [58]. Good

agreement is achieved between the

individual subband carrier

concentrations deduced from Fourier analysis of Shubnikov-de
Hass measurements and the calculated occupancies indicating Lthat

the diffusion of the silicon was small {£ 50A) although in the case

of InSb significant diffusion could

be detected if the growth

temperature was greater than about 340°C. Figure twenty six
shows Lhe shift downwards of the i=0 peak and the charactaristic
reduction in amplitude due to the drop in subband mobility
arising from dopant diffusion which were seen in the results for

GaAs (figures twenty four and five).

The diamagnetic Shubnikov-de Haas
materials when the magnetic field
doping plane were in the predicted
eight and Appendix Cl).

peaks observed with these
is applied parallel to the
positions (see figure twently

6. Doping Superlattices & N-I-P-1 Structures

N-i-p-i doping superlattices offer one of the most flexible
approaches to the tailoring of the optical properties of materials
near to or below the band gap [60,61]). Band-gap tuning, strong
optical nonlinearities and greatly enhanced carrier lifetimes have
all been reported (although the latter is accompanied by a
decreased absorption coefficient), Figure twenty nine shows Lhe
change in the photoluminescence as a function of pump power
which is characteristic of a n-i-p-i structure [62]. The structure
is a a GaAs short-period ('type A’) superlattice where the
recombination time is relatively gshort and the band-gap is
reduced by about 40% due to the saw-looth doping potential. At
low pump powers there is virtually no emission at the normal
GaAs band edge wavelength of 850nm but instead a strong series
of lines are observed which arise from transitions belween
different subbands in the n-i-p-i structure [63}. As the pump
power is raised to an intermediate level these lines all shift to
shorter wavelength because the saw-tooth potential is partiallyu
screened by the photoexcited carriers. At the highest power
levels the band edges have virtually straightened out because of
Lhe large number of photoexcited carriers present and virtually
all Lhe emission is at the GaAs band edge.

A GuAs laser structure incorporating a n-i-p-i region has been
reported to be tunable over a wavelength range of 35A {64] and
an all GaAs technology for the minimum dispersion region of
silicon fibres (1,3pm) based on n-i-p-i devices has been proposed
{651

N-i-p-i structures can also show unusual electronic properties
ajso. lLong period (type B) structures show a very pronounced
negative differtential conductance in perpendicular transport
measurements although short period (type A) structures show a
lineaur J~V characteristic because of tunneling through the thin
barriers [66]).

Perhaps the spectral region which has the most potential for
n-i-p-i structures is the mid-infrared [68-70]. In our laboratory
we have grown n-i-p-i structures in both InSb and InAs. With
heavily doped n-i-p-i superlattices the silicon doping achieved
for both materials was consistently 26% greater than anticipated
which is suggestive that the dopant incorporation is dependent
on the Fermi energy. Local vibrational mode studies on GaAs [67]
showed that incorporation of silicon on the gallium site could be
very substantially improved when the material was codoped with
peryllium demonstrating that the position of Fermi level was
crucial in determining the silicon site distribution as would be
expected from the ideas associated with amphoteric native defects
discussed earlier [3-5)



Careful control of doping can be used to produce asymmetric
n-type n'-i-p-i structures designed to reduce Lhe number of
subbands occupied for a given carrier concentration in each
n-type well. Such structures showed very pronounced Quantum
Nall plateaux (see figure thirty}). These structures have potential
application for photodetection based on intersubband transitions

where ideally all carriers should be located in the lowest {i=(})
sublband.

Our InSb n-i-p-i structures have shown all of the characteristic
optical propertics expected of such structures ({ie. long
recombination times, strong subband-gap absorption and strong
optical nonlinearities in the subband-gap region) [68] - see also
lMgure thirty one. Detectivities [(D*) values of 8x10Y%m{Hz are
anticipated [69].

7. Intersubband Quantum Well Detectors

Electromagnelic transitions between the size—quantised subbands
in guantum wells have been proposed as the basis for infrared
detection. In order for there to be a malrix element the radiation
must be polarised with the electric field vecter perpendicular to
the plane of the well which is experimentally inconvenient but
can be achieved by grating coupling or introducing the radiation
from the side in a waveguide geometry. Oblique incidence can
also be employed but this has low efficiency because of the large
refractive indices of common semiconducters. With CaAs quantum

wells the 10pm region can be covered and detectivities of about

10Wem/Hz/W have been reported [71]. Advantage could also be
taken of the malure GaAs growth and processing technologies
giving the prospect of integration with high-speed FETs and
enabling large area focal plane arrays of detectors Lo be
considered.

However the detectivities achieved are still far less than the
industry standard system which is Hg1-«CdxTe where
detectivities of 3x102cmyHz/W are possible at 77K [72),
Furthermore the technology for HgCdTe is now extremely well
advanced and, by using non-equilibrium depletion techniques to
suppress Auger noise, it is now possible to achieve comparable
detectivities close to room temperature 73).

It should be possible by going to more refined structures such
as those wusing grating enhancement [74] or exploiting
Fabry-Parot  structures [75] to improve the performance of
intersubband detectors.

Gienerally a sharply-peaked response is observed {typically GmeV
or about 50 cm~! full width for the i=0 Lo 1 Lransition in GaAs
{tig. 32} [76,77] with more than double this width being found
with InGaAs wells [78,79]). If interpreted as a natural width BmeV
would «orrespond to a lifetime of 0.1ps. However saturation
experiments give decay times of up to 15ps [80). Thus the
ohserved line-width probably arises from variation in well width.
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FIGURE_CAPTIONS

Figure One shows the magnelo—oplical spectrum of an MBE sample
of InAs. The sharp lines are free carrier cyclotron resonance and
the donor Lransilions from the bulk region of the sample. The
broad line is from a two dimensional electron gas at the surface
of the sample. The sample is tilted with respect to Lhe magnetic
field so the cyclotron resonance from the 2DEG is moved up in
field with respect to the cyclotron resonance of the bulk
carriers. From ref. {1}

Figure two shows the predicted position of the amphoteric native
defect discussed by Walukiewicz (4] with respect to band eddes
of various 11I-V compounds. In all cases except InAs this level
occurs in the forbidden band gap.

