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ABSTRACT

For about the last three decades, semiconductor technology began to make its most apparent
impact in Solid State Electronics. The field of photonics, which combines laser physics, electro-optics
and nonlinear optics has expanded tremendously. Notably, modern light wave communications exemplify
photon.c systems. Here, optical signals are generated, modulated, transmitted, and detected before they
are transformed to electrical form for final use. Opticai processing of information has notably been found
to possess several advantages over electronic processing, which must usually be done serially and is
limited in speed by the broadening of pulses in interconnecting wires and also limited in density by cross

- talk between those wires. Optical systems capable of handling very large quantities of data is now
awaiting only the development of convenient digital optical logic elements with low switching energy.
An ideal material for opto-electronic applications as mentioned above should be able to transform light
into current and vice-versa for emission and detection. The material should also exhibit large electronic
and optical nonlinearities that would allow one to use it as a transistor and optical gate. These materials
which are currently internationally studied are presented in this paper.

(LP} MOCVD (Raseghi and Duchemine 1984),
Chemical Beam Epitaxy (CBE) (Tsang 1984), Hot
Wall Epitaxy (HWE) (Fujivasu et al 1984) and
Atomic Layer Epitaxy (ALE) (Pessa and Jylha
7984) which have been explored for this

INTRODUCTION

Heteroepitaxy is of fundamental interest
for the growth of Superlattices (SL) and Multiple
Quantum Wells (MQW) systems. Steady

improvements in growth technigues ‘such as purposer.

Motecular Bean Epitaxy (MBE) (Cho 1971; The IV semiconductor compounds
Cheng et al 1981; Gossard 1982, 1986) and which are made from groups Hl and V elements
Metal Organic Chemical Vapour Deposition have the basic properties necessary for

fabricating SL and MQW. These semiconductors
have direct band gap. Thus they can emit or
absorb photon or light energy and consequently

(MOCVD) (Dupius et al 1978, 1979, Razeghi
and Duchemin 1984) about the last three
decades have made possible the production of

high quality heterostructures (SL and MOW)
‘having designed potential profiles and impurity
distributions with dimensional control close to
inter atomic spacing and with virtually defect
free interfaces, particularly in lattice matched
cases such as GaAs/AlGaAs and GalnAs/AlinAs
systems. In addition to MBE and MOCVD, there
are other techniques such as gas source {GS)

MBE (Panish and Sumshii 1984), low pressure

are very efficient absorbers and emitters. They

also have large carrier mobilities and are easily
doped. Mare importantly, they can form various
solid solutions with idéntical crystal structures
and well-matched lattice parameters but with
different energy gaps and refractive indices. The
chemical and physical compatibilities of solid
solutions of the various llI-V compounds make it
possible to grow heterostructures which are

J.S A. ADELABU, Department of Physics, College of Science and Agriculture, University of Abuja, Abuja, FCT, Nigeria



152

J. S.A. ADELABU

generally known as low dimensional structures
{LDS) (Adelabu 1996a). The semiconductor SL
and MQW structures have been grown with not
only llI-V compounds but also with II-VI and V-
VI compounds ‘and also with elemental
semiconductors as well as amorphous materials.

Heterostructures or LDS grown with pairs
selected from the ahove grouped materials apart
from those mentioned also include InP lattice
matched alloys (Cheng et al 1981, Razeghi and
Duchemin 1983, Voos 1983). The introduction
of H-VI compounds apparently extended the
available range of energy gaps in both the high
and low directions. That of ZnS is as high as
3.8eV while all the Hg compounds have a
negative energy gap or can be called zero gap
semiconductors. The imagnetic compounds
CdMnTe (Bicknell et al 1984, KolodziefSki et al
7984) are newcomers in the SL and MQW

arena. In the rest of the paper are discussed:
iv. The developmental path in the
research of the LDS;
V. The physics and structure of the
material, and
vi. Some of the noveél characteristics

of the materials.

