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Summary

This report summarizes the work supported by this grant over a period of more than
twelve years, and is necessarily rather brief in its coverage of the early years. For a fuller

account of the early work, the annual progress reports submitted to DOE shold be
consulted.

The work deals primarily with semiconducting superlattices (SLs), in which two
semiconductors with different band gaps are interleaved, with layer thicknesses defined
to one monolayer. The electronic and optical properties of the SL are quite different from
those of the constituents and offer interesting new possibilities both in device design and
in basic physics. This research aims to improve our understanding of optically excited
states in SLs. We studied these structures by time-and space-resolved tunable laser
spectroscopy, with and without external perturbations such as magnetic field, electric
field, and uniaxial stress.

In SLs with only a few atomic layers per period the familiar "effective mass model" of
semiconductor states breaks down. We have made precise optical experiments on well-
characterized material to test current "first principles” calculations of the band structure.
Our work under this grant has shown that the material we are using is of sufficiently high
quality to test the theoretical predictions. Comparison of theory and experiment provides
a new and sensitive probe of the interface quality on a fine scale. Analysis of the

temperature dependence of the exciton decay dynamics provides complementary
information.

From a careful study of the exciton spectra of mixed type I- type II CdTe/CdZnTe SLs

we have obtained the band offset at the CdTe/CdZnTe interface to unprecedented
accuracy.

A new analysis of exciton-phonon coupling at isoelectronic traps, which provide a three-
dimensional analog of the exciton traps formed by well width fluctuations in SLs, has
corrected errors in the literature and given a self consistent model of phonon-assisted
transitions at these centers.

We made a detailed study of exciton kinetics in strain confined systems: i.e. wires and
dots created in a quantum well by localized lateral strain. This work has established the
mechanism of excitation transfer from the two-dimensional "host" quantum well to the
one- or zero-dimensional quantum wire or dot, and identified an intermediate state in

~ which the electron and hole are separated by an energy barrier.

Time- and space-resolved spectroscopic studies of mixed-type multiple quantum wells
have led to the definitive identification of a new excitonic complex, the free trion, whose
existence had not previously been established unambiguously. We also identified, in these
and other samples, a new symmetry-driven transition from "trion like" to "free electron
like"” behavior of a two-dimensional electron gas in a magnetic field at low temperature,
and shown that it can be understood in terms of a "hidden symmetry"”.
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I Type II short-period AlAs/GaAs superlattices

The lowest exciton in a Type II AlAs/GaAs superlattice (SL) consists of the AlAs X

electron and the GaAs I hole!-2, and is indirect in momentum space as well as being
spatially separated in real space, so that its decay by photoluminescence (PL) is forbidden
to zero'th order by momentum conservation. The transition is made weakly allowed by

four possible mechanisms which mix the I' and X electron states: by phonons, by the SL
potential, by impurities, and by random scattering at the interface. The first mechanism
cannot give a no-phonon line, and since a no-phonon line is in fact observed in PL, at
least one of the other three must be present.

In a cubic crystal there are three degenerate X electron states, corresponding to electron
momenta directed along the X, y or z directions. In the SL this degeneracy is lifted and
we label the resulting states X; and Xy, where we have taken the growth direction to be

the z axis. Only X, can be mixed with I" by the SL potential, but any state can be mixed
by interface disorder (pubs 88-3, 89-1). Electrons relax rapidly and non-radiatively to the
lowest X state. The low temperature PL is therefore predominantly from this state,

though very weak PL is sometimes observed from the I' state , for which the radiative

transition probability is high enough to compete with the non-radiative I' -> X transfer
“(pub 91-3).

The questions addressed in the work supported by this grant were:

(1) What is the relative importance of the different mechanisms which make the
transition allowed? How large is the mixing of the I" and X states?

(2) (a) What is the order and separation of the X, and X,y states, particularly in very
short period SLs where the effective mass approximation might be expected to break
down? Recent "first principles” calculations make predictions which need to be tested. In
particular, it is theoretically predicted that a state deriving from the L point of the bulk,
rather than the X point, should be lowest for a 1/1 SL. Is this the case?

(b) The optical selection rules for excitons depend on the symmetry of the exciton state
in the space group of the SL.. These both depend on whether the layer thickness
(measured in monolayer units) is even or odd. Can these differences be detected?

- (©) Can structural information be obtained from PL data?

(3) (a) Are the indirect excitons which are involved in photoluminescence at low
temperature localized or delocalized?

(b) If the former, is it possible to detect a mobility edge, as in the case of direct
excitons3?

