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Abstarct

In this work we have studied the magneto-optical properties of two-dimensional hole and
electron gases - mainly at low densities. We developed and refined a technique to
generate the two-dimensional hole and electron gases in intrinsic quantum wells. The
generation of the carrier density is based on optical excitation and space-charge
separation. We show that optical generation of hole and electron gases is advantageous to
doping samples in a few aspects: Having narrower spectral lines; The type of gas (hole or
electron) can be changed within the same sample; Spatially seperated electron and hole
gases can be realized in extremely close proximities; Having control over the lateral
carrier density profile.

At a low carrier density the optical properties of two-dimensional electron and hole gases
are dominated by the negatively (X7) and positively (X7) charged excitons, respectively.
The narrow spectral lines we achieved enabled us to obtain the spectrum of the X ina
magnetic field. The control over the type of gas enabled the quantitive comparison of the
X" properties with those of the X~ within the same sample. The main finding is the near
equal binding energies of the two at zero magnetic field, and the determination of their
different behavior in a magnetic field. This information is valuable for understanding the
three-body structure of the two exciton-ions. Another important finding is the observation
of the valence band Landau levels through the X shake-up spectrum.

In another part of the work we have measured the properties of the neutral exciton and
charged excitons in a parallel magnetic field. The electron-hole exchange spliiting and
the aspherical Luttinger parameter were measured for the first time in a wide quantum
well. In the closing chapter we report results on the measurements of screening in a
2DEG-hole system near v=1. These were obtained with the electron carrier density being
laterally varied continuously, while performing spatial optical imaging of the Hall effect

near the v=1 contour.
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1. Introduction

1.1 Two-dimensional electron and hole gases in quantum wells

Two dimensional electron (2DEG) and hole (2DHG) gases can be formed between two
different band gap semiconductor materials such as GaAs and AiGaAs. The electron or
hole carrier density is obtained by introducing a layer of dopants at a distance of a few
tens of nanometers away from a GaAs/AlGaAs heterostructure. This technique, known
as modulation doping, suppresses carriers scattering off the impurities and gives
excellent transport properties [1,2]. Perhaps the most appealing property of the 2DEG
and 2DHG is the tunability of the carrier density, all the way from zero to metallic
densities. The typical Fermi energy is comparable with that a carrier can gain from
modest electric or magnetic fields, characterized by eEay and ha., respectively. The
Fermi energy is also comparable with the typical confinement energy in a
heterostructure, which is of the order of %°/2m’ay". Hence by applying external fields
and band-gap engineering one can strongly affect the carriers properties. Another
important implication of the low Fermi energy is its comparable magnitude with the
characteristic carrier-carrier Coulomb interaction, e’/eay (which equals ~10 meV in
(GaAs), resulting in pronounced effects due to the many-body interaction.

The 2DEG and 2DHG may be treated on an equal footing, as variants of the same
concept. However, part of the diverse physical implications follows from unique
properties of each. The underlying differentiating property is the semiconductor band
structure. Figure 1 shows the band structure for a bulk semiconductor, and for a quantum
well potential. In GaAs the conduction band has s symmetry and the valence band - p
symmetry. The holes are significantly heavier, and the e/ mass ratio is ~ 1/6 [3]. The
valance band consists of three subbands: the heavy-hole and the light-hole subbands,
which are degenerate at /=0, and the split-off subband, which has a lower energy (not
shown). The introduction of a band gap discontinuity in the form of quantum-wells
(QWs) modifies the band structure. As seen, the confinement causes a removal of
valance band degeneracy at =0, and an energy gap forms between the heavy and light
hole subbands. The typical energy splitting between the two subbands ranges from a few

meV in wide QWs to few tens of meV in narrow ones. External fields may mix the two
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subbands; e.g. changing the relative weight of the two in the hole wave-function. This is

an important source for the complicated behavior of holes.
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Fig. 1: Band-Structure of GaAs bulk and quantum well

A schematic diagram of a 2DEG in a modulation doped QW is shown in Fig. 2. A layer
of donors is introduced into the high band-gap material; the excess electrons diffuse and
are trapped by the QW, which is located at a certain distance (spacer) from the donors
layer. Under steady-state conditions the bands are bent by the self-consistent potential
due to the local charges. This results in a triangular-like potential, confining the
electrons close to the hetero-interface. A similar drawing for a 2DHG is found in chapter
2.1.

