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In this article we review the optical properties of semiconductor quantum

wells. Special attention is paid to the phenomena involving excitons in quantum
wells. We discuss both two-particle excitons in undoped quantum wells as well
as many body Coulomb effects (collective excitons) in quantum wells con-
taining high density charge carriers. We illustrate the material with our own
results from recently published works on exciton dynamics and Fermi-edge
singularity in modulation doped quantum wells.
First, we report high-resolution, picosecond laser spectroscopy measurements of
relaxation of lowest-energy heavy-hole excitons in undoped GaAs quantum
wells grown with and without growth interruptions. In both cases excitons relax
by loosing potential energy in a diffusion motion driven by potential fluctuations
in the quantum well plane. We have also studied directly, intrinsic properties of
excitons in quantum wells, i.e., we have determined the lifetime of k = 0 ex-
citons, which is a fundamental parameter of the system and has been assessed by
many theories.

Then we report results of the study of many-body correlation enhancement in
excitonic luminescence in dense one-component plasma. The dynamic response
of an electron Fermi sea to the presence of optically generated holes gives rise to
an enhanced interaction of correlated electron-hole pairs near the Fermi level,
resulting in an enhanced oscillator strength for optical transitions, referred to as
the Fermi-edge singularity (FES). We have studied this effect in modula-
tion-doped quantum wells which provide confined dense Fermi sea, spatially
separated from dopant atoms, easily accessible for investigations under low
excitation conditions. The FES has been observed in both photoluminescence
(PL) and photoluminescence excitation (PLE) experiments, although in the
case of PL the samples had to be either co-doped with acceptors in the wells to
provide necessary localization of holes or designed to allow for nearly resonant
scattering between the electronic states near the Fermi energy and the next
unoccupied subband of the 2D electron gas. The presented results are of interest
from the fundamental point of view. Such effects are also important for the
modelling of optoelectronic device operation under high injection conditions.
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1. Introduction

The development of sophisticated growth tech-
niques for layered semiconductor structures has
initiated a large body of new work in semiconduc-
tor physics over the last twenty years. Much of the
interest was stimulated by possibility of applica-
tion of low dimensional structures in semiconduc-
tor lasers and related optoelectronic technology in
communications and consumer products. The
commercial success of quantum well lasers have
furthermore created a need for in depth understan-
ding of optical properties of these structures. This
paper reviews the physics of optical properties of
quantum wells pertinent to the operation of op-
toelectronic devices. The excitons in low dimen-
sional structures are treated in considerable details
because of their importance in quantum confined
systems.

We start with a summary of basic linear optical
properties of quantum wells (Section 2) and
exciton dynamics in quantum wells will be discus-
sed in Section 3. In the Section 4 we will go
beyond a one-electron picture considering con-
sequences of screening in electron-hole plasma
on the optical transitions in systems of reduced
dimensionality. The role of screening will be ana-
lyzed in particular in one-component plasmas
where its most important consequence is the
Fermi-edge singularity. We will concentrate
throughout the article mainly on our recently
published results in this field [1—9] which means
that the review given will be somewhat selective
and limited to the area of our interest. The readers
interested in a broader perspective are referred to
the excellent review articles [10—12]. We will not
treat here optical properties of quantum wells
embedded in microcavities. This is rapidly gro-
wing area of research which deserves a separate
treatment. A good introduction to the subject
might be found in [13].

2. Linear optical properties
of quantum wells

Excitons are the quasi-particles of the lowest
electronic excitations in intrinsic semiconductors.
The Coulomb attraction between an electron and
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a hole leads to a hydrogen-like resonance below
the band-gap energy and a Sommerfeld enhan-
cement of the band-to-band transitions.
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We use a capital K for the exciton wave vector
to distinguish two-particle states from one-partic-
le states. Using the material parameters for typical
semiconductors one finds that excitonic Rydberg
is of the order of a few meV to a few tens of meV,
which is considerably less than the width of the
forbidden gap. The orbits of the electron and hole
around their center of mass average over many
unit cells which in turn justifies the effective mass
approximation used for the description of excitons
in semiconductors. For n — oo exciton states
converge to the ionization continuum, the onset of
which coincides with £,.

The confinement of the carriers in quantum
wells leads to the quantization of the eigenener-
gies in the direction perpendicular to the layers
and a parabolic dispersion due to the free in plane
motion (Fig.1). The in-plane dispersion is rather
complicated. The degeneracy of the heavy-hole
(hh) and the light-hole (lh) valence bands is
removed due to the reduced translational symmet-
ry. Besides that, the bands are strongly mixed and
anticross somewhere in the Brillouin zone. The
carrier confinement in quantum wells strongly
modifies the properties of 2D excitons comparing
to their bulk counterparts. The Schrodinger equa-
tion for the exciton problem can be solved for the
exact two-dimensional case [14]. The eigenener-
gies of the exciton Hamiltonian:
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Fig.1. Confined electron and hole energy levels
and subband dispersion in the x-y plane for
a GaAs/AlGaAs quantum well.

are shifted here by the confinement energies. The
subband indexes n, have been chosen equal for
electrons and holes to reflect 4n, = 1 selection rule
for the optical transitions. Some important dif-
ferences in the 2D exciton properties comparing to
bulk 3D excitons are illustrated by the following
relations. For the binding energy E,, and the
radius a; of the lowest exciton state one finds:

3D

Ebind = Ry‘

3D

a.' = @B
EX° = 4Ry" (3)
3210= ag/2

i.e., the excitonic effects are strongly enhanced in
lowered dimensions. The properties of excitons in
real quantum wells of finite depth are different
from those in the ideal 2D systems [15]. The limit
for L, — O are not ideal 2D excitons but rather 3D
excitons with properties determined by barrier
material. Although the exciton binding energy
never reaches 4Ry" the excitonic effects are none-
theless much stronger in quantum wells than in
bulk. The exciton binding energy passes through
a maximum of about 2 to 3 times Ry” depending
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Fig.2. The calculated binding energy of n,
= 1 (hh) exciton in GaAs/AlGaAs quantum well
as a function of well thickness L, According to

[15].