Figure three shows the predicted effects of parallel conduction
as a function of thickness for a two-carrier layered system
congisting of a low-mobility high-carrier concentration surface
gkin and a high-mobility low-carrier concentration bulk region.
The curves show the predicted Hall mobility and apparent carrier
concentration of such a sample as a function of thickness. The
symbols are experimenta. Hall data for MBE InAs at 77K. Th

values of n and p used to generate the sclid curves are derived
from magheto-oplical experiments. For such a system Hall
measurements at 77K will only give the true bulk values of n and

p for thicknesses z 20pm and if fields £ 0.01T are employed so that

the low-magnetic—field limit is attained {taken from ref [11}.

Figure four shows the variation of Hall mobility and carrier
concentration for a series of InAsi-xSbx alloy samples prepared

by MBE. The upper set of points are for films grown at 410°C,
the lower for samples grown at 370oC. The lower sel of samples
exhibit the phase separation effecle shown in figure five for

compositions (0.2 £ x & 0.8) (I. Ferguson, A. 4'Oliveira & R.A Stradling

to be published).

Figure five shows the platelet structure due to phase segregation
observed in transmission electron microscopy for a sample of
InAsSb (photo courtesy of T. Seong)

Figure six shows the Hall mobility and carrier concentration
measured for a range of InSb on GaAs heterostructures of
differing thicknesses (S.J. Pgtel - MSc thesis, Imperial College).
b Mﬂgb\{“lav\. Sperics Sn il

Figure seven shows Shubnikov-de Haas oscillations observed with
a thin doped sample of InSb grown on GaAs. The measured
mobility increased by three orders of magnitude in this sample
compared with an undoped sample of the same thickness.

Figure eight shows the 77K absorption spectra of a series of
GaossInoaisAs superlaltices where the gquantum well thickness
is varied from sample to sample {(from ref.[251}

Figure nine shows the phololuniinescence cntission speclram for an
ulirathin quantium well structure consisting of Lwo monolayers of
InAs in Gaas grown by MBE {from ref. [251).

Figure len shows the photoluminescence emission spectram for a
dructure consisting of a single monolayer of InAs in GaAs grown
by & flow-maodulation MOCVD technique (from rel. [26]).

Figure eleven shows the energy of the main photoluminescence
emission line in structures consisting of two single monolayers of
InAg in GaAs grown by a flow-madulation MOCVD technigue {from
ref. [261). The figure shows the variation in the energy a4s a
function of separation of the two monolayers. The full line is the
predicled variation.

Figure lwelve shows the photoemission from two strained layer
superlattices consisting of InAso.15Sboss/InSb multiple quantum
wells, The emission between the lowest subbands is at a
wavelength of 1L.3um for the structure with the wider wells
{(260A repeat distance) from ref.f11].

Figure thirteen shows the band structure proposed for alpha-tin
{after vof. (29]).

Figure fourteen shows the Shubnikov-de Haas effect observed
with a bulk sample of alpha-tin prepared from recrystallisation
from mercury (from ref. [32])

Figure fifteen shows the band structure of alpha Lin under uniaxial
compressive and tensile stress [40].

Figure _sixteen shows the theoretical and measured variation in
band gap as a function of film thickness for a-Sn samples grown
on CdTe substrates [35,36).

Figure seventeen shows the Fourier analysis of Lhe perpendicular
field Shubnikov-de Haas effect for an epitaxial a-Sn sample grown
on InSb. Up to seven subbands are occupied [39].

Figure eighteen shows the effect on the Shubnikov-de laas

peaks of tilting the magnetic from the perpendicular orientation

with respect to the surface of & heterostructure of a-Sn on InSb.
The peaks move upwards in tield as l/cos@ until at B8 = 300
additional structure is seen due to spin-aplitting.

Figure nineteen shows the diamagnetic Shubnikov-de Haas

resonances observed with the magnetic field applied parallel to

the plane of an a-Sn on inSb heterostructure {39].

Figure _twenty and twepty one shows the farinfrared
magneto-optical transitions observed with an a-Sn on InSb
heterostructure taken at wavelengths of 70 and 96 pm. The lower
recording in the top set is for bulk p-InSb and the strong sharp
lines are acceplor transitions. Curves b} and c¢) are for two a-5n



films of Jdiffering Ghickness and  dY a for a similar  specinen
rxeept that the a-Sn has been ctehed away. The broad Tines
about 25T clearly arise frem the tin film. In the lower sct of
recordings  taken at  the longer wavelength the acceptor
Lransitions have moved to lower field revealing a complicated
series of lines for the two samples with differing thicknesses of
tin.

Figure lwenty two shows a fan chart of the bound acceptor
transitions in InSb iliustrating how the lines arising soleley from
the InSh move with wavelength (energy) as seen in figures
twenly and twenty one.

Figure twenty three shows the results of low field Hall and
conduclivity measurements for an a-5n/InSb heterostructure.

Figure twenty four shows the results of Fourier analysis of the
de Hams-Shubnikov effect in a delta doped sample of GaAs for a
number of different values of hydrostatic pressure. The =0
subband is moved down in field (Ns) and is weak at zero
pressure. These features are characteristic of the silicon dopant
diffusing a distance comparable with the. extent of the 1=0
wavefunction, On applying pressure ™MX) centres become occupied
close to the z=0 plane and consequently the mobility of the
highly localised i=0 subband and the amplitude of Lhe
Shubnikov—de Haas effect for this subband improve - from ref.
[45].