The work done under this grant has established a firm answer to question (1) and
affirmative answers to questions (2a), (b) and (c). For question (3), the exciton dynamics
show firm evidence for localization at helium temperature, with delocalization as the
temperature is raised; but no evidence for a mobility edge has been found.
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(1) =X mixing:

In an X-exciton the electron and hole occupy different layers, while in a I'-exciton they
are both in the GaAs layer. Hence they respond differently to an applied electric field,

and the energy levels can be made to cross. If I" and X are mixed the states anticross.
This anticrossing has been observed and a mixing matrix element obtained which is
consistent with the observed radiative lifetimes of X-excitons (pubs 88-1, §9-1).

(2) Energy levels and symmetry: use of spectroscopy to obtain structural information

Our work under this grant has established the symmetry and energy of the conduction
band minimum (CBM) in very short period SL's (period < 8 monolayers). We find that
in our samples the selection rules predicted by the space group symmetry are well
obeyed, showing that the samples are indeed true SL's and not just partially ordered
alloys, and that the observed transitions are intrinsic and not due to interface defects, as
was the case in virtually all previous work in this range of period (pubs 90-1, 91-1, 91-
5, 92-5, 94-1). The predictions of the most sophisticated band structure calculations® of
the electronic structure are confirmed except in the case of the shortest period ("1/1")
superlattices (see the next paragraph). This comparison of theory and experiment
constitutes a very searching test, since all the parameters of the theory are determined by
data on the constituent bulk semiconductors. [pubs 90-4, 90-5, 91-1, 92-5, 94-1].

For an ideal 1/1 SL (i.e. a SL consisting of successive single monolayers of AlAs and
GaAs) the band structure calculations predict that the conduction band minimum (CBM)
derives from the L point of bulk GaAs4. On the other hand, our data show
unambiguously that the CBM derives from the X point (pub. 91-4). Detailed band
structure calculations3 show that this is to be expected if about 30% of the Ga and Al
atoms are interchanged. Since our data show that the selection rules for a perfect
superlattice are well obeyed [pubs. 91-1, 92-5] the atomic interchanges cannot be
random, but are restricted to those which preserve the space group symmetry of the ideal
superlattice. Total energy calculations® suggest that this type of interchange is (to a small
extent) energetically favored both over the perfect SL and the random alloy. Our results
show that PL spectroscopy can provide a useful non-destructive tool for the investigation
of interface structure (pub 94-1).

(3) Dynamics of excitons in indirect gap superlattices.

~ The no-phonon radiative decay of indirect excitons in a superlattice is made allowed
(subject to the selection rules mentioned above) by the SL potential. Because of
fluctuations in the interface position, this potential is the sum of terms of random phase,
with the result that the matrix element for radiative decay of localized excitons has a
Gaussian distribution?. This leads to non-exponential decay at low temperatures. As the
temperature is raised excitons migrate and the radiative rate is averaged out. We have
adapted the dynamical theory of the averaging of chaotic light8 to this problem and
obtained a quantitative fit to the data, from which exciton hopping rates as a function of
temperature can be obtained. [pubs §9-1, 93-3]

II Mixed type CdTe/CdZnTe quantum wells and superlattices

This system is of interest for several reasons: it provides a non-magnetic model for the II-
VI magnetic semiconductor superlattice, and the light hole (LH) and heavy hole (HH)
reside in different layers?, so that the LH exciton is Type II while the HH is Type L It

4 June 27, 2000




also shows remarkable optical non-linearities at very low excitation!®, The work was in
collaboration with the group of Dr Merle d'Aubigné of the CNRS Laboratory in
Grenoble, France.

We analyzed the spectra of compensated strain CdTe/Cd ¢;Zn g9Te quantum wells. In
this system shear strain, which splits the light hole (LH) from the heavy hole (HH) band
and has opposite signs in the CdTe and Cd ¢;Zn ggTe layers, dominates the offset?. We
showed that the band offset averaged over the LH and HH is zero within experimental
error, due to a close cancellation between the "chemical” offset (the offset in the absence
of strain) and the hydrostatic strain contribution!! (pubs 92-3, 93-2).

From March 1993 the work on this system was supported by NSF and work after that
date is not included in this report.

IIT Exciton-phonon coupling at isoelectronic traps

The exciton bound to an isoelectronic (i.e. electrically neutral) center such as nitrogen in
GaP has much in common with an indirect exciton localized by width fluctuations in a
quantum well. Since the bound exciton has an energy which for any given center is well
defined rather than depending on random fluctuations, it can provide a useful model for a
localized exciton. The publication of a new (and, as it turned out, erroneous) treatment of
the phonon sidebands!? of these bound excitons stimulated us to re-examine the theory.
We have shown that the treatment of ref 12 is internally inconsistent (pub 92-4) and is
based on an incorrect analysis of the data (pub 92-1). We have developed a
comprehensive theory of these sidebands, based on an improved theory of the
isoelectronic center (pub 92-2), which treats coupling to "momentum-conserving" and to
"configuration-coordinate” phonons in a consistent manner (pub.93-1) and is in good
agreement with experiment.