100

on the material parameters. The increase of the
oscillator strength of 1s exciton comes from the
fact that the quantization in z-direction increases
both the overlap between electron and hole and
their attraction, which results in turn in a reduction
of two-dimensional Bohr radius. This is the reason
why we observe 2D excitonic effects up to the
room temperature. The Sommerfeld factor F,
which describes the enhancement of the oscillator
strength of the continuum states and which arises
from residual electron-hole correlation, depends
also on dimensionality [16].
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In the three-dimensional case it has a squa-
re-root singularity at £, and decreases gradually to
unity for how > E,. In two dimensions it decays
only from two to one with increasing energy.
Typical absorption spectra of GaAs/AlGaAs quan-
tum well system are shown in Fig. 3. The absorp-
tion follows the step-like density of states in 2D
system with distinct heavy hole (hh) and light
hole (Ih) exciton resonance just below each step.
The increasing broadening of the absorption lines
with subband number can be partly attributed to
the fast dissociation of the excitons, which are
isoenergetic with continuum states of the lower
laying subbands. The luminescence spectra of
excitons in quantum wells are generally less com-
plicated. The optical transitions from lowest laying
states are the only one observed, due to the
termalization effects and they are usually Sto-
kes-shifted with respect to the absorption. The
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Fig. 3. Optical absorption in GaAs/Aly25GapisAs
quantum wells with different thickness, demonst-
rating the strong excitonic resonances [17].
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exciton luminescence in the undoped quantum
wells will be discussed in considerable details in
the next Section,

3. Exciton dynamics in quantum

wells

Excitons in semiconductors play an important
role in optical properties at low temperatures. In
bulk GaAs, the binding energy of free excitons is
about 4 meV and immediately after creation they
tend to localize at lattice imperfections forming
bound excitons. In the case of an exciton in
quantum well, the two-dimensional (2D) exciton
has a large binding energy and strong oscillator
strength comparing to those of its three-dimen-
sional counterpart. These are explained in terms of
quantum confinement of the wave functions by
the potential barriers. Moreover, the intrinsic natu-
re of 2D excitons is greatly enhanced as opposed
to 3D case. Exciton dynamics in AlGaAs/GaAs
quantum wells (QW) has been widely investiga-
ted [18—29], nevertheless only very recently one
has begun to get quantitative understanding of
exciton recombination mechanisms and some
aspects of these phenomena need further study to
be fully elucidated.

3.1. Experimental details

We will report here the results of the studies
performed on AlGaAs/GaAs multiple-quantum-
-well (MQW) structures grown by molecular be-
am epitaxy on Riber 32P machine at the Institute
of Electron Technology in Warsaw. The samples
were grown at 630°C with growth interrupts of 60
sec on each interface, on semi-insulating
[100]-oriented GaAs substrates (Sumitomo),
with a misorientation of +0.5°. The samples con-
sisted of 6 quantum wells of nominal thickness
6ML, 8ML, 12ML, 15ML, 20ML and 30ML (1ML
= a/2 = 2.83A) separated by 250A thick
Al,GaAs,; . (x = 0.3) barriers, and covered with 0.1
um GaAs cap layer. The structures without growth
interrupts at heterointerfaces were also grown to

facilitate comparison. They consisted of 4 quan-
tum wells of thickness 25A, 50A, 100A and 200A
separated by 0.1 um thick Al,Ga;. As (x = 0.3)
barriers. The MQW structures were not inten-
tionally doped.
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We have measured both continuous wave pho-
toluminescence (PL} and photoluminescence ex-
citation (PLE) spectra at low temperatures to
examine the guality of the samples. Dynamics of
exciton recombination in guantum wells of dif-
farent thickness was studied at the temperature
range 2K-140K by time-resolved luminescence
experiments. The PL kinetics measurements werg
performed with a Hamamatsu synchroscan came-
ra with a temporal resolution of ahout 20 ps.
Pulsed excitation was provided by a dye laser
synchronously pumped with a mode-locked ar-
gon laser to give pulse lengths of about b ps
duration. The PLE measurements and time-resol-
ved PL measurements were performed at The
Department of Physics and Measurement Tech-
nology, Linképing University, Sweden.

3.2. Time resolved spectroscopy of ex-
citons in thin quantum wells

High guality samples were used in this study,
characterized by narrow PL lines and zero (or near
zero) Stokes shifts between PL and PLE spectra.
Low temperature photoluminescence spectrum,

typical for the samples grown with growth inter-
ruptions at the interfaces, is shown in Fig.4. We
can observe distinct monclayer splitting of PL
lines attributed to the well with certain nominal
thickness, due to the well thickness fluctuations
by +1ML, characterized by spatial extension gre-
ater than exciton radius. The halfwidth of in-
dividual lines varies from 1.5 meV for 30ML thick
well to 3.5 meV for 10ML well. Each ling in the
spectrum has been assigned an exact value of well
thickress on the basis of theoretical calculations
of energy levels in the guantum wells. The cal-
culations have been performed within the en-
velope function approximation scheme developed
by Bastard [30], with band nonparabolicity cor-
rections included [31]. The positions of exciton
lines have been determined as a difference betwe-
en appropriate electron and hole levels minus, well
thickness dependent, exciton binding energy ta-
ken from the caculations of Green ef 2/ [15].