Figure twenty five shows the shift in energies of the subbands
in planar doped GaAs as a function of the width of the doping
slab {courtesy E.J. Johnston & A. MacKinnon see also ref [59])

Figure twepty six shows the results of Fourier analysis of the de
Haas Shubnikov effect in atomic plane doped InSb. The upper
recording is for a sample grown at 340°C and the i=0 subband is
shifted to lower field (occupancy} and is weaker compared with
the results for the sample grown at 240°C {(lower recording). The
features are characteristic of the silicon dopant diffusing at the
higher temperature from ref [58].

Figure twenty seven shows the results of Fourier analysis of
the de Haas-Shubnikov effect in atomic plane doped InAs from
ref [58].

Figure twenty eight shows a fan~chart of the positions of the
diamagnetic resonances in planar doped InSb on a reduced
field-occupancy plot to demonstrate the universality of the
results for different materials; from ref [58], see also Appendix C

Figure twenly nine shows the photoluminescence  from a
short-period GaAs n-i-p-i structure as a function of Lhe lascr
pump power demonstrating strong sub band-gap luminescence at
low power levels. These lines progressively shift and bleach wilth
increasing power until at high power levels the GaAs band edge
emission is seen - from ref [64].

Figure thirty shows the pronounced Quanitum Hall Effect arising
from carriers in a single spin-split subband in an InSh n*=i-p-i
structure. In single delta wells up to six subbands are oceupied
{see fig twenty six) and consequently the Quantum Hall Effect is
very weak in such structures.

Figure thirty one shows the characteristic photoresponse below
the band edge expected for a n-i-p-i structure. The sample was
grown by MBE at Imperial College - from ref. [681.



.§




n (cm-3)

Mobikity

1o 18 e
-7 S
e N
e ~
% N
i o o AN
’ B
’ / \l\ N
¢ B \
. S~ \
LAY
.‘,
N
hS
hY
N
N
\
\
A
Ay
4
1o S p——
a0 N3 04 0.6 o8 1o
Altoy composition
160000

10000

1QQo

100 d=—rr————————————————— T
00 G2 0 & QIS 1 1)



o]
©
B e | Lo atm kSl LU A AL B i TL1 el AL B+ 1

10.00

1.00

R (arb. units
B )

.10

B (Tesla) 12.6

10 L—
0.01
C

jEB
B
164 |
1000 —
100 b=

rig.T

fig.6

100.00

10.60

1.00

c.10

0.01

1EB T
1€16
1E15



ABSORPTION (77K)

PL INTENSITY(a.u.)

] i 12 13
ENERGY E(eV)
=t [ e | ——
LT=180A InAs Monomol eculor
) Plone
2K PL 1483 eV
= k. —— |,,,,.. .._.‘,g,,,._|__ _— e e .
LT= 300A N B
\L . 2 (o As
' e corbon
1300 13'50 11.'66 ) :j(j"—m’ 3 e
. 1500 b4
E{meVy) § Semey
L
-1 | GoAs
Fig. 8 Q. | excitons
NOO
1 | L

o o aan



(eV)

PL Photon Energy

20K
(w=hh)
{e=th)
1.500 . 10 ! 20 {(nm)
InAs Monomolecular Plone 260 A SLS (X2)
840
W
145
860 _ {e-hh)
E
c
880 %, 100k sus
140 ¢
o
>
0O
4900 =
1,38k '
50 1229 WW
N 1 ,_ 1 N l L 1 , 1 1 i
0 20 40 60 80 100 140 180 220

GaAs between InAs Planes {monoloyer) PHOTON ENERGY (meV)

Fig. 11

Fig. 12



|

1
13 B {kG)

1
12

e
o
-H
—
—w
i~ v
.y
£z,
ISNOdS3 HOLD23130
1
B & B mode E G & P model
Eg = 0.3%eV Eg = 0.09 eV
| J—
Eg' = G.4eV r\ Eg' = 0.41 eV
+ ¥
L E +
6 y E T
\\‘ 8
Eg’
¥
-
\ 7
{111} {oo0] .
Fig. 13

Sketch of the energy-band structure of alpha-5n near the
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APPENDIX A _THE USE OF FARINFRARED TECHNIQUES TO

Al CYCLOTRON RESONANCE IN BULK SEMICONDUCTORS

The treatment of the conductivity tensor outlined elsewhere can be
generalised to include AC phenomena in a magnetic field. At

frequencies (2) much higher than the plasma frequency (2p?= ne? /eeam¥* ),

depolarisation charges do not have time to become established and Hall
fields are not present. It is helpful to resclve a linearly-polarised
electric field applied in the x-direction into circularly-polarised
components of the form

T = Eoll £ jlexp{jat) (A1)

Provided no depolarisation charge has puilt-up, the resultant
circulating currents in the x-y plane can be written as

J = oE (A2)
where a complex ac conductivity is given by
% = go/[1 + j(R¥L)t], Re=qB/m¥ (A3)

where the + symbol refers to the different senses of circular
polarisation of the electromagnetic field.

The resultant power loss per unit volume arising from the
circulating currents can be writien as

Pz TE = coB?/I1 + (R12c)3%] (A4)

If the carrier concentration is so low that the skin depth is much
greater than the thickness of the sample, the electric field al all
points in the sample is independent of the magnetic tield and the total
power absorbed as measured by the transmission of radiation from the
sample or the power loss in an external resonant circuit is given by
equation (A4). As can be seen from this equation, the absorption

of power by the free carriers is sharply peaked when Q=Cc for the
negative sign in the denominator which corresponds to the sense

of circular polarisation circulating in the same sense as the
carriers provided that 2u>>L. This resonant absorption of power is
known as cyclotron resonance and ie the most direct and
accurste method of measuring the effective mass of the charge
carriers (from the resonant condition 2=2:) provided that the
necessary experimental conditions can be establighed.