An important issue in optical experiments is the effect of illumination on the properties
of the electron and hole gases in GaAs. Usually the effects of illumination extinguish at
short times after the illumination is set off. An exception is a persistent change of
density at low temperatures after illumination due to photo-ionization of deep meta-
stable donor levels in AlGaAs known as DX centers [4]. The electron excitation is

accompanied by local lattice reformation, causing the vanishing of its binding potential.
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Fig2: Energy band diagram of 2DEG in quantum well.

As a result, the density of electrons originating from the DX centers persistently adds to
that from the shallow dopants. Non-persistent illumination effects are mainly due to
excitation above bandgap, where an electron is excited from the valance band to the
conduction band, leaving a hole in the valance band. If the photon energy is above the
AlGaAs barrier band-gap, carriers will be excited there as well. These electrons and
holes drift in opposite directions under the effect of built-in electric fields (see Fig. 2)
and could be swept into the QW, changing the 2D density. In some cases, the
illumination results in the formation of spatially separated 2D electron and hole carrier
densities — a major tool in this work (see experimental methods and chapter 2.1).
Throughout this work we use photoluminescence (PL) spectroscopy. In such experiment
the photo-excited electrons and holes decay by non-radiative processes to the lowest
possible energy at each band, from which they recombine by emitting a photon. As Fig.
2 shows, a minority of holes recombines with electrons from the 2DEG. If the excitation
power is kept low, the perturbation to the electron gas can be small (note that the 2DEG
effectively screens the holes potential). In this case the PL spectrum unravels the
properties of the 2D gas,

The excited population of electrons and holes does not fully loose its excess energy,
hence it can't be regarded as in thermal equilibrium with the lattice. However, since
carrier scattering processes are faster than the recombination time, it is assumed that the
2DEG in the conduction band or the 2DHG in the valance band are in thermal
equilibrium among themselves, and their energy distribution is described by the Fermi

function.



1.2 Positively and negatively charged excitons

In QWs empty of carriers the optical properties near the bad gap are dominated by the
exciton (X), which is a bound state of the conduction band electron and the valance-band
hole. The optical signal of modulation doped QW containing a free dense carrier gas is
substantially different. The exciton line is not observed in these structures due to the free

carrier screening and the phase space filling [5]. Rather, a broad recombination line is
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Fig. 3: The evolution of the PL spectrum from high density 2DEG (A) to depleted

2DEG (F). (after G. Eytan)
observed, whose energy-width reflects the 2D gas Fermi energy. In recent years, careful
studies of the optical properties of low density 2DEG and 2DHG, resolved the existence
of an intermediate state, in which the optical spectra are dominated by negatively (X°) or
positively (X") [6] charged excitons, respectively,
The X' complex consists of two electrons bound to a hole, while the X* consists of two
holes bound to an electron. These complexes were observed in II-VI [7] and II-V [6]
semiconductor materials. In the PL spectrum of a GaAs QW the charged exciton
manifests itself as an emission line at energy of about I meV bellow the neutral exciton
line. The behavior of the PL spectrum as a function of the 2DEG density is shown for a
2DEG in Fig. 3. A similar behavior is observed for 2DHG and is given in chapter 2.2.
Note that as the 2DEG density is gradually increased the charged exciton line evolves



smoothly into a free-carrier spectrum. Thus, the formation of charged excitons can be
also viewed as a limiting case for the response of the 2D gas to a photoexcitation;
binding a native carrier to the photo-excited e-/1 pair.

The effect of the 2DEG density on the X spectrum was a subject of several recent
studies. It was shown that the appearance of excitons in the PL spectrum does not occur
at a certain specific density, but is rather correlated with the drop of conductivity of the
2DEG {6]. This observation pointed to the importance of localization effects in the X
formation. Indeed, near-field PL studies revealed strong spatial fluctuations in the X
intensity [8]. These fluctuations were shown to be due to electron localization in the
potential fluctuations introduced by the remote ionize donors. The transition from an
excitonic spectrum to a free carriers spectrum was further investigated using absorption
spectroscopy [9]. It was shown that the X and X persist in the absorption spectrum to a
relatively high density, with the energy difference between the two increasing linearly
with density.