In the case of the structures grown without
growth interruptions the lines are strongly inhomo-
genously broadened due to the well thickness flue-
tuations with the characteristic length scale small
comparing to the exciton diameter. Their thickness

AlGaAs/GaAs MQW
3 T=2K
g : 8 ML 1OML  12ML 15 ML 20 ML 30 ML
2 (7} (17} (26} (27)
7
-
c
=
i (14)
0. (15) (16}
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Fig. 4. Photoluminescence (Pl ) spectrum of multi-quantum well (MQW) structure grown with growth
interruptions at the interfaces (T = 2K). Numbers in parentheses designate exact well thicknesses
determined by comparing peak positions with calculated values (as deseribed in the fext). Also
tndicated are the values of nominal well thickness (bofd numbers).
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varies from 2.5 meV for 100A thick well to 10 meV
for 25A thick well and no monolayer splitting is
observed. Assuming the fluctuation of the well
width to be the half of lattice constant a of GaAs
and noting that the level energy in a quantum well
scales approximately to the inverse square of the
well thickness one can calculate the fluctuation of
1s exciton energy as:

0E.-1(18) £ 2E.- (OL./L,) = 2E.-1(a/2L,) (6)
where E,-,(1s) = E; (L;) — E; is the exciton energy
measured from the bottom of the GaAs well.
Taking as an example 50A well one gets 9.8 meV
for the fluctuation of exciton energy, which is of
the order of observed halfwidth of PL line. For the
100A thick well Eq.(1) gives 1.4 meV and at about
150A the inhomogenous contribution to the broa-
dening of exciton linewidth becomes negligible.
In the case of the first type of quantum wells,

grown with the interruptions at the interfaces one
can attempt more detailed analysis due to men-
tioned earlier possibility of precise determination
of actual well thickness. In Fig. 5 spectra of
photoluminescence excitation (PLE) and photo-
luminescence (PL) for the 13ML thick well are
compared. Peaks of the luminescence and photo-
excitation for heavy-hole exciton (HH), are sepa-
rated by only 1.1 meV. For 17ML thick well the
Stokes shift is even smaller and equals 0.5 meV.
This fact indicates the high quality of the inter-
faces of quantum wells. With the inhomogenous
contribution to the line broadening being so small
we can expect that excitons recombining in such
wells will manifest predominantly their intrinsic
properties as opposed to quantum wells with
rough interfaces or bulk material.

The energy- and time-resolved results of PL mea-
surements for the representative examples of wells
grown with and without growth interruptions at

Photon energy (eV)
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| |
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Fig. 5. Photoluminescence (PL) and Photoluminescence excitation (PLE) spectra for 13ML thick

quantum well at T = 2K.
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interfaces are shown in Fig. 6 and Fig. 7. These
figures show contours of constant PL intensity on
the energy-time plane. The energy and time re-
sponse of luminescence directly reflects dynamics
of exciton population. In the 50A thick, non-
-interrupted quantum well peak of (HH), exciton
line moves, in about 1 ns time from its initial

T=2K
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Fig. 6. The contour of constant PL intensity of
excitons (n = 1, e-hh), on energy-time plane, in
504 thick quantum well grown without growth
interrupts at T=2K.
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Fig. 7. The contour of constant PL intensity of
excitons (n =1, e-hh), on energy-time plane, in
13ML thick quantum well grown with growth
interrupts at T = 2K.
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position at 1.606 eV, down in energy by 2.5 meV,
which means that excitons drift in a well plane
towards lower energy states loosing their potential
energy. The build up of exciton population takes
about 150 ps. The decay of the luminescence does
not show single exponential behaviour; moreover
it depends on energy increasing as one goes from
low to high energy tail of the line. This proves that
excitons below certain energy in low energy tail of
the line are localized by potential fluctuations
resulting from the well thickness variations, while
those at higher energies move more or less freely
in the well plane. A characteristic time to decay to
1/e value of the maximum at the peak of the line is
about 180 ps for 50A well and about 220 ps for
100A well. On the contrary the 13 ML thick,
growth interrupted well (see Fig. 7) shows neg-
ligible small (0.7 meV) shift of exciton line with
time and 17 ML quantum well shows no shift at
all. This means that for these wells a little trapping
at the interface occurs. The decay at the peak of
the luminescence line for discussed wells clearly
shows two components (Fig. 8). The fast one
which can be attributed to the decay of free
excitons and the slow one due to the decay of
localized excitons. The time constant of the fast
part of the decay is equal to 140 ps for 13 ML well
and 125 ps for 17 ML well, while the slow part is
roughly 350—400 ps in both cases.

The difference of decay rate between free ex-
citons and localized excitons results from the

§ Decay at peak
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&
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Fig. 8. The decay of the luminescence for the peak
of (n = 1, e-hh) exciton line in 13ML thick
quantum well at T = 2K.
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difference in coherence length of both types of
excitons. In the ideal quantum well at low tem-
peratures, a free exciton is a coherent excitation of
the whole crystal, leading to the large dipole
transition probability and fast radiative decay rate,
since the transition probability is proportional to
the area of coherent excitation [32]. In the real
crystal, however, free exciton has a finite coheren-
ce length due to dephasing scattering processes.
The coherent area of localized exciton is even
smaller, determined by spatial extend of localized
state. Thus the radiative decay time of localized
excitons at low temperatures should be longer
than that of free excitons, both being in real crystal
considerably longer than theoretical limit.