The collision time can be deduced directly from the width of the
cyclotron resonance absorption from the relation B/AB =2t. An absolute
value for the carrier concentration can be found from the peak
absorption and the values for t and m* deduced from the width and
position of the cyclotron resonance line.

The condition that @c>1, which represents the requirement that the
width of the cyclotron rescnance line be sufficiently narrow for
the observation of distinct peak, is rather demanding as, even
with Lhe purest samples available of the common semiconductors
{apart from Si and Ge), the values of t are typically 10-is. The
experiment thus requires gubmillimetre wavelengths for the
sources of the electromagnetic radiation and the use of very high
magnetic fields to attain the resonance condition. Low
temperatures are also desirable in order to reduce phonon
scattering.

A2. PLASMA EDGE MEASUREMENTS OF CARRIER CONCENTRATIONS
AND OTHER HIGH-FREQUENCY EFFECTS IN BULK SAMPLES

If the carrier concentrations are high, depolarisation {or tplasma’)
effects can become important. Even if depolarisation charges do
not become established at the surface of the sample, the
cyclotron motion c¢an become coupled to the plaama oscillations
and the maximum absorption corresponds to the peak response of
the syslem as a whole. At the same time the skin depth is likely
Lo become less than the sample thickness and dependent on the
magnetic field. In this case, the fequation of telegraphy' arising
fror Msxwell’s equations

V 2E = pe 62E +ppec SE {A5)
o RE St

must be used to derive a complex refractive index (n) which
includes the free carrier term

n? =pe - jlop/Qec) (AB)

If the carrier density is very high so that the first term in

equation (A6) can be neglected and the frequency is much less

than the scattering rate (i.e.@r<<l), the clageical skin effect is
founid and the radiation penetrates a depth {(6) into the sample
given by (AT)

5% = 1/(nofupo) where f = 2/2m. {AT)

If alternatively the fregquency is much greater than the
scattering rate {Qu>>1), the complex refractive index is given by
(8)

n? = e[l - 9p%/2%] where 2p*= ne®/m¥eéo (A8)

provided the material is not magnetic {p = 1). Equation {AB}
predicts that the sample is completely reflecting at low
frequencies because the refractive index is purely imaginary.
When 2>Qp, the refractive index is rea} and the radiation starts to
penetrate into the sample. When n=1, the sample becomes
matched to free space and the rellection drops to zero (see
figure 1). The abrupt change in reflectivity from the sample
being totally reflecting to having zero reflection is known as Lhe
‘plasma edge' in the plot of reflectivity against frequency. This
phenomenen is responsible for the ease of transmisgion of



long-wavelength radiowaves which are reflected from the
jonosphere. However, when the frequency of the radio waves is
greater than the plasma frequency of Lhe ionised gas in the
ionosphere (“10MHz), near line-of-sight transmisgion must be
used. With metals the plasma f{requency is in the ultraviolet and
consequently most metals appear silvery (ie totally reflecting) at

visible wavelengths. R ¢

Figure Al shows the reflectivity (R}
against frequency {(Q} for a highly
conducting sample in the limit of high
frequencies {2u*1). The abrupt change
from total reflection to transmission
ie known as the 'plasma edge’,

[
9 =0

With semiconductors having carrier concentrations in the range

1040 10%cm-?, the plasma frequency occurs in the mid-infrared

region of the spectrum and the assumption that 2t»1 applies.

Consequently a well-defined 'plasma-edge’ can be seen in the
propagation constanis a 1 this can pe used to providzs anr
accurate and contactless method of determining the carrier
concentration present in a sample provided that the effective
mass is known. Such measurements can be used to determine the
carrier concentrations and profiles in icn-implanted conducting
skins in silicon extending only distances of the order of
5x10-%cm-¥ from the surface.

A3 INFRARED MEASUREMENTS OF THICKNESS OF THIN
HETEROEPITAXIAL LAYERS

The techniques available to determine the thickness of epitaxial
films include a careful calibration of the growth rate by means of
the period of RHEED oscillations, TEM, Talystep measurements of
the height of an etched region and infrared measurements of the
Fabry-Perot interference fringes between the front and back
surfaces of the film. Of the post-growth methods the latter is the
most direct and one of the more accurate with the additional
advantages of being rapid, non-destructive and requiring no
substrate preparation. The infrared measurements can frequently
be combined with a determination of the energy of the band
edge. With doped samples the plasma edge can also be observed
at long wavelengths. With doped samples also the position of the
band edge will be shifted by the Moss-Burstein effect so that a
scan of the optical properties from near to farinfrared wave
lengths will not only give the sample thicknesas rather accurately
but will aleo give two independent checks on the carrier
concentration.