While being important probes of the low-density carrier gas, the bulk of research of X*
and X~ focuses on their properties as independent complexes. The existence of the X"
and X~ was suggested 40 years ago based on an analogy with the H and H;" ions [10].
The orbital structure of the H and H,” ions is shown schematically in Fig. 4. As seen,
their structure is very different. The reason for the large difference is the negligible
electron to proton mass ratio. The solution for the ground state energy of the Hy™ is
essentially a single particle one, since the wavefunctions of the two heavy protons have
negligible overlap [11]. The situation in the H™ is totally different. Now the two identical
particles are light, and their wavefunction strongly overlap, so that Coulomb repulsion is
in this case only marginally overwhelmed by attraction. Indeed, the H," binding energy
is 3.6 times larger than the H™ [11]. Analytical treatment of the H' is impossible because
of the interparticle correlations. However, it may be shown that the electrons form a spin
singlet ground state. One of the main goals of this work was to compare the properties of
the two-exciton ions, the X* and X', based on the analogy with the Hydrogen ions. The
X" and X are three-body objects, with a characteristic electron-hole mass ratio in the
order of 0.15. This mass-ratio puts the X" and X' in an interesting position for studying,
being in between the limiting regimes of mass ratio ~ 0 (H) and 1 (positronium).
Moreover, the large Bohr radius of the charged excitons enables their study in a

magnetic field in an uncommon regime of atomic physics, where the magnetic



confinement can be increased such that the magnetic length scale is smaller than the

Bohr radius (/g<ag).

Fig. 4: An lustration of the The H,* and B ions orbitals

The sizable electron-hole mass ratio m./m, has made the modeling and cormparison of
the X" and X~ especially challenging. In the last decade there were several attempts to
model these three-body complexes. One line of the theoretical work focused on
calculating the second carrier binding energy as a function of the mass ratio in a zero
magnetic field. Early calculations used approximations such as variational trial
wavefunctions [12] or a predetermined charged exciton configuration, such as a linear
chain [13]. These calculations gave the second carrier binding in the order of 0.3 to
0.4Ry, where Ry is the 2D binding energy of the 2D exciton. This value is higher that
what observed experimentally (~0.2Ry). Furthermore, these calculations predicted that
in two dimensions the X' binding energy would surpass that of the X by ~50%, in the
case of GaAs mass ratio. This result was also in disagreement with measurements of the
binding energies in various QW well widths [6,14], which gave an X' binding energy
that exceeds that of the X~ by 15% at most. Recent calculations of charged excitons in
semiconductor QWs [15] have given a binding energy difference of only 10%, in a
better agreement with the experiments. The main modification did come from including
the QW potential, which breaks the identity of the e-e and A-# interaction. We elaborate
this subject in chapter 2.2.

Another line of theoretical study focuses on the calculation of the X spectrum in high
magnetic fields. Its focus is the calculation of the singlet binding energy and tracking the



binding process of triplet states. At high magnetic fields the magnetic confinement is
stronger than that from the attractive Coulomb potential (/g<ay). Hence, the models
usually span the wavefunction over a Landau levels basis [16]. The numerical models
treat finite width QWs by inclusion of several subbands. The main results of these
calculations 1s the behavior of the singlet and triplet binding energies, and a recent
prediction on the existence of another bound triplet state [17]. A theory of the X in a
magnetic field is unavailable yet. Indeed it is required in view of the different evolution
of the X" binding energy and Zeeman splitting with magnetic field, which are observed
experimentally (see chapter 2.2) as well as the recent observation of additional
recombination lines in its spectrum [18].

At the time we started this work, the magneto-luminescence spectroscopy of the X in a
low-density 2DEG was well developed. The three body-nature of the X has been proved
by identification of its two-electron Singlet and Triplet states [6], and its shake-up
spectrum in a magnetic field [19]. Furthermore, a vast literature (> 200 publications) on
the properties and utilization of the X has been established up to date. These include its
study in quantum dots [20], far-infra-red spectroscopy of its internal states [21], its spin
and energy dynamics [22] and polaritons of negatively charged excitons [23]. On the
other hand, the reports on the spectroscopy of X' [6, 24, 25] are relatively scarce and
partial. The main obstacles include its discrimination from impurity spectra and its broad
line-width. At present the number of works is growing slowly (stili less than 10% of the
publications on charged excitons), with inereasing works on II-VI materials [26] and
magneto-optical properties [18]. The X' continues to be subject of research activities
since together with the X it constitute a model-test system to variety of phenomena in
low-density carrier gas. In fact, in view of the current interest in the metal-insulator
transitions in 2DHG [27], spectroscopy of the X at this regime of 2DHG carrier density

seems intriguing.