As it has been shown, in the best quality
quantum wells used in this study, even at low
temperatures radiative decay is dominated by free
excitons. When the temperature is raised one
would expect, according to simple model of Feld-
man et al. [20], that the lifetime of free excitons
will increase with temperature while that of locali-
zed excitons will remain unchanged. Excitons
localized by fluctuations in the well width can be
formally treated as bound excitons [33]. In Fig. 9,
we show the results of time- and energy-resolved
measurements for 13 ML and 14 ML quantum
wells taken at 60 K. The peak positions of the

T=60K
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Fig. 9. The contour of constant PL intensity of
excitons (n =1, e-hh), on energy-time plane, in
13ML and 14ML thick quantum wells grown with
growth interruptions at T = 60K.
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exciton lines remain unchanged over the whole
time range and decay times for both lines are
considerably longer than those at 2 K; they are
equal to 490 ps and 510 ps, respectively. Moreo-
ver the decay of the luminescence is purely ex-
ponential over two decades of signal intensity as it
can be seen in Fig. 10 showing PL decay for the
peak of exciton line in 13 ML quantum well.

s Decay at peak
10 T
Lz=13ML
- T=60K
= (n=1, ¢-hh)
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Fig. 10. The decay of the luminescence for the
peak of (n =1, e-hh) exciton line in 13ML thick
quantum well at T = 60K.

3.3. The lifetime of free excitons in qu-
antum wells

The lifetime of free excitons in quantum well
can be calculated under the assumption that the
wavevector k along the plane is conserved. In bulk
crystals excitons interacting with light produce
mixed modes (polaritons) which are stationary. In
quantum wells, because of the braking of the
translational symmetry along the growth axis z, an
exciton with wavevector k is coupled by the
dipole interaction to photons with q = (k, k;), with
the same in plane wavevector but with all possible
values of k,. Only excitons with k < k, where &,
= pw/c can recombine radiatively. Assuming furt-
her that thermalization processes are much faster
than radiative recombination, Andreani et a/l. [34]
have calculated the lifetime of thermalized ex-
citons:

3MkgT

Tk% To (7)

w(T) =
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where M = m, + m,;, is the center of mass motion
exciton mass, k; is the Boltzman constant and 1, is
the lifetime of free excitons in the radiant state, i.e.,
at k = 0. Eq.(7) predicts an effective lifetime
which varies linearly with temperature and which
can be significantly longer than 1, since only
a small fraction of excitons occupy the states with
k < k, which can decay radiatively (for thermal
distribution of excitons only a small fraction of the
states lie below the crossing with the photon
dispersion line). The value of radiative lifetime 7,
calculated by Andreani equals 25 ps and is an
order of magnitude longer than 2.8 ps predicted
by Hanamura [32]. Using our experimental data
for effective time decay of thermalized excitons we
get from Eq.(2), with exciton mass M = 0.25 m,
[28], the following values of radiative lifetime ,:
24.4 ps for 13 ML quantum well and 21.8 ps for
17 ML quantum well. These values are very close
to theoretical estimates given by Andreani [34],
although they are shorter than typically reported
for quantum wells (see Ref. 3). Such short lifeti-
mes have been observed recently by Sermage ef
al. [20], who measured 18 ps in 58 A thick GaAs
well sandwiched between AlAs barriers. It seems
that this theoretical predictions are reasonably
accurate while the scatter of reported experimen-
tal values can be attributed to the variable quality
of the interfaces in quantum wells. As long as
there is no significant trapping of excitons at the
interfaces and they move freely in plane of the well
the above discussed model works correctly. Ho-
wever, allowing for week localization of excitons
by well width fluctuations, as it has been done by
Citrin [35], shows that due to finite scattering
lifetime (dephasing) and finite spatial coherence,
the radiative lifetime can be in some cases con-
siderably longer than predicted in Ref.34. In the
light of these results one can understand the
apparent discrepancies between published experi-
mental data.

3.4. Inter-island energy transfer and
in-plane exciton migration in quantum
wells

Structural disorder in quantum wells may result
in the formation of QW regions (islands) differing
in width by 1 ML, with size comparable to or larger
than the exciton radius. We suggest that at low
temperatures excitons in thin GaAs quantum wells

Opto-Electr. Rev., 4, N°3/4, 1996

prepared without growth interruptions, after lo-
osing an excess kinetic energy are localized with
potential energy determined by the local environ-
ment. Localized excitons are in a local minimum of
energy and their decay is dominated by migration
between localization states accompanied by ab-
sorption or emission of acoustic phonons. We
observed a few meV shifts of PL lines with time,
towards lower energies in this case. The tem-
perature studies show that excitons start to move
freely in the well plane at higher temperatures
(~60K).