[
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Figure A2 shows the plasma 'edge’ and Fabry Perot interference

fringes for & heavily doped heterc-epitaxial layer of InAs on
GaAs (n x1019 cm—3) ’

A4, INFRARED STUDIES OF ELECTRONIC ABSORPTION FROM
IMPURITIES IN BULK SAMPLES

Bound statee of substitutional impurities are described by a
'hydrogenic’ model in elementary texte, A single electron (or hole)
is aasumed to be bound by a single fixed charge of opposite sign
on the impurity, the Coulomb potential is modified to include the
dielectric constant € and the inertial mass of the free electron is
replaced by the effective maes of the free carrier to include the
interaction with the periodic crystal potential. The energy levela
for the impurlties are then given by the well-known hydrogenic
formula

Wk = -13.6(m*/m]/e*n®  (eV) (A8)
n

Typically m*/m 0.1 and € 10, so the ground state energy is
reduced from the value for the hydrogen atom of -13.6 eV to
about —-10 meV. The wavelengths corresponding to typical binding
energies lie in the range from the submillimetre to mid-infrared
region of the spectrum. The Bohr radii of the bound states are
very much extended in comparison with the hydrogen atom and
are given by

a* = 0.053n%c/[m*/m] {nm) (A10}
n
This model provides an adequate firat-order picture of the bound
states of most shallow impurities. However, the theory breaks
down to a greater or lesser extent for the following reasons:



i) Within the ‘central cell’ (ie the unit cell where the impurity is
located), the polential is different from the [-1/4ne€or] form
assumed in the hydrogenic model. As the Is ground state
wavefunction has its maximum amplitude at the origin, substantial
shifts in energy can occur for thie state. The resultant chemical
shifts are characteristic of the impurity concerned. It should alsc
be noted that both the effective mass approximation and the
assumption of a macroscopic dielectric conatant break down close
to Lhe central cell region. Corrections arising from the failure of
these assumptions will however be the same for all impurities Lo
first order.

i1'  The assumption of a single effective mass cannot take into
account such complexities ag degenerate valence bands, the
ellipsoidal constant energy surfaces and tensor effective masses
that occur for the conduction bands of Si and Ge,
band-nonparabolicity, or more complex dispersion relations such
as the ‘camel’s back' shape that occurs in the conduction band of
GaP.

iii) Self-energy phenomena such as the polaron effect that
arises through interaction with the phonone.

As electric dipole transitions are involved, the absorption is
relatively strong and concentrations of shallow impurities of
10Mem-3? can be detected with sample thicknesses of 1mm., With
thin films, even higher sensitivity can be achieved by detection
of the photocurrent generated within the sample itself. The sharp
bound-to-bound transitions can be observed through a two-stage
‘photothermal’ process where the carrier after photoexcitation
into the higher bound etate transfers into the conduction or
valence band by the subsequent absorption of a phonon. By this
means concentrations as low as 107cm-? of minority impurities can
be detected in ultrahigh purity germanium, and as few as 104
neutral phosphorus donors have been detected at the edge of Lhe
depletion region of a silicon MOSFET structure [Nicholas et al,
19761,

Because the chemical shifts are characteristic of the impurities,
infrared spectroscopy can be used to characterise the residual
contaminante present in material grown without deliberate doping.
Very high resolution can be achieved in the far-infrared by the
use of laser techniques. Figure AZ(a} shows a recording of the
photaconductivity obtained from the shallow donors by using a
fixed frequency laser and sweeping the magnetic field applied to
the shallow donors in an MOCVD sample of InP. This recording
demonstrates the richness of the structure which can be
observed. Up to fifty diiferent transitions can be cbserved. Fine
structure can be seen on the ls-2p linea (using low field
nomenciature) arises from the presence of several contaminating
donors in this sample. Figure A2(b) shows on an expanded scale
the different donors preaent in a series of MOCVD and MOMBE
samples of GaAs. [Armistead et al, 1989; Holmes et al, 1889b). It
should be noted that the difference in energy of the different
donors is only 50 peV i.e. approximately 1% of the binding energy
of the effective mass binding energy (5.8 meV). Information
about the nature of the contaminating shallow donors has been

derived with comparable resclution with InP and InSb. In
contrast, two activation energies cannot be distinguished in Hall
measurements if they lie within a factor of two of each other.

APPENDIX B: MULTIPLE CARRIER EFFECTS

Even if Lhe systematic errors that can arise from faulty
measurement techniquea or inhomogeneous gamples are avoided,
pertectly good experimental data can be misinterpreted through a
failure to appreciate the assumptions implicit in the simple
classical treatment of conduction in & magnetic field. The most
basic of these is the assumption that all carriers have the same
drift velocity. If thie were correct, there would be no
magnetoresistance whereas all semiconductors show a
magnetoresistance to a greater or lesper extent.

The most common reason why a Bingle carrier system with an
isotropic effective mass shows a magnetoresistance is that the
scattering is energy dependent. Appropriate averages have then
to be taken for the collision times over the range of carrier
energies. The Hall coefficient R ie no longer independent of
magnetic field but decreases from r/ng in the limit of low
magnetic fields (pB<<i) to 1/nq at high fielda {pB>>1} where -1 =
the carrier concentration and g = te depending on carrier type.
The Hall factor or constant (r) is given by

r = <t¥r/emd (B1)

In the case of ionised impurity scattering, using a simple
Rutherford model, the numerical value for r is found to be
315n/512. Consequently, although carrier concentrations deduced
from the simplistic use of R = 1/nq in the low field regime are
frequently guoted to three places, it should be realised that the
systematic error could approach 100X if ionised impurity
scattering is limiting the mobility unless correction is made for r.
Smaller but still very substantial errora are present with other
scattering mechaniems if classical atatistice apply to the carrier
distribution.