Brief History

The developmental path in the research of
semiconductor SL and MQW in the past thirty
years have left a significant milestone. Research
on these materials was initiated through a
proposal by Esaki and Tsu (1969, 1970} for a
one-dimensional potential structure engineered
with epitaxy of alternating ultrathin fayers. In
anticipation of advancement in technology, two
types of SL and MQW were envisioned-
compositional (Dingle et al 1974) and doping
(Dohler 1972a, b) structures figs 1a and b. The
idea of SL occurred to Esaki and Tsu (1969,
1970). while examining the feasibility of
structural formation by epitaxy for potential
barriers and wells thin enough to exhibit
Fesonant eicctron tunnelling (Bohm 1957)
through them. Such resonant tunnelling arises

from the interaction of electron waves with
potential barriers. Esaki and Tsu (1969, 1970)
attempted the formidable task of engineering
such quantum structures which warranted
serious effort. The effort of these pioheer
workers (Esakiand Tsu 1969, 1970) was indeed
to search for novel phenomena in quantum
regime with precisely engineered structures. In
their effort, they showed theoretically that, SL
and MQW considered a natural extension of
double and multiple-barrier structures possess
unusual electronic properties of quasi-two-
dimensional character. Unfortunately, their early
effort failed because of serious technological
problems. In 1972, another effort by them (Esaki
et al 1972) proved successful. They found that
Molecular Beam Epitaxy (MBE) grown GaAs-
AlGaAs Sl. exhibited a negative resistance in its
transport properlies, which was, for .the first
time, interpreted in terms of SL effect. Though
the early efforts focussed on transport
measurements, Tsu and Esaki (197 1) calculated
nonlinear response of the conduction, electrons
in a SL. medium, leading to optical non-linearity
(Gribnikov et al 1995).

PHYSICS AND STRUCTURES OF THE
MATERIALS

Usually, electrons and holes ‘can
propagate freely in the periodic potential of
semiconductors. Two major changes in the
dynamics of these charge carriers caused by the
semiconductor environment are: '

i. The replacement of the free
carriers (electron and : hole)
masses by much smaller effective
masses.

ii. A substantial increase. in the
dielectric constant.

As a consequence of these changes, basic
physical quantities such as the Bohr radius
ranges from 10A to 500 A. This corresponds to
effective Rydberg constants ranging from TmeV
to 100meV (Adelabu 1996a). The change of
scale in natural units causes a number of
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processes involving electrons and holes in
semiconductors to he different from the free
Space atomic processes that they parallel.
Carriers  (electrons, holes, excitons) in
semiconductors are more sensitive to small
perturbations. This is a situation that one can

exploit for device applications and one that can
be used to obtain model systems not ever
encountered with free particles. In  low
dimensional structures [(Adelabu 1996a)
modifications of free-particle behaviours due to
quantum size effects (QSE} are important. QSE
arise when the dimensions of a quantum system
become comparable to the Bohr radius. These
effects can be observed in semiconductor
microstructures that have dimensions of the
order of 100A. The simplest examples of
systems where size- produces fundamental
maodifications of optical and electronic properties
are quantum well structures. These structures
consist of ultrathin layers of two or more
compounds grown one on another periodically
{Dingle et al 1974). Because the layers have
different band gaps, the energy bands present
discontinuities in real space {fig. 2}. Quantization
of the carrier motion in the direction
perpendicular to the layers produces a set of
discrete energy levels. If the energy
discontinuities are large enough and the layers
with the larger band gaps {i.e. the barriers) are
wide enough, then there will be little interaction
hetween adjacent low-gap regions. The carriers
confined in each of those layers will behave
alinost independently, and thus, the name-
quantum well structures. When the barriers are
narrow, or when the energy of a state is
comparable to the energy discontinuities, the
interaclion between layers is important. The
wave functions of the carriers are extended
perpendicularly to the layers so that the
behaviour of the carriers is modified by the
periodic long-range modulation superimposed
upon the crystalline potential. Hence, the name
superlattices (Adelabu 719964a).