We will present here the first experimental re-
sults demonstrating existence of inter-island mig-
ration of excitons. The characteristic time scale of
the process is also determined. By selectively
exciting the PL (SPL spectrum) it is possible to
resolve PL features related to excitonic recom-
bination within islands differing in width by one
monolayer. Fig. 11 shows the PLE spectrum mea-
sured for the detection set at the FE 24 ML
emission (1.5854 eV PL) (a) and at the DBE 25
ML emission (1.5802 eV PL) (b). The assignment
of the various lines is based on the theoretical
calculation of the transition energies for relevant
states of the HH and LH excitons in the quantum
wells investigated. The sharp PLE peak at 1.5869
eV (Fig. 11a) is assigned to the HH free exciton
peak of the FE 24 ML emission, with the accom-
panying LH exciton peak observed at higher ener-
gy. The PLE spectrum detected at the DBE 25 ML
PL (Fig. 11b) contains an additional HH exciton
peak at 1.5831 eV, identified as the HH FE 25 ML.
We explain the appearance of this peaks by the
exciton migration from 24 ML to 25 ML thick
islands in the quantum well plane. To quantify our
description of the inter-island exciton migration
we have decomposed the time-resolved PL spect-
ra into three (for resonant excitation) and two (for
non-resonant excitation) Gaussian components
and traced they time and intensity evolution. The
relevant results are shown in Fig. 12. The PL decay
times of the individual PL subbands were deter-
mined as 115 ps for the FE 24 ML emission and
190 ps for the FE 25 ML emission. The 75 ps
difference between the decay times of the two FE
emissions is to large to be explained by the
difference in the radiative decay time of two QWs
differing in the width by only one monolayer [1].
We relate it to inter-island exciton migration,
which reduces the decay time of FE 24 ML
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Fig. 11. PLE spectrum for detection energy set at: (a) the peak of the free-exciton (FE) 24 ML emission
(1.5836 eV) and (b) the peak of the donor-bound exciton (DBE), 25 ML emission (1.5802 eV).

photoluminescence. From the linear rate equa-
tions we have derived the exciton transfer rate
from the 24 ML to the 25 ML region to be
approximately 290 ps’. In addition to the in-
ter-island exciton migration, we have also obser-
ved a relatively slow exciton drift-diffusion betwe-
en QW states of a slightly different potential
energy. This was observed as a shift of PL lines
spectral positions, towards lower energies, during
the exciton decay time.

In the growth-interrupted quantum wells in
which the size of islands with constant well
thickness is large compared with exciton diameter
we observe splitting of the heavy-hole transitions
into the multiplets of narrow lines corresponding
to one monolayer differences in the well width.
The energy shifts with time are observed in this
case only for the narrowest wells (L;) and amount
to only a fraction of the width of individual lines
suggesting the inter-island migration of excitons
mediated by acoustic phonon scattering as being
responsible for the final stage of exciton relaxa-
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tion. Two-step decay of the luminescence is ob-
served at low temperatures (2K) for these wells.
The fast part of the decay was attributed to the
decay of free excitons whereas the slow one is
believed to be due to the decay of the excitons
localized at the interfaces. However, in most cases
in best quality growth-interrupted quantum wells
we observed predominantly free exciton recom-
bination. Temperature dependent measurements
show that at higher temperatures luminescence
decay becomes governed by single exponential as
expected, for delocalized excitons (no energy shift
is observed).

The interface roughness and compositional flu-
ctuations are well known to provide changes in
the QW potential profile that can scatter or even
localize excitons. As long as localization is concer-
ned we can practically eliminate it in best QWs.
Even in atomically flat interfaces, there remains,
however, certain amount of microroughness
which can scatter excitons, as evidenced by TEM
[36] and resonant-Raman scattering [37] studies.
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excitation.

The influence of this scattering on optical proper-
ties of QWs, to be fully understood, needs further
experimental and theoretical investigations.

4. Many-body effects in quantum
wells

41. Beyond the independent-electron
approximation [38]

The problem of electrons in a solid is in principle
a many electron problem, for the full Hamiltonian of
the solid contains not only the one-electron poten-
tials describing the interactions of the electrons
with the atomic nuclei, but also pair potentials
describing the electron-electron interactions. In the
independent electron approximation these interac-
tions are represented by an effective one-electron
potential U(r) in Schrédinger equation. Writing
down a separate Schrodinger equation

Opto-Electr. Rev., 4, N°3/4, 1996

2
(.. Zh_m V2 + U(r)) Yi(r) = E(k) Ynfr) (8)

for each electron is, however, an enormous simp-
lification of the actual problem of many interacting
electrons in a periodic potential. In an exact
treatment each electron cannot be described by
a wave function determined by the single-particle
Schrodinger equation, independent of all the ot-
hers. A more accurate calculation of the electronic
properties of solid should start with the
Schrodinger equation for the N — particle wave-

function for all N electrons in the solid
¥ (r1,51,252,--- NSN):
H O ) 1
W=y (N~ ) -+
4;( 2m & ~28 Z‘Iri - Ri )
18 €2 g
+ — —— ¥ = E¥P
2;']"; - r,l ( )

Here the negative potential-energy term repre-
sents the attractive electrostatic potentials of the
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bare nuclei fixed at the points R, and the last term
represents the interactions of the electrons with
each other. Evidently U(r) should include the
potential of the ions:

: 1
U"’"(r) = _Zez ;|ﬁ (10)

In addition U(r) should incorporate (at least
approximately) fact that the electron feels the
electric fields of all other electrons. Treating the
remaining electrons as a smooth distribution of
negative charge with charge density p, the poten-
tial energy of the given electron in their field
would be:

U(r) = —ef dra(r) —; 2 (1)

r'|

The contribution of an electron in the state iJ; to
the charge density is: pi(r) = —e |¥;(r)]* and the
total charge density would than be:
p(r) = —e Y |Yi(r)?, where the sum extends over