It two or more distinct carrier species are present, then both the
magnetoresistance and the difference between the low and high
field Hall coefficients become larger. Multiple carrier groups can
occur because of the presence of light and heavy holes, electrona
and holes in semimetals or near intrinsic semiconductors or
because of degenerate conduction band minima such as occur
with silicon and germanium. Parallel conduction in a layered
system is also an example of conduction involving multiple carrier
types although the carriers do not occupy the same space. The
case of electrons in silicon and germanium must be treated with
particular care as the tensor effective masses concerned imply
that the drift velocity may not always be colinear with the
accelerating force. Unlesa the magnetic field is applied along a
direction where all the constant energy ellipscide are
equivalently oriented, several groupe of carriers, all with



different masses, will result.
The Hall roefficient for a two carrier systewm is given by

tnm? & nzpe?
R = at low fields (B2)
e{nynt+ nzpz)?

or by R = 1 at high fields (B3)
e(tn1 + n2 )

The low-field mobility, as measured in a Hall experiment and
defined as Ro, is Lhen given by

|tm|113 * napet|
B = = Ro (B4)
{nipit n2uz)

where g = *e and the positive and negative signs refer to hole
and electron transport respectively. Equation (B3} is derived by
writing Oxy>> ox . However, in the intrinsic case where the
electron (n) and hole (p) concentrations are equal, ¢xy -> 0 and
equation {B3}), which predicts an infinite Hall voliage when n=p,
is nhot correct. Instead R > 0 at high ticids for intrinsic
conduction.

The variation with temperature of the Hall coefficient can be used
to measure the energy gap or the impurity sctivation energy
involved whereas the Hall mobility {Ro) ia generally used to
determine the nature of the scattering mechanisma concerned.
With a single carrier it would appear to be preferable to use the
high magnetic field limit as it may not be possible to estimate the
Hall factor r accurately, particularly when the averaging over the
carrier distribution is complicated by the presence of two
scattering process with different energy dependencies. However,
in most cases, the magnetic fields required to reach the high
field limit are unavailable., Even if it is possible to satisfy the
condition pB »> 1, the onset of various quantum limit phenomena
such as the Shubnikov-de Haas effect or magnetic freeze-out may
complicate the interpretation still further. Consegquently
systematic errors can creep into the measurement of both energy
or mobility.

When two or more carriers are present, the analysis is even more
complicated as the individual carrier concentrations and mobilities
must be estimated if activation energies are to be derived at all
accurately.

Despite these difficulties, Hall effect and conductivity
measurements are used widely and successfully to determine the
electrical properties of semicanductor samples including carrier
concentrations, mobility, band gap and impurity activation
energies, density-of-states for the bands concerned and to
determine the scattering processes concerned (see general
reviews by Putley, 1960; Wieder 1979).

APPENDIX C. QUANTUM TRANSPORT EFFECTS

The simple Drude-Sommerfeld approach used so far in this
article, and other classical treatments such as the Boltzmann
equation, break down in the quantum limit when the separation
between the landau levels becomes greater than the thermal
energy (hQ>ksT). Under these conditions, & number of new
phenomena become apparent in the electrical resistance of
semiconductors. Of these the most studied is the Shubnikov-de

Haas effect which ie discussed in sections four and five of the
mainarlicle.

C.1 THE SHUBNIKOV-DE HAAS EFFECT

The Shubnikov-de Haas effect represents an oscillatory variation
of the electrical resistance which is periodic in reciprocal
magnetic field. The scattering-rate peaks when each Landau
level empties. In order that this variation be observable, the
carrier distribution must be degenerate {ie the Fermi energy
Er>> kaT), the sample must be of high purity and the magnetic
field must be high (hQ >> ksT and fct >>1). Under these
conditions the resistance in a magnetic field should be described
by the following expressions [see Roth & Argyres, 1966, Kubo et
al, 1965]. The scattering rate and hence the resistance show
peaks at values of magnetic field close to Lhe fields where the
lL.andau levels empty. This result arises from the form of the one
-dimensionatl density-of-states function which varies as E-¥ where
E is the kinetic energy along the magnetic field. Provided that
the peaks are not toco sharp, the resistance is given by

Sw/d = 1 + b cos{2sF/B -u/4) (C1)
o/Je = 1 + 2.5 b cos(2nF/B-n/4) + R (c2)
where b = —(’ﬁQg)i cor{nv] X expl(-2n/Qr)
2Er sinh X (C3)
and
X = 2nlksT/hQc F = Erm"/fe v = g*m*/2m  {C4}

In the equations above, Er is the Fermi energy and ®* is the
effective Landé g-value for the carriers. The cosine terms in
equations {C1) and {C2) determine the period in inverse magnetic
ficld (1/B} of the resistance oscillations.
For a single isotropic band,

F = fike*/2e = R{3n*n)efi/2e {C5)

where kr is the wavevector of the carriers at the Fermi surface.

Thus n = (s/6n?) (Ze/R)¥2 [6{1/B)]! (C6)



where s represents the spin-degeneracy {ie. s = 2 in eguation
{C6} if spin-splitting is not resolved).

Thus Lhe number of carriers can be obtained directly from the
period of the oscillations by means of vgquation €6 without the
uncertainty associated with the estimation of the Hall factor (r).
with an anisotropic Fermi surface, the dependence of the pericd
on the orientation of the magnetic field with respect to the
crystal uxes gives the anisotropy of the extremal cross-sectional
areas (F = fiA/2ne). Note that measurements of the size or shape
of the Fermi surface are completely independent of the effective
mass of the charge carriers. Equations (C1}) and (C2} are in
effecl the first terms of Fourier expansions describing the
periocdic variation of the scattering rate as each Landau level
empties with increasing magnetic field. The b term contains the
temperature dependence of the oscillations through the factor
%¥/sinhX which for large values of X is dominated by the term
exp-X. The effective mass of the charge carriers can be
determined from filting the temperature dependence of the
amplitude to this expression. Note that the Shubnikov-de Haas
oscillations reach their maximum amplitude only when X/sinh X ->
1 or when %% 2 20kesT which provides a demanding requirement
on the experimental low temperature/high tield facilities.

The R term in equation {CZ) represents a phase shift of the
oscillations arising from the competition between inter and intra
Landau level scaltering processes. This phase factor changes as
a function of field. The exp (-2x/pB) term in eguation (C3) arises
from the broadening of the Landau levels by scattering. By
fitting the magnetic field dependence of the oscillations to this
expression the mobility can be measured. The cos (mv) term is

generated by the spin-splitting of the Landau levels. If Qctdl,

higher order Fourier terms must be included in eglns. (Cl) to
(C3) and spin-splitting of the Landau levels becomes apparent
enabling the effective g-value for the carriers to be determined
directly.