n quantum well structures electrons and
holes do not move with their usual three degrees

of freedom. They show one-dimensional (1D)
behaviour normal to the layers. This reduced
dimensionality induces drastic changes in the

electric and optical properties of these man-
made semiconductor materials.
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One advantage of these materials is that
impurities can be introduced into the larger gap
material {i.e. the barrier layer) in such a way that
the impurity nuclei will be trapped. while the
carriers that are introduced can migrate towards
the low-gap layers li.e. the wells) and form a
2D-gas at the interface. This aspect is known as

modulation doping. (Dingle et al 1374, Stormer

etal 1981, Stormer 1384, Hasbun 1995) fig. 3.
Modulation doping produces a physical
separation between impurities and carriers and
consequently leave the carriers highly mobile.
Solid state physicists have taken advantage of
this particular property in the fabrication of some
devices and in the fundamental studies in
integral and fractional quantum hall effects (Wer
et al 1984). In the LDS, the conduction and
valence bands become sets of 2D-subbands with
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step-like density of states fig. 4. This v .reases
the number of states that :contribute 1o the
optical transitions of the absorption edge. Device
designers have used this effect 1o obtam very-
low-threshold diode laser and others by including
quantum wells in the active reg»on of the diode
and other devices (Smowton and Blood 1 7995,
Kane et al 1995, Guo et al 1995).

NOVEL CHARACTERISTICS OF SL AND MOW

A particle of importance in LDS is the
exciton. When a high-purity bulk semiconductor
absorbs a photon, the electron that is promoted
to the conduction band interacts with the hole
left in the valence band. The electron and hole
thus form a bound state analog of the hydrogen
atom called an exciton. This final state
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interaction produces a set of discrete and very
strong absorption structures just under the band
gap fig. 5. Because the binding energy of the
exciton (i.e., the energy of the first state or its
effective Ryd‘berg constant) is very small exciton

are very fragile. They are noted to be very
sensitive to any kind of defect and in bulk
materials are usually observed only at low
temperatures since they are easily broken apart
by thermal phonon. However, in a quantum well
system with layer thicknesses smaller than the
Bohr radius, the exciton modifies its structure to
fit into the low-gap layers {i.e. the wells). 1t
flattens and shrinks. The electron and the hole
are forced to orbit closer to each other with the
binding energy increasing by a factor of two or
three. This added stability makes the exciton’s
resonances observable at room temperature as
is. clearly demonstrated in the absorption
spectrum fig. 5. Usually, one can observe stepé
assosicated with the transitions between
subbands and the exciton peaks before the
steps. As earlier stated, in the case of ultrahigh
purity bulk semiconductor, exciton peaks clearly
resolved as in the case of quantum wells are
only observed at very low temperature. The
peaks are so apparent in quantum well
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structures for two reasons:

i The mcreased exciton binding
energy.
i, The confinement  strongly

enhances the contrast with the
continuum.

Contrary to what exists in the bulk GaAs
where only one exciton resonance is observed,
the reduced symmetry of quantum well
structures produces two valence bands and
hence two excitons which result in the double
peak seen at the onset of the first transition and
are associated with the electron to heavy hole
transition and electron to light hole transition fig.
6.

Optical effects associated with excitons
have the been found to play a crucial role, in
many opto-electronic applications of quantum
well structures. For undoped gquantum well
structures, excitonic effects are further maodified
by the confinement of carriers. When a source
of light tuned to the exciton peak illuminates a
quanturi- well structure, bound electron-hole
pairs are first generated and then quickly ionized
by the large population of thermal phonons
present at room temperature where the average
thermal energy KT is about three times larger
than the exciton binding energy. Excitons in
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guantum wells are also sensitive to electrostatic
perturbations. Because the carrier wave
functions extend to about 100A, and because
the confinement or binding energies are only 10-
100 meV, moderate electric fields of the order of
10 meV per 1004 or 10 V/cm cause significant
perturbations. When an electrostatic field  is
applied to a 3-D exciton, it induces a stark effect
ana!ogous to that seen in atoms (Kim et al
7995). There is a small shift in energy levels
that is quickly masked because the energy levels
are broadened by the excitons ionized under the

influence of the electric field. This can be seen
in quantum well systems when the field is
applied parafled to the plane of the layers. With
a perpendicular field, an absolutely new process
occurs. The field pushes the electron and hole .
apart. However, the walls of the well prevent
ionization by constraining the particles to stay
close enough to remain bound. lonization can
only occur when the particles tunnel out of the
well. Conseqguently, it is possible to apply fields
as large as 50 (filty) times the classical
ionization field including redshifts in the
absorption peak which is 2.5 times the binding
energy and still observe exciton resonances. This .
phenomenon is called the quantum confined
stark effect {Kim et al 1995, Chemla et 3l 1983,
Lozovik and Ovchinnikov 2007). The observed
shifts due to this effect are well accounted for