I
all occupied one-electron levels in the solid. Ta-
king the above into account we arrive at the
one-electron equation:

2

o V) + U () +

[iwﬂwmi ]wn ei(r)

(12)

Actually this is a set of equations, one for each
occupied one-electron level y,(r), known as the
Hartree equations. These nonlinear equations for
the one-electron wave functions and energies are
solved iteratively. The simplest solution to the
Egq.12 would be a product wave function of the
form:

¥ (risq, raSz,..., FnSn)

= Y1 (r181)P2(rzs;)...¥n(rusn) (13)
where the ; are a set of N orthonormal
one-electron orbitals. There are, however, certain
important physical features of electron-electron
interactions that can not be treated in a simple
self-consistent field (Hartree) approximation.
These are phenomena known as “exchange” and
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"screening”. The wave function (13) is incom-
patible with Pauli exclusion principle, which requ-
ires the sign of ¥ to change when any two of its
arguments are interchanged. The simplest genera-
lization of the Hartree approximation that incor-
porates the antisymmetry requirement is to replace
trial wave function of Eq.13 by a Slater deter-
minant of one-electron wave functions.

W1 (r181) Y (rasz)... 0 (rasw)
PYa(ri81)Ya(rasz)... 2 (rusn)

TASyH) = [Fomsmmsmsrensiadedansniadaisioass

Yn(risi YN (rasz) .. fn(rasn)
(14)

!P‘ (r1 S1, F252,.-.,

The wave function of the form given by Eq.14
leads to a generalization of Hartree equations
known as the Hartree-Fock equations:

g hz v'zllfi(lr) + UM () i(r) + US(r)y(r) —

= Zjdr epi(r)
(15)

'l/ (I’) l,b }(I’ )B’Jl(r)ésﬁ

where U® is defined by Eq.11. This equations
differ from the Hartree equations (12) by an
additional term on the left hand side known as the
exchange term which leads to correlated beha-
viour of electrons having parallel spin alignment.
The complexity introduced by the exchange term
is considerable. Unlike the self-consistent field
(direct) U® term, the exchange term is not of the
V(r)y(r) form; instead it is an integral operator of
the type [V(r, r)y(r)dr’. As a result Hartee-Fock
equations are in general intractable except for the
case when periodic potential is zero or constant
(free electron gas). The electrons with equal spins
repel each other as a consequence of Pauli exc-
lusion principle. Thus, each electron is surrounded
by an exchange hole, i.e., by a net positive charge
distribution. The exsistence of exchange hole exp-
resses the fact that mean separation between
electrons with equal spins is larger that it would be
without the Pauli exclusion principle. For the
interacting electron gas, the increased separation
between repulsive charges reduces the overall
Coulomb interaction. This is because of the attrac-
tive interaction of electron with its own exchange
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hole. That interaction reduces the total energy of
the system by the amount [39]:

HF e?l 3

= Eye = ——— (3723
pot axc
473,

(16)

The total Hartree-Fock energy is equal to the
5 . HF .
sum of kinetic energy E; and the above interac-

tion energy: E:F= E:: + E::‘_ The kinetic energy can
be evaluated as:
h2L3
kin "~ 10mz?

HF _

(3n?n)°3 17)

According to Hartree-Fock theory, electrons
with different spin do not avoid each other, since
the states are chosen to satisfy the exchange
principle but they do not include Coulomb cor-
relations which lead to the so-called Coulomb
hole. To treat these correlation effects, one has to
go beyond Hartree-Fock theory, e.g., using scre-
ened Hartree-Fock approximation [40]. Generally
one can write the exact ground state energy Eq as

EO = E:F+ E““’ = E:: + Eaxc 2= Er:or (18)

An exact calculation of £, is generally not po-
ssible. To get good estimates of correlation energy is
one of the tasks of many-body theory [41].

The major manifestation of many-body interac-
tion in dense electron/hole plasmas is band-gap
renormalization. The frequent approach to the
treatment of these phenomenon is the ran-
dom-phase approximation (RPA). The correc-
tions to the single particle energies which have
been so far splitted into two terms, i.e., Cou-
lomb-hole and screened-exchange in the langua-
ge of field theory are represented by the real part of
their self-energy Yen(k, Eon(k)) [12]. The
band-gap renormalization is given by the sum of
self-energies for electrons and holes at band ed-
ges (k=0,E=0)

4 = Re)(0,0) — Re) »(0,0) (19)

The single-particle self-energy is given in RPA
by the convolution of the single particle Green's
function and dynamically screened Coulomb in-
teraction treated in a single-plasmon-pole appro-
ximation.
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4.2. Fermi-edge singularity in excitonic
spectra of quantum wells containing
high density electron plasma

The one-component plasmas, i.e., plasmas consis-
ting predominantly of electrons or holes provide an
easy way to study many body interactions in semi-
conductors. Such situations are achieved by heavy
doping of semiconductor materials beyond the metal-
lic limit. Optical studies of the many body phenomena
involve the generation of additional electron-hole
pairs; usually in concentrations much smaller than
that of electron or hole plasma. For, let us say, n-type
material the number of electrons remains practically
unchanged in such situation, whereas the number of
holes is determined by optical excitation. The holes
then display some conelation effects, while the ex-
change effects are negligible unless very high ex-
citation intensities are reached. Additional large cont-
ributions to the screening and renormalization effects
arise from the interaction of the free carriers and the
ionized impurities. A clear cut situation arises when
the free carriers are spatially separated from the parent
impurities. Such a separation can be realized in 2D
modulation doped structures where the dopant
atoms are localized in the barriers and the free carriers
are spatially confined in a quantum well [12].