IV Exciton kinetics in strain confined wires and dots

The use of lateral strain confinement as a method of producing low-dimensional
structures was pioneered by Dr Kathleen Kash of Bellcore (now at CWRU) in
collaboration with the PI (pub 88-2, ref. 13). This technique preserves the high quantum
efficiency of the underlying quantum well, and makes possible detailed study of the
exciton kinetics and energy transfer processes in a confined system. Initially supported
by DOE, this work was supported by ONR from 1991 to 1993, but reverted to DOE
upon the expiration of the ONR support.

- It has been shown!3 that strain gradients on a scale of ~100nm can produce quantum
confinement of excitons to one or zero dimension within semiconductor quantum wells. It
has been appreciated for many years that such confinement, to "quantum wires" or
"quantum dots", should have important consequences, especially for exciton-exciton and
exciton-phonon interactions!4. Strain confinement avoids many of the difficulties inherent
in other confinement techniques, in particular the rapid non-radiative decay associated with
etched or ion-bombarded structures. Furthermore it can be used to create systems with
unique properties, for example "antenna" systems, where the quantum well can be used as
an antenna to funnel excitation to the dots or wire, thus greatly enhancing the optical non-
linearity and the quantum efficiency!s.

The theory of electron and hole states in an inhomogeneous strain field was put on a firm

basis by Zhang!5 (a student in this group, supported at that time by ONR) His theory
predicts a potential barrier to migration of electrons from the unstrained region (the
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"quantum well") to the wire or dot. On the other hand heavy holes experience no such
barrier. Our measurements, supported by ONR, of the temperature dependence of the
luminescent intensity and decay kinetics of strain-confined quantum wires and dots
demonstrated thermally activated energy transfer across a barrier!®. Our subsequent work,
supported by DOE, has shown that the transfer proceeds via an intermediate state in which

~electrons and holes are spatially separated by the strain potential, the hole having migrated
to the dot while the electron is still outside the barrier. This state has an important effect on
the non-linear optical behavior of these structures (pubs 94-T1, 95-1, 95-2, 96-1, 96-4,
96-7, 96-T2, 97-2).

The discrete nature of the states in quantum dots has a profound effect on their coupling to
phonons. Relaxation between discrete states can only occur through a one-phonon process
if a phonon of the required energy has a wavelength comparable to the spatial extent of the
state!4. Such a phonon does not exist in our quantum dots, and as a result we found that
at low excitation intensity the thermalization of excitons to their ground state is at least two
orders of magnitude slower than in the parent quantum well. This slowing down was not
observed in wires of fabricated by the same technique on the same quantum well,
showing that it is a consequence of dimensionality, not of the fabrication process. As the
excitation is increased, Auger processes!4 become possible when there is more than one
electron-hole pair per dot, and the relaxation accelerates. By varying the magnetic field we
could tune the inter-level separation and thus study the energy dependence of the
relaxation rate. It was found to increase rapidly when the energy separation exceeds 20
meV. This could be due either to the onset of multiphonon relaxation, or to relaxation via
nonradiative excitonic states, which become dense in this energy range!” (pubs 94-2, 96-
2, 96-T1).

V Exciton-electron interaction in mixed type quantum wells: free trions. magnetically
induced transitions, and hidden symmetry

A wide GaAs quantum well with AlAs barriers is "type 1", i.e. the lowest electron and
hole states are both in the GaAs. However, if the GaAs well is less than about 3 nm
wide, it is "type II", that is, the lowest electron state is in the AlAs , while the hole state
remains in the GaAs. In a "mixed type" system a type II well is separated by a moderate
thickness (~10 nm) of AlAs from a wider, type I, GaAs well!8, If electron-hole pairs are
created optically in the narrow well, the electrons can easily transfer to the wide well
through the AlAs without encountering any barrier, while the holes have to tunnel
through a barrier ~0.5eV high, so that they transfer slowly!8. Since the electrons in the
wide well cannot recombine until the hole reaches them, a small intensity of light above
the narrow well bandgap can create a substantial density of electrons in the wide well.
Although some of this weak light is, of course, absorbed in the wide well, the short
exciton lifetime (~ 1 nsec) ensures that the resultant steady state exciton density in the
wide well is very small. More intense pulsed excitation at the wide well band gap can
then be used to create a controllable density of excitons in the presence of a background
electron density.