by the field induced variations in the energy of

the single particle state’and by pair attraction
{Miller et al 1984). This effect also allows one to
shift an abrupt and highly absorbing edge into a
spectral region where the sample is norma‘liy
transparent. Such shifts have obvious
applications in opﬁcal modulation and optical
logic.

In quantum wells, the conduction band
and the valence band do not contribute equally
to the total band gap discontinuity at a
heterojunction. Measurements of these
parameters indicate that the change in the
energy level of the bottem of the conduction
band, as one crosses a heterojunction is about
1.5 times the change in the energy level of the
top of the valence band across the junction
{Dingle et al 1974). This intrinsic asymmetry
between electrons 1 holes can produce
specular effects surt s impact ionization,
which depends criticaily on energy gains at the
heterojunctions. New types of photodectors take
advantage of this asymmetry. in low
temperature measurements on MQW structures,
several exciton peaks associated with different
bound electrons and bound hole states have
oeen observed (Dingle et al 1974, 1975) well
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resolved. The spectra at low temperature also
clearly indicate the evolution of resonantly split,
discrete states into the lowest subband of a SL.
From the analysis of such spectra, the electron
and hole well depths were determined to be
85% and 15% of the total energy gap difference
respectively (Dingle et al 1974). However, these
values have been revised to about 67% and
33% for the GaAs/AlGaAs systems after a
prolonged controversy [(Adelabu 71993, 1998!
Photocurrent measurements on the
GaAs/AlGaAs SLs subjected to an electric field
perpendicular to the well plane via a semi-
transparent Schottky contact have been made
t7su et al 1975). These experiments confirmed
that a series ot peaks m the photocurrent
spectrum correspond to transitions between
quan*um states in the valence and conduction
bands. The photocurrent voltage curve was
ohserved (Tsu et al 71975) to exhibit a
pronounced niegative resistance when the energy

difference between the adjacent wells exceeded
the SL band width . In undoped high-quality
GaAs-AiGaAs quantum wells grown either by
MBE (Miller et al 1980; Weisbuch et al 1980,
1981; Petroff et al 1981} or by MOCVD (Vojak
et al 1980), the main photoluminescence {PL)’
peak was attributed to the excitonic transitions
between 2D-electrons and holes. The field
induced effect on the PL in such quantum wells
was studied in 1982 (Mendez et af 1982). This
was the first time in PL measurements that the
electric field was applied perpendicular to the
well plane with the use o! “chottky barrier
configuration. The spectra in Lhe experiments
revealed pronounced field-effects which indicate
two peaks associated respectively, with exciton
and impurity, related recombination. With
increasing field, the peak position was observed
to shift to lower energies, the intensity
decreases, with the exciton structure decreasing
at a much faster rate, and completely quenched
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at a field a few tens of kV/cm. These results
were interpreted as being caused by induced
separation of confined carriers and modification
of the quantum states. Chemla et al (1983)
observed a large shift of the excitonic absorption
peak by applied electric field, even at room
temperature. Miller et al, the coworkers of
Chemla (Miller et al 1984, 1985) attempted to
explain the phenomenon that the exciton
resonances remain resolved for shifts much
larger than the zero-field binding energy.
Usually, free carriers (electrons and holes)
semiconductors by impurities

creatzd in

N

inevitably suffer from impurity scattering, though
with a few exceptions such as in Silicon-metal-
oxide-semiconductor field effect transistors (Si-
MOSFET) where electrons or holes ‘are induced
by applied gate voltages and in InAs-GaSb
heterostructures, where electrons and holes are
produced solely by electron transfer. As earlier
stated, SL and MQW have made it possible to