Hence all the main parameters for the free carriers can be
measured directly from the Shubnikov-de Haas effect; i.e. the
carrier density and the anigsotropy of the bands from the
positions of the peaks, the effective mass and the mobility of the
carrviers from the temperature and field-dependence of the
amplitudes, and the effective g-value from the spin-splitting of
the peaks.

The above analysis refers specifically to a normal bulk sample.
However much of the treatment can be taken over for quasi-two
dimensional samples which exhibit the Quantum Hall Effecl in
addition to Shubnikov-de Haas oscillations in the magneto-
resistance, The carrier energy becomes completely guantised and,
as a result, the density-of-states funclion for a two dimensional
system lacks the g+ dependence on energy along the field.
Equation C6 from which the electron concentration can be
deduced for a bulk sample is modified in the case of a 2DEG o
become

n = (es/h) (6(1/B)]" (CT)

In equation C7 s rvepresents spin-degeneracy and should be
taken as 2 7 spin-splitting is not resolved but 1 if separate
ceries due to spin-up and spin—-down down oriented electrons
are observed.

In the case of more than multiple subband occupancy, each
subband will give rise to a separate series with its own
periodicity and equation C7 will give the population of each
occupied subband. In more than one series is present Fourier
techniques may have to be used to determine the fundamental
fields of the different series {the case of alpha tin/InSb
gstructures discussed in section five provides an example of this
situation},

Because the degree of translational freedom along the
magnetic field is absent for a two-dimensional system, the
amplitude of the resistance changes can become extremely great
at high fields. Generally the magnitude of the higher order
harmonics can therefore become quite large wunder these
conditions (see figure Cl). In the abaence of any scattering the
density-of-states simply consists of a series of delta-functions at
the Landau level energies. If short-range point scatterers are
responsible for broadening the Landau levels, a simple elliptic
density-of-states function results. Any more complicated
scatltering process gives rise to exponentially-decaying tails in
the density-of-states function with the states becoming more
progressively localised with increasing energy difference from
the centre of the Landau level The treatment of quantum
transport under these conditions involves considerable subtlety
and caution must be applied in taking over jdeas acquired from
three dimensional quantum transport, particularly in cases where
spin-splitting is important. The lack of the degree of
translational freedom slong the magnetic tield and the associated
piling-up of electronic Btates close to the unbroadened Landau
level energies means that very considerable spin polarisation can
be achieved when the Fermi energy is located near to the lowest
Landau levels. As a resull considerable enhancement of the
electronic g-values will occur when the polarisation is large.

A further complication is that, even without significant
enhancement of the electronic g-value, the separation in magnetic
tield of the spin-split peaks does not depend simply on the
electronic g-value. If the spin-up and spin-down states do
overlap at all at high fields, the Fermi level will jump
discontinuously from one to the other as the magnetic field {or
carrier concentration in & gated structure) is swept. Under these
conditions a separate series of Shubnikov-de Haas resistance
peaks will be observed for each spin-orientation. The two series
will have a phase difference of 1 and each series will have double
the fundamental field predicted from the low field oscillations
{corresponding to s=1 in equation C7) . However, the effective
mass and the mobility of the charge carriers can be found from
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Figure ¢} Experimental recordings of Shubnikov—de Haas effect in the inversion layer of a
Mos_T. {a) shows the conductivity as a function of gate voltage for a magnetic field of 86 T
To_llllu§lratc the small value of the conductivity at the minima (b) shows a recording of 1h¢;
resistivity o.f the channe! as a function of gate voltage for the first two Landau levels. The
peaks in this recording correspond (o the minima in (a). The different curves ar’c pl.oth:d

using a range of measuring currents and it js only at the lowest current that little damping ol
the peaks due to electron heating takes place.
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Figure €| A Fourier transform of the conductivity of an MosT in 2 magnetic field with gale
voltage as the transformed variable. The first peak corresponds to he fundamenlal periodi-
city in the density of states, ic the Lundau level spacing. Up to the 18th harmanic of this
fundamental are observed.

the temperature and field-dependence of the low-field oscillations
in the same way as for a bulk sample,

All the discussion so far has implicitly assumed that the magnetic
fietd is aligned perpendicular to the plane of the two dimensional
electron gas. On tilting the magnetic field, the cyclolron orbits
will be constrained to remain in the plane of 2DEG and
consequently the Landau level separation will be determined by
the component of field Bcos8 where 8 is the tilt angle. As a result
the Shubnikov de Haas peaks will characteristically move upwards
in field as 1/cos®. However the spin energies depend only on the
total value of the field and therefore will be unaffected by tilting
the field. Consequently spin effects will become more pronounced
as the ratio of spin-splitting to Landau splitting increases as
1/cosl,

This increase in magnitude of the spin-splitting with respect to
the Landau energy can be utilised to determine the value of the
electronic g-value from the amplitude of the weak-ficld
Shubnikov-de Haas peaks. Under weak-field conditicns only the
first harmonic term is of significance in the Fourier series
describing the amplitude of the oscillations. Each spin-orientation
will give rise lo a cosine series pericdic in 1/B and exponentially
damped in field. However the sum of two cosine series of equal
amplitude is simply another cosine series whose amplitude is
determined by the phase difference between the two series as
described by eguations C2 to C4. When the ratio of the
spin-splitling to the Landau level energy is one half, the phase
difference between the two series is n and the total amplitude
therefore goes to zeroc, The value of 0 at which the amplitude of
the Shubnikov-de Haas peaks goes to zero gives Lhe electronic
g-value precisely provided that the effective mass is known. Cn
increasing 0 further the phase of Lthe low field oscillations
changes by n.