We found that when electrons are present in the wide well, a new photoluminescence line
"Y" is observed, 1.3 meV below the usual heavy hole exciton line. The intensity ratio of
these two lines depends on electron density and on temperature, but not on the exciton
density. The Y line resembles lines which have been variously attributed to biexcitons!9,
to regions of different layer width20, and to excitons bound to localized electrons2!.22.
However, we found that none of these explanations can account for the data. In:
particular, we found that (1) in equilibrium the two lines have the same decay rate (ruling.
out biexcitons, whose equilibrium density varies as the square of the exciton density?3);
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(2) the radiative rate of the Y line, obtained by measuring the dependnce of the average
decay rate on electron density, is a factor of four greater than that of the exciton, and has
the same temperature dependence; (3) spatially resolved luminescence measurements
showed that above about 5K the particle responsible for the Y line diffuses at about half
the rate as the free exciton, and both rates are proportional to temperature, as expected for
free classical particles obeying the Einstein relation; (4) unlike the exciton line, the Y line
has a Lorentzian profile, showing that the final state is lifetime broadened and hence free
rather than bound. All the data can be quantitatively accounted for if the Y line is
assigned to the decay of the free negatively charged exciton ("trion"). This entity had
previously been tentatively identified in bulk Si and Ge?4, but putative identifications in
GaAs? were questionable. To our knowledge our data provided the first unambiguous
evidence for free (as opposed to bound) trions in a 2-D system. (pubs 96-5, 96-6, 96-8,
97-1, 00-3).

At higher electron density excitons and trions can no longer form, because of screening
and band filling26. At a certain density (about 3x10!0 ¢cm2 in our case) a "Mott
transition" occurs, and above this density excitons and trions no longer exist: instead a
free hole recombines with a Fermi gas of electrons. The emission spectrum then has a
width determined by the Fermi energy. We found that this transition is rather gradual and
has no marked effect on the temporal or spatial kinetics: the lifetime and diffusivity of the
hole were found to be indistinguishable from those of the trion.

A magnetic field shrinks the exciton and trion wave functions, reducing the effect of
screening and band filling, and thus might be expected to increase the density at which
the Mott transition occurs. This expectation is apparently fulfilled: at a certain field the
spectrum of broad transitions between Landau levels (LLs), characteristic of a free holes
in an electron gas, abruptly changes to a spectrum almost indistinguishable from the trion
spectrum observed in the same field at low electron density. Such a transition from "LL-
like" to "trion-like" behavior in doped SLs has been reported by other authors?7. Other
changes occur at the same field: the emission line narrows, and various satellite lines,
which are strong at lower field, disappear or become very weak?8. However, when we
compared data at different electron densities, we found a remarkable correlation: the field
at which the transition occurs is that at which the lowest LL for electrons is exactly filled;

in the conventional parlance, the "filling factor" v = 2 at the transition. At larger v, (i.e at

lower field or higher density) the spectrum is LL-like: at lower v, it is trion-like. In the

model mentioned above, where the transition is due to the magnetically induced change in

screening and band-filling, there is no reason to expect such a correlation, yet it holds
over too wide a range in electron density (a factor of ten) to be coincidental (pub 97-3).

The solution to this enigma has been found by looking at the problem from the high field
point of view instead of the low field. A two-dimensional system at very high magnetic
field, in which the highest occupied hole and electron LLs have the same quantum
number n, has been shown to possess a hidden symmetry2® (somewhat analogous to the
hidden symmetry responsible for the angular momentum degeneracy of hydrogenic
states). Because of this symmetry the only possible optical transition is one in which an
electron-hole pair ("magneto-exciton") is created or destroyed: furthermore the energy of
this transition is independent of the number of electrons and holes present,there being an
exact cancellation of the various terms in the electron-electron and electron-hole
interaction. Although this symmetry is only exact at infinite field, it has been found to
account for the spectra of highly excited quantum wells at quite moderate fields30. If we
assume that hidden symmetry provides a correct classification of the states of an electron
gas at the moderate magnetic fields considered here, we can understand why the
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transition always occurs at v=2. When v<2, electrons and holes both occupy their lowest

(n=0) LL, so that hidden symmetry holds, at least approximately. When v>2, on the
other hand, electrons occupy the n=1 LL, while the small number of photexcited holes
still have n=0, so that the hidden symmetry is broken. There is now no requirement that
the optical transition coincide with that at low electron density, and a host of new
transitions, involving the creation of magnetoplasmons, shake up of electrons to higher
LLs28, scattering of magnetoexcitons by n=1 electrons, and creation of magneto-excitons
with k=0 by scattering from electrons, become allowed. Calculations show that these
transitions can be quite strong, and the observed dependence of their intensity on field?8

can be accounted for by a model based on broken hidden symmetry (pubs 00-1, 00-2,
00-3).

VI Relaxation processes in guantum wells and at defects.

In his first year at Dartmouth, Dr Ge completed the theoretical work on hot carriers and
non-radiative recombination which he had begun while in China (pubs 90-2, 90-3, 90-
6).

VII Education

An important part of this work has been the introduction of undergraduates to
experimental research in the laboratory. During the budget period 25 undergraduate
interns (listed at the end of this report) have worked in the lab, supported in part by the
grant. Several have done independent study projects and two have written senior theses.
The majority of these students continued on to graduate school.
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