4.2.1. Modulation doped quantum wells

Modulation doped heterostructures [42] provi-
de an excellent means for the realization of a 2D
electron or hole gas and have shown many remar-
kable new physical phenomena. They are also
attractive from the device point of view. Much of
their significance results from the fact that-unlike
in doped bulk semiconductors- the carriers are
spatially separated from their parent impurities,
which results in extremely high carrier mobilities
(generally in excess of 10°cm?V7's™). Fig. 13
shows the band structure of a typical (n-type)
modulation-doped quantum well structure
(MDQW). During the growth, the dopants are
restricted to the barrier material. In order to main-
tain a constant Fermi energy throughout the sam-
ple, they ionize with the free carriers migrating to
the lower-energy quantum well. The charge trans-
fer creates significant electric fields. In the frame-
work of density functional theory [43] potential
Vs felt by a carrier consists of several parts

Vxs(z) = V(z) + Vu(z) + Vxc(2)  (20)
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The first term, V, is the bare square-well poten-
tial determined by the band offset. The Hartree
potential, Vi , consists of the electrostatic poten-
tial due to the ionized impurities and free carriers.
Throughout Poisson’s equation it depends in turn
on the local carrier density and thus has to be
determined self-consistently. It gives rise to the
band bending shown in Fig. 13. For n-type
MDAQW one has:

d? 4ne?
e n(z) = -

[pe(z) = N"o(2)] (21)

&g

where p,(z) and N*(z) are electron and the ionized
donor densities, respectively. The Eq.(21) has to be
solved self-consistently with Schrodinger equation
[44]. If p,(2) is approximated by the homogeneous
density N/L, inside the QW we get:

2nNe?

VH(Z) ~ EoL,z

2 (22)

that is, the band bending varies roughly like
a parabola. Finally, Vxc is the exchange-correr-
lation potential which describes many-body in-
teractions [10]. The main effect of the Vi is
band-gap renormalization described in Section
4.1. We shall discusse their effect on luminescen-
ce spectra of modulation doped QWs qualitatively
in the subsequent Section. The main features to be
explained are:
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(1) The large Stokes shift between luminescence
and absorption (or PL and PLE)

(2) The shape of PL spectrum (enhancement of
the optical transitions at the Fermi energy)

(3) The carrier concentration and the temperature
dependence of the luminescence.

We shall answer these and other questions by

following Ruckenstein and Schmitt-Rink [45].

4.2.2. Many-body edge singularity in quan-
tum-well optical spectra

The many-body properties of 2D one-compo-
nent plasmas are reflected in their optical spectra.
In particular the singularity of the optical spectra
at the Fermi edge has been observed [46,47]. The
Fermi-edge singularity (FES) or Mahan exciton
[48] arises in n-type modulation doped gquantum
wells from the correlation between a photo-ex-
cited hole and the sea of electrons in the quantum
well. Since the only electrons that can contribute
to the screening of the positive hole charge are
those close to the Fermi surface (no scattering can
occur to the filled states with k < kg) the strong
enhancemet of the oscillator strength of excitonic
transitions close to the Fermi level is expected.

The investigated samples were high quality
modulation doped Aly3Gag;As/GaAs/ AlgasGag7As
guantum wells grown by molecular beam epitaxy
(MBE) on GaAs substrates. The schematic struc-
ture of the samples investigated is shown in Fig.
14. The samples consisted of the 100A wells
sandwiched between 1300A thick, doped barriers
barriers. The sections of the length of 200A sepa-
rated by 100A from the edge of the well were
doped with Si to the concentration 10"®cm™ (sa-
mple #162.96) and 10"7cm™ (sample #163.96).
The samples co-doped with Be acceptors in the
well were also investigated.

SAMPLE NUMBER | DOPANT (Be] DOPANT (511
| CONCENTRATION Jein-))| CONCENTRATION e}
i) [-10T®
SAMPLES OF MODULATION DOPED |—=1423% T
Aly 3Gag A CaAs QUANTUM WELLS V16196 o [ETiL
GROWN BY MBE W65 96 S | ——
si si
s MoaGharas i’ s |
2 ¥
u
B §
$ = i (Gaks undep,
B 5000 i w00 . 200 i1o0fssiooizsitool 200 : 1000 100
A —— - - - B e e c¥
¥
E

All dimensians in A

Fig. 14. The schematic structure of the modulation
doped samples used in this study.
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Photoluminescence (PL) and photoluminescen-
ce excitation (PLE) measurements were performed
in the temperature range 2K-300K using an argon
laser or Ti-saphire laser as the excitation source.