1.3 Experimental methods

Samples

Despite their convenience, modulation doped samples suffer from a drawback when it
comes to optical spectroscopy. The ionized dopants, which are randomly distributed in
the plane of doping, create a random electrostatic potential in the plane where the two-
dimensional carrier gas resides [28]. This potential causes the 2D gas to be
inhomogeneous, and as a result — broadens the recombination lines [8]. This problem is
especially severe for 2DHG, due to the large effective mass of the heavy-holes at the top
of the GaAs valance band, which results in a small Fermi energy (typically a few meV),
a value which is about an order of magnitude smaller than that of a 2DEG. Hence, the
screening of the random electrostatic potential from the dopants is much less effective in
the case of the 2DHG.

An alternative approach, which avoids the need to dope the structures, is to use optical
excitation of undoped samples, and accumulate the photo-excited electron and holes in
different potential wells. Clearly, optical excitation creates the electron and hole in the
same location, hence special structures are needed to separate them. In fact, one
incentive to create spatially separated 2DEG-2DHG systems is to test predictions of a
host of collective phenomena due their coupling [29]. Several schemes were proposed
for the purpose of charge separation. One scheme consists of a p-i-n barrier diode under
forward bias [30]. In this device the electrons and holes are transported to the diode
junction and accumulate at opposite heterointerfaces of a larger band-gap barrier layer.
Thus, the optical recombination is largely inhibited (but with some tunneling current
present). Another method photo-excites e-h pairs in a wide QW, which is held in a
strong electric field [31]. The strong electric field separates the electrons from holes and
localizes the carrier wavefunction near the opposing bén’iers. This method produces
equal density of electron .and hole gases. The carrier densities are typically low because
of efficient optical recombination. A method, which overcomes the depletion by optical
recombination, employs mixed type I-lI QWs [32]. In these QWs the photo-induced
carriers are very efficiently spatially separated and confined in different QW potentials

(see more in chapter 2.1).



In recent years several groups - including ours - have employed such schemes to sustain
and control the density of electron [33] and hole [34] gases. This implementation has
proven most suitable in optical spectroscopy. Specifically, we have found such methods
promising in improving the quality of the 2DHG spectrum, to a quality similar of 2DEG.

This subject is elaborated in chapter 2.3,

Polarized spectroscopy

The major tool we used throughout the work is the analysis of the energy and
polarization properties of the recombination spectrum. In an interband recombination
process the energy of the emitted photon is hv=E-Er < Eg, where E; and Er are the
energies of the initial and final states of the system, and Eg is the band-gap energy. The
energy of photons emitted from excitonic complexes recombination is slightly lower
than Eg because of the binding energy; E/=Es-Ep. Thus, different binding energies are
manifested in the PL spectrum by slight energy differences of the corresponding PL
lines. This 1s illustrated in Fig. 5 for the X and X", The exciton recombination energy is
smaller than the band gap by its Rydberg energy. In the X', one of the electrons

recombines with the hole, while the other electron final state is in the conduction band,

Conduction band

Energy 4
X X
<
i
PL Intensity

Vacuum level

Fig. 5: Recombination process of the neutral and negatively
charged excitons, and its manifestation in the PL spectra.
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The resulting luminescence peak has an energy, which is Eg, below the X peak. Thus,
the two complexes are resolved in the spectra in the form of a doublet.

In a magnetic field spin degeneracy is lifted and QW selection rules are manifested. The
spectrum of charged excitons with their two-particle spin combinations becomes rich
and complicated. Polarized spectroscopy is a very efficient tool for extraction and
interpretation of the recombination spectrum. The magnetic field can be applied either
perpendicular or parallel to the QW layer. The two geometries result in different electron
and hole eignstates. In the perpendicular geometry, the orthogonal states of the emitted
photons are circularly polarized [35]. In a parallel magnetic field, the electrons and holes
eignstates are a superposition of the QW eignstates and have zero angular momentum
along z. Thus, the emitted photons are linearly polarized along x or y axis (see chapter
2.4).