~ spatially separate free carriers and their parent

impurity atoms by doping impurities in the region
of the potential hills (i.e., modulation doping
{ig.3). Though this concept was expressed in the
original article by Esaki and Tsu (1970}, it was
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only Dingle et al (1978 who successfully
implemented such a concept in modulation-
. doped GaAs-AlGaAs SLs, achieving electron
maopilities far exceeding the Brooks-Herring
prediction. Modulation doping was performed by
synchronizing the Silicon (n-dopant) and
aluminium fluxes in the MBE, so that the dopant
was distributed only in the GaAlAs layers and
was absent from the GaAs layers. Socon after

Stormer et al (1973) reported a high-mobility*

2D-electron gas in modulation doped GaAs-
GaAlAs heterostructures. These heterostructures
were used to fabricate a new high-speed FET
called modulation doped FET {(MODFET) (Mimura
et al 1980, Delescluse et al 1981). The device,
if .operated at 77K, exhibited a performance
‘three times faster than that of the conventional
GaAs metal-semiconductor FET (MESFET). Hall
‘mobilities in the dark at 4.2K for confined
-é’léctrf‘(ins “in  high quality heterostructures
@exceeded 10°%cm?%/V.S where a low temperature
‘persistent photoconductive effect was noticed.
Such persistent photoconductivity was also
reported in InGaAs-InP heterostructures (Hieblum
et al 1984, Mendez et al 1984, Liu et al 1984,
Drummand et al 1982; Stormer et al 1981, Wei
et al 1984). Of recent (Topinka et al 2007},
there has been the observation of coherent
branched flow in a two-dimensional electron
gas. _

Other SLs like n-i-p-i structure have also
been produced. The periodic n-i-p-i structure is
an outgrowth of a doping SL in the original
proposal by Esaki and Tsu (1970). Dohler
{7870a,b) and Ploog et af (1987) pursued the
production of this structure. The periodic rise
and fall of the band edges is caused by periodic
variation of impurity doping. If .this SL is
iluminated, extra electrons and holes are
attracted to a minimum in the conduction band
and to a maximum in the valence band
respectively. Thus, those extra carriers are
spatially separated, resulting in anomalously long
lifetimes. An interesting consequence of this fact

is that the amplitude of the periodic potential is|

reduced by the extra carriers, leading to a crystal

whichs 1.as, a variable energy gap. Vojak, et al
(71986 attributed photopumped laser emission at
low energies to donor-to-acceptor transitions
that occur after a GaAs doping SL is excited to
a flat-band condition.

Readers are referred to some of the
publications by Adelabu (1993, 18995a,b,c;
1996a,b,c, 1998 that by Adelabu and Abdullahi
(1997} and those by Adelabu et al (1988, 1989,

1997, 1998) for information on specific aspects
in the field.

CONCLUSION

The new degree of freedom offered in
semiconductor research through advanced
material engineering has inspired many ingenious
experiments which resulted in observations of
not only predicted effects but also totally

unknown phenomena among which is fractional

quantization which requires novel interpretation.
Activities in the new frontier of semiconductor
physics have given immensurable stimulus to
device physicists and have led to unprecedented
transport and optoelectric devices and is
provoking new ideas for applications.

ACKNOWLEDGMENT

The joint technical assistance of N.O.
Adelabu and A.O.A. Adelaby.along with the joint
assistance of E.A.A. Adelabu and D.O.A.
Adelabu on the manuscript and diagrams are
acknowledged. The financial support of Dr.
Aboki Zhawa, Rev. J.A. Awotunde and Evang.
G.A. Aworinde is also acknowledged.

REFERENCES

Adelabu, 1.S.A., 1993. On the interpretation of optical spectra
in GaAs/AlGaAs S1. and MOQW systems.  Physica
B 183:264-27.

Adelabu, J.S.A. ]9,95& Studies on SL and MQW: The man-
made periodic structures. Global J.- Pure -and
Appl. Sci. 1{1&2): 95-105.



160 N\

J. S.A. ADELABU

Adelabul.S.A ., 1995b. Intrinsic and ex(rinsic exciton in (GiaAs
MQW systems. Global ). Pure andd Appl. S ¢ i .
1(1&2): 107-118.

Adelabu, 1. S. A, 1995¢. Optical investigations on p-tvpe
MOCVD grown GaAs/AlGaAs MQW. Physica
B3 205: 65-71.

Adelabu, LS.A ., 1996a. Low dimensionat structures. Innov.
and disc. 8(4): 353-359.

Adelabu. LS A, 1996b. vPholoIumincscencc spectra of
MOCVD grown p-doped GaAs/AlGaAs MOW.
Appl. Phys. A62: 83 - 85.

Adelabu, 1.S.A., 1998. Band discontinuitics in
GaAs/AlGaAs SL. and MQW systems. Innovation
and Disc. 10(1/2): 20 - 25.

Adelabu, 1.S. A and Abdullahi G. 1.., 1997. Mcasurcments of’
band-gap difference in GaAs/AlGaAs MQW
systems. Global . Pure and Appl. Scis. 3(1): 107 -
7.

Adelabu, 1L.S.A., Abdullahi G. L. and Okwute S’ K. 1997
Etching and absorption spectra of MOQW sysfems
Gilobal J. Pure and Appl. Scis. 3(1): 119-1.70.

Adelabu, LS.AL Ridley B. K. and Davies G. J.. 1989. Room
temperature optical optical absorption and
confinement effect in GalnAs/AlinAs MQW.
Semicond. Sci. Technol. 4: 677  681.

Adctabu, J.S.A., Ridley B.K.. Scott E.G. and Davies (...
1988. Energy levels and optical absorption associated with
GalnAs/AlInAs MQW. Semicond. Sci. Technol. 3:

873 -878.

Bicknell, R. M, Yanka R W., Giles-Taylor N.C., Blanks D.K_,
Buackland E.L., and Schetzma J.IF. 1984. CdMnTe-CdTe
multilayers grown by MBE. Appl. Phys. Lett. 45: 92-
94.
| /
Bohm, D., 1951. Quantum theory. Englewood cliffs NJ.
Prentice Hall, p. 283.

Chemla, O).S., Damen T.C., Miller C.A.B., Gossard A.C., and

Wiegman W., 1983. Electro absorption by Stark elfect on
room temperature excitons in GaAs/AlGaAs MQW
structures. Appl. Phys. Lett. 42: 864-866.

Cheng, K.Y., Cho A.Y.. and Wagner W.R.. 1981. MBE
growth of sniform GalnAs with a rotating sample
holder. Appl. Phys. Lett. 39: 607-609.

Delescluse, P., Laviron M., Chaplart J. Delagebe and enf.

., and Linh NUT., 1981, Transport propertics in GaAs-
AlGaAs heterostructures and MES FET
application. Electron Lett. 17: 342-344.

Dingle, R., Gossard A.C.. and Wiegmann W., 1975. Direct
observation of superlattice formation in 2

semiconductor heterostructure. Phys. Rev. Leit 34:
1327 - 1330.

Dingle, R., Stormer 11.L.. Gossard A.C., and Wiegmann W,
[978. Electron mobilities in modulation doped
semiconductor heferojuction Sl.s. Appl. Phys. Lett.  33: 665
- 667. '

Dingle R., Wiegmann W_, and Henry 11.C., 1974, Quantum

states of confined carriers in very thin AlGaAs-
GaAs-AinAs heterostructure . phys. Rev. Lett. 33

827 .. 830

Dohler, G.1.. 1972a. Flectron states in crystals with nipi-
superstructure. Phys. Status Solid b 52: 79 . 97,

Dohler, G.H., 1972b. Electrical and optical properties of
crystals with nipi-superstructures. Phys. Status.
Solid b52: 533 - 545.

Drummiond, T. J., Kopp W., Fischer R., Morkoc H., Thorne
RE. and Cho A.Y. 1982. Photoconductivity
effects in extremely high mobility modulation doped
(AlGa) As/GaAs heterostructures I Appl. Phys.
53: 1238 - 1240.

Esaki, 1., Chang L.L.. Howard W.E., and Rideout V.., 1972,
‘Transport properties of GaAs-GaAlAs SL in
proc. "™ Int. Conf. Phys. Semicond. Warsaw.
Poland, 431 - 436.

Yisaki, L., and Tsu R.. 1969, Superlattice and negative
conductivity in semiconductors. IBM Res. Note
RC 2418.

Esaki L., and Tsu R., 1970. Superlattice and - negalive
differential conductivity in semiconductors. IBM
Res. Develop. 14: 61-65.



ON THE ARTIFICIAL SEMICONDUCTOR MATERIALS

161

Fujiyasu, H., Takahashi ., shimizu 1., and Sakaki A, 1984.
Optical propertics of ZnS-7nSe SL prepared by 4
HWE in Proc. 17" Int. Conf. Phys. Semicond. San
Francisco, 539 - 542

IHicblum, M., Mendez F.E., and Stern F., 1984, High mobility
electron gas in selectively doped  mAlGaAs/(iaAs
heterojunctions. Appl. Phys. [.ett. 44: 1064-1066.

Kolodzigjski, [..A’ Bonsett T.C.. Guashor R.L., Dalta S..

Bylsma R.B., Becker W.M., and Otsuka N_, 1984, Molecular
Beam Epitaxy of diluted magnetic semiconductor
CdMuTe superlattices. Appl. Phys. Lett. 45: 440-
442.

Lin B.J.F., Tsui D.C., Paalanem M.A., and Gossard A.C.,
1984. Mobility of the 2-D clectron gas in~ GaAs-AlGaAs
heterostructures. Appl. Phys. fett, 45: 695 697,

Mendez F.E., Bastard G.. Chang 1..1... and Esaki L., 1982.
Liffect of an clectric ficld on the hminescence
of GaAs quantum wells. Phys. Rev. B26: 7101
7103.

Mendez I:.F.. Prince P.J .. and Hieblum M. 1984 Temperaturc
dependence of the electron mobility in GaAs-
GaAlAs heterostructures. Appl. Phys. Lett. 45: 294-
296.

Miller (a) D.A.B., Chemla D.S_, Damen T.C., Gossard A.C.,

Wiegmann W., Wood T.H., and Burrus C.A., 1984a. Band-
edge electroabsorption in quantum confined stark
cffect. Phys. Rev. lett. 53: 2173-2176.

Miller (a) D.A.B., Chemla D.S., Damen T.C., Gossard A.C.,

Wiegmann W., Wood T.H., and Burrus C.A., 1984b. Novel
hybrid optically bistable switch: The quantum well
self electron optic effect  device. Appl. Phys. Lett.
45:13-15.

Miller (a) D.A.B., Chemla ID.S.. Damen 1.C . Gossard A.C.,
Wiegmann W., Wood T.H., and Burrus C.AL 1985, Electtic
ficld dependence of optical absorption near the band
gap of quantum wel! structures. Phys. Rev.

B32: 1043-1060.

Miller (b) R.C.. Kleinman D.A.. Nordland Jr. W.A., and

Gossard, A.C., 1980. Luminescence studies of optically
pumped quantum wells in GaAs-AlGaAs multilayer
structures. ’hys. Rev. B22: 863 871.

Mimura T., Hiyamizu S.. Funjii T, and Nanbu K...1980. A
new field effect transistor with sclectively  doped
GaAs/n-AlGaAs heterojunctions, Jpn. 1. Appl. Phys.
10:1.225 - 1.227.

Parish, M. B., and Sumskii S., 1984. 1. Appl. Phys. 55: 3571
- 35, :

Pessa M., and Jylha O, 1984. Growth ()l"’(‘di,\Mu'l'c films
with 0-°x-0.9 by atomic layer epitaxy. Appl. Phys.
elt 45646 048.

Petroff P.M.. Weisbuch C.. Dingle R.. Gossard A.C., and

Wiegmann, W., 1981, Luminescence properties of
GaAs-AlGaAs double heterostructures and multiple
quantum: well superlattices grown by MBE. Appl.
Phys. Lett. 38: 965-967.

Ploog K., Fischer A., Dohler G.H.. and Kunzel H.. 1981. In
GaAs and related compounds 1980, Institute
of  Phys. Conf. Series 56: H.W. Thin Ed. (London
Institute of Phys.) p. 721.

Razeghi M., and Duchemin J.P., 1983. Low pressure -
MOCVD growth of GalnAs-In Pheterojunction and
superlattice. J. Vac. Sci. Technol. B1: 262 - 265.

Razeghi M., and Duchemin J.P., 1984. Recent advances in
MOCVD growth of InGa, ,AsyP, , alloy. J. Cryst.
Growth 70: 145 - 149,

Stormer H.L., Gossard A.C., Wiegmann W, and Baldwin, K.,

1981. Dependence of electron mobility in - modulation doped
GaAs-(AlGa)As heterjunction interfaces on electron
densityand Al concentration. Appl. Phys. Lett. 39:
912 - 914,

Stormer H.L., Gossard A.C., Wiegmann W, and Sturge M.},

1979. T'wo dimensional electron gas at a semiconductor
superlattice interface. Solid State Commun. 29: 705
- 709.

Tsang W.. 1984. Chemical beam epitaxy of InP and GaAs.
Appl. Phys. Lett. 45: 1234 - 1236.

Tsu R, Chang L.L., Sai-Halasz G.A., and Esaki L., 1975.
Effects of quantum states on the photocurrent
in a superlattice. Phys. Rev. Lett. 34: 1509 — 1511.

Tsu R., and Esaki L... 1971, Non linear optical response of
conduction clectrons in a superlattice.  Appl.
Phys. Lett. 19: 246 - 2448.



J. S.A. RDELABY

. 162

Vojak B.A_, Holonyak Jr. N., Laidig W.D., Hess K., Coleman

J.J., and Dapkus P.D)., 1980. The exciton in recombination
in AlGaAs-GaAs quantum wells heterostructures.
Solid State,Communi. 35: 477 481.

Vojak B.A., Zajac G.W., Chambers F.A., Meese J.M., and

Chumbey, P. E., 1986. Photopumped laser operation of
GaAs doping superlattice. Appl. Phys. . Lett. 48:
251-253. '

Voos, M., 1983. Electronic properties of MOCVD grown
In GaAs-InP heterojunctions and superlattices.
X Vav. Sci. Technol. B(1): 404 - 408.

Wei H.P., Tsui D.C, and Raveghi M., 1984, Persistent
photoconductivity and the quantized hall effect
in InGaAs/InP heterostructures. Appl. Phys. Lett. 45:
666 — 668.

Gribrinkov Z.S.. Hess K., and Kosinovsky G.A., 1995. Non
local and non linear transport in - semiconductors:
Real space teansfer effects. 1. Appl. Phys. 77(4):
1337-1371.

Guo, D. F., Laih L.W., Tsai J.1., Liu W.C., and Hsu W.C.,
1995. Characteristics of a GaAs-InGaAs  quantum well

resonant tunneling switch. J. Appl. Phys. 77(6):2782 -

~2785.

Hasbun J.E., 1995. Electron mobility in two-dimensional
modulation doped InAlAs/InGaAs alloy  systenns.
Phys. Rev. B 52(16): 11989 -- 11997, '

Kane, B. E.. Pfeiffer L..N.. and West K.W., 1995. High
mobility GaAs heterostructure field effect .
transiistor for nanofabricatioq in which dopant
induced disorder is climinated. “AAppl. Phys. Lett.
67(9): 1262-1264. )

Kim S.1, Oh Y.T., Kim S.K., Kang T.W.. and Kim T'W.,
1995. Stark effect and Stark ladder effect in
Al (Ga, As/GaAs asymmetric coupled MQWs. J.
Appl. Phys. 77(6): 2486-2494.

Lozovik, Y. E., and Ovchinnikov 1.V., 2001. Controlling
spatially indirect exciton condensate in coupled
quantum wells by external fields and phonon laser.
Solid State Commun, 118: 251 - 255,

Smowton M. and Blood P.. 1995, Threshold current
temperature dependence  of  GalnAs/AlGa, /InP
670mn qnantum well lasers, Appl. Phys. Lett. 67(9):
1205 1267.

Topinka M.A., LeRoy B.)., Westervelt R.M., Shaw S.E.J.,
Fleischmann R., Helter E.J., Maranoski K.D)., and Gossard
A.C., 2001. Coherent branched llow in a two-dimensional

electron gas. Nature 410 issue nos/6825 183 - 186.