The optical absorption transitions in n-type
modulation doped quantum wells (MDQW) are
momentum conserving and due to the filling of the
conduction band start at the energies higher than
the band gap. On the other hand the emission
starts at the energy equal to the effective band gap
(gg) and extends to higher energies as far as the
spread of hole k-vector allows. Thus, there is
always energy shift between PL and PLE spectra,
which can be clearly seen in Fig. 15. The mag-
nitude of the Stokes shift is many times larger than
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Fig. 15. PL and PLE spectra of the 25 ML thick
MDQW sample donor doped in the barriers ([Si]
= 10"%cm™) and acceptor co-doped in the well
([Be] = 3 x 10"%cm™). The PL peak is downshifted
in energy due to the concentration dependent
band gap renormalization (BGR); besides that an
enhancement of the PL transitions is observed at
Fermi energy (Er) The onset of PLE spectrum is
shifted to higher energies by Er and band structure
related factor.

in the case of undoped quantum wells of comparab-
le thickness; c.f. Fig. 5. In the parabolic approxima-
tion Fermi energy Ef is related to the low energy
onsets of absorption () and emission (g) by:

Er = (&r — &) (1 + mg/my)” (23)
where m./m,, is the effective mass ratio for the
bands considered. Knowing the density of 2D

electron gas in MDQW from the SdH oscillations
one can calculate Fermi wavevector
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ke = (27ng)"? 24)
and resulting Fermi energy
Er = (hn/mg)n.. (25)

We have found an excellent agreement between
the calculated and experimental values of £ deter-
mined from PL and PLE spectra.

The low temperature PL spectrum for the samp-
le #162.96 is shown in Fig. 16. The spectrum
spreads over wide energy range and in contrast to
undoped referernce sample shows two well defi-
ned peaks separated by 81.6 meV. As the tem-
perature increases the Fermi level is broadened
and the high energy peak gradually disappears
although it is still visible at 77K (see Fig. 17).
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T=2K l

BGR =22 meV
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Fig. 16. PL spectrum from modulation doped
quantum well of the thickness L = 100A. The
spectrum shows the strong enhancement towards
the Fermi energy Er.
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Fig. 17. Temperature dependence of PL spectrum
for the 100A thick Alp3Gag:As/ GaAs/Aly3GapsAs
MDQaW.
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A very improbable, nonthermalized electron dist-
ribution would have been needed to account for
observed shape of PL spectrum if only vertical
k-conserving transitions between electron and
holes occurred. On the other hand an abrupt
cut-off at the Fermi energy shows that the carrier
temperature must be low.

To account for apparently indirect transitions
violating k-selection rule we invoke the following
possible mechanism. At sufficiently small separa-
tion between Er and the next electron subband
(n = 2) an efficient scattering path near k = 0 is
available for electrons at the Fermi energy (see
Fig. 18). This can be observed in photolumines-
cence as an enhancement of many-body excitonic
transitions at the high energy side of the emission

E 0O
U7

k. k

==
B

Fig. 18. Sketch of the three band model invoked in
the resonant scattering description of Fermi en-
hancement in MDQWs.

¥

line. Thus the access to an efficient scattering path
for the electrons at the Fermi energy allows for
observation of Fermi edge singularity (FES) in
excitonic spectra despite the lack of localization
mechanism of the holes (lack of acceptors or
interface scattering providing momentum conser-
vation). Although the separation of two peaks
seen in PL spectrum shown in Fig. 16 is simple
function of 2D electron density n, the absolute
position of the spectrum is not. It is indeed shifted
down with respect to the undoped reference
sample due to the band gap renormalization resul-
ting from exchange interaction between electrons.
The amount of band gap reduction has been
estimated for 22 meV and is in agreement with
local-density approximation (LDA) calculations
[49]. In the narrower quantum wells for which the
separation between n = 1 and n = 2 electronic
subbands is higher, the above described thre-
e-band-mechanism [50], relaying on the resonant
transitions from the Fermi edge into the n = 2
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exciton states, is no longer operating and to
observe Fermi edge enhancement of excitonic
spectra we had to co-dope the samples with Be
acceptors in the well, which was the case of the
sample presented in Fig. 15. The localization of
holes at the acceptors provided necessary spread
of their wavevectors and k-conserving transitions
were possible for k # 0 although in this case
Fermi edge singularity was much less pronoun-
ced.

Summarizing, we have observed the FES from
n-type AlgsGag;As/ GaAs/ AlgaGagsAs MDQW.,
The dominant mechanism responsible for the FES
in Be co-doped quantum wells has been shown to
be the localization of holes at the acceptors. In the
case of undoped quantum wells it is the resonant
scattering of electrons near the Fermi edge and the
next (n = 2) unoccupied subband which produ-
ces a sufficient k = 0 admixture in exciton wave-
function and enhances transitions from the high
energy states despite the lack of localization me-
chanism of the holes. The results are of interest
from the fundamental point of view. Such effects
are also important for the modelling of optoelect-
ronic device operation under high injection con-
ditions.

5. Conclusions

Despite the length of the article and numerous
references contained therein it represents only the
very introduction to the field of the optical proper-
ties of QWs, in particular the ones observed at
high carrier densities which description requires
the full many-body treatment. Going beyond an
independent electron approximation itself requires
very advanced theoretical treatment. In the article
written from the experimental physicist perspec-
tive, to avoid complicated field theory formalism,
we have been only able to touch upon many
important issues. Our aim was to give the physical
feeling rather than rigorous description of desc-
ribed phenomena. We almost exclusively used our
own results to illustrate the presented material. It
has to be also stressed that all advanced quantum
structures analyzed in this article were grown in
the Laboratory of Quantum Electronic Structures
of The Institute of Electron Technology by mole-
cular beam epitaxy (MBE) technique.
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The research in our laboratory are device orien-
ted; one of the main goals is the development of
advanced semiconductor lasers of different const-
ruction and from variety of materials. The lasers by
their nature operate at high injection conditions
for which one-electron description fails. Ma-
ny-body effects are most important for gain-me-
dium properties that involve carrier density depen-
dent changes in gain or index of refraction. Ma-
ny-body effects are enhanced in 2D comparing to
bulk material, making them even more important
in QW lasers.
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