We have used two low-temperature systems: A cryostat and Insert rods. The differences
between these systems were manifested in the way we analyzed the PL spectrum and in
particular, its polarization. The cryostat cools the sample by He flow from its reservoir.
Controlling the flow (or heating the sample base) vary the sample temperature. The
available temperature ranges between room temperature to 1.5K. The optical cryostat
has windows to access the sample, so an external table-top optical set-up is used to
collect and analyze the PL. The cryostat has a split-coil magnet, and rotating the sample
holder 90 degrees does the shift from perpendicular to parallel geometries. Locating the
set-up on the optical table is convenient for complex measurements; we have used the
cryostat system to spatially image the PL polarization properties. This setup is described
in chapter 2.5,

Our cryostat is limited by its magnet strength (7T) and measurement times between
refuels. Insert rods equipped with optical fibers propose an elegant way to overcome
these limitations. These rods were built with the optics and mechanical manipulation on
board. The rod with the sample mounted, is inserted trough a top loaded Dewer or
refrigerator. The excitation and collection of light is done with the optical fibers. The rod
' contains also the electrical wirings for the sample and temperature sensing. The optical
signal is analyzed before it is collected by the fiber and is spectrally analyzed by a table-
top spectrometer and a cooled CCD (also used with the cryostats).

Using a magnet Dewer, the perpendicular and parallel field analysis geometries demand
a 90 degrees reorientation of the sample, since the orientation of magnetic field is fixed.

This demands rods for the different two types of experiments. Figure 6 shows the

11



optical path and mechanical motion in each of the rods. In the parallel geometry a prism
folds the optical path and the light goes trough polarizers holder that can slide up and
down between the two orthogonal linear directions. In the perpendicular geometry the
relative position of a polarizer and wave-plate is rotated by 90 degrees to interchange
between the two orthogonal circular polarizations. A mechanical transmission allows the

external control from the top of the rods.

Perpendicular field Parallel field

fiber fiber T B

1 | ¢—>

Smm
polarizer
I
[(E__[ 11 polarizer b ,SN ™ Samo]
rist n ample
S—— VA oL

I |
Sample

Fig 6: The optical collection setup and mechanical motion of the rods.
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2. The main results

In this section the most important findings of this Ph. D. work are presented in the form
of journal publications. Each chapter is based on a paper, with the introduction
summarizing in brief the main results and also reports related work, which was not
included in the publication. We also make an attempt to reason our motivation for the
specific measurements performed in each work

The first chapter presents our results on the optical generation of high quality 2DHG in
intrinsic GaAs QWs, and based on that, the realization of a spatially separated (~20nm)
system of 2DHG and 2DEG. The next two chapters describe the utilization of the
mechanisms described in chapter 2.1 for the comparative spectroscopy of the X and X
(Ch. 2.2), and for the observation of valance-band Landau levels in a magnetic field (Ch.
2.3). The work presented in the two following chapters uses similar QW samples,
however the emphasis gradually shifts to additional experimental methods and
theoretical effort. In the fourth chapter (Ch. 2.4) we study the exchange properties of the
neutral and charged excitons. In the fifth chapter (Ch. 2.5) we add spatial control over
the carrier density and measure the screening response of the 2DEG near filling factor

v=1.

2.1 Techniques to

optically generate
2DHG and 2DEG in \
quantum wells

2.4 Neutral and
charged excitons in a
parallel magnetic field

2.2 The positively
charged exciton X~
magneto-optical spectra

2.5 spatial imaging of the

2.3 Landan levels in the PL from a 2DEG near
recombination spectrum filling factor v=1

of a low-density 2DHG
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2.1 Techniques to optically realize two-dimensional hole and

electrom gases in quantum wells

S. Glasberg, H. Shirikman and I. Bar-Joseph

Optical generation of spatially separated electron and hole gases in intrinsic
GaAs/AlGaAs double quantum wells

Phys. Rev. B 63, Issue 11 (2001)

We report the optical generation of a variable density two-dimensional hole gas
(2DHG) in intrinsic sample. This is achieved by optical excitation of a Gads
quantum-well, which is very close to the surface, at photon energy below the AlGads
barrier. We show that we can tune the carrier density, and even change it to a 2DEG,
by exciting with an additional laser, with an energy above the barrier. By combining
this structure with a mixed-type narrow quantum-well we obtain a spatially separated
2DHG-2DEG system, and we demonstrate how the density of each gas can be

independently controlled.

Aside of its superior growth properties, GaAs and its derivatives are especially suited
to optical manipulation, being direct band-gap materials. One of the most
straightforward and non-trivial consequences of optical excitation is the creation of
non-neutral carrier density in intrinsic QW [1]. This property was not emphasized in
past years, where PL studies of intrinsic QWs assumed that the optical excitation
would be manifested in neutral excitations only, such as the free e-h pairs, excitons
and bi-excitons [2]. However, a growing number of works [3-7] have utilized photo-
excitation and band gap engineering to