A wvalue for g can also be deduced from field and angle at which
spin-splitting of the high field peaks becomes first resolved
according to the Rayleigh criterion provided that the width (I}
of the Landau levels is known at the field concerned. The width
I' cun be determined from the cyclotron resonance line width at
the same field,

When Lhe magnetic field is applied paralle]l to the plane of the
2DEG, Landau levels will not be formed {unless the diameter of
the cyclotron orbits becomes less than the width of the confining
potentisl). However the subbands will shift in energy by an
amount given by

E = (2/2m"){< 2z > - < z; >2} B2 (CB)

Here < » is the appropriate average of the extent of the
electronic wavefunclion in the z-th direction for the ith subband.
As the term { } changes from subband te subband, an
increasing magnetic field causes the higher subbands in turn to
rise above the Fermi energy. Each subband redistributes its



carriers among the lower lying states. As each subband emplies
the resislance passes through a peak because of the enhanced
scattering rale. This effect is called the ‘diamagnetic’
Shubnikov-de Haas effect and it causes & series of rather
widely-spaced peaks which are not periodic in 1/B. Spin-splitting
can also be seen on these peaks.

AL tilted magnetic fields Lhe diamagnelic depopulation of Lhe
subbands will cause the population of the lower subbands to
increase and consequently there will be changes in periodicity of
the different Shubnikov-de Haas series which may cause
difficulties in interpretlation.

Reisinger & Koch (1986) have analysed the diamagnetic
Shubnikov-de Haas effect observed with parallel magnetic fields
for the cases of the asymmetric polential for interfacial
accumulation layers and for the symmetric potential found with
spike or delta doped layer. Taking the peak value for da/dB (or
do/dn) as corresponding to the depopulation of the particular
subbund concerned, they were able to generate universal curves
applicable for all materials by plotting the field and total
population in a dimensionless manner as ¥* = hQ:/R¥ and Nu =
Nsa® where £ is the cyclotron frequency, R* is the effective

Rydberg and a* is the effective Bohr radius.

The condition for the depopulation of the i subband is then

¥* = Na (c9)
giving Bi = alNa {Ryact)m/he (C10)
Hence Bi = aiNe(fi/2e) {Cl1)

= ai X 3.28x10-18Ng with Na in {m-2)

The values for a depend on the total ocecupancy Ns but only
weakly and typical values at Y* ~ 10 are given in the table
below (on Lhe assumption Lhat spin-splitling is not resolved):

Symmetric Antisymmetric
al 2.7 2.7
az .92 0.85
a3 0.35 0.25
[+%] 0.05 0.15

The depopulation fields Bi may be related to the fundamental
fields (B. } for the Shubnikov-de Haas series observed with the
field perpendicular to the plane of the ZDEG by combining

equations C7 & C 11 to dive:

Bi = ai (1/w) Zi BI‘ (taking s = 2)

C.2 MAGNETIC FREEZE OUT

A further guantum effect, which can cause a large
magneto-resistance in the high tield limit is the decrease in free
carrier concentration which will occur as a consequence of the
tdecrease in extent of the impurity wavefunctions and increase in
binding energy with increasing magnetic field ("magnetic
freeze-out™). The effect is very much accentuated if the
shrinkage of the gize of the impurities induces the
*metal-insulator” phase transition. The carriers which give rise
to the Shubnikov-de Haas effect normally originate from
impurities at concentrations which are above the critical
concentration for the metal-insulator transition where the binding
energy to the impurities goes to zero. It is therefore far from
obvious that freeze—out will necessarily occur at higher fields
than the low index (Nz1) Shubnikov-de Haas peaks. The following
analysis shows that the magnetic-field induced metal-insulator
phase transition and magnetic freeze-out occur close to but at
slightly higher magnetic field than the N =1 peak. If
spin-splitting is not observed, the N =1 Shubnikov-de Haas peak
occurs at a field given by

Bss = h(3n*n)2? a n?A (cy
3e

The Mott-Hubbard theory of the metal-insulator transition
predicts that [Mott,1974}

nl/3a% = § {C10)

where a* is the effective Bohr radius for the impurities. In a
magnetic field the impurity shrinks in size and becomes
ellipsoidal in shape. In the high tield limit, the extent of the
impurity wavefunctions perpendicular to the magnetic field
approximates to the cyclotron radius (r} in the quantum limit
which is given by '

r®* = h/eB (C11)

At first sight, the extent of the impurity along the maghnetic field
should be given by the effective Bohr radius a*. In this case,
the critical magnetic field B: may be found by substituting the
mean radius of the impurity (r*a*)/* into equation C10 to give

Bc a n (C12)

On comparing equation C9 and C12 it is clear that there is an
increasing difference between the critical field and the fields
where the Shubnikov-de Haas effect ie observed as n increases .
However the assumption that the size of the impurity along the
magnetic field is independent of field is incorrect. Yafet, Keyes
and Adams (1956) showed that the extent of the impurity
wavefunction along the field ghrinks 'in sympathy’ and the two
fields diverge more slowly. As is shown below, the ratio of the
two fields is independent of carrier concentration in the two
dimensional case. For a 2DEG, the equivalent equation to Cc9 for



the pesition of the N=1 Shubnikov-de Haas peak is:
Bsu = hn/3e a n 13
The condition for magnetic freeze-out can be written as
ndr < cl14
- Biving
Be = 16hn/2mne cl15
Comparing C12 and €15 it is seen that magnetic freeze-out for a

2DEG occurs close Lo but at rather higher fields than the lower
order Shubnikov-de Haas peaks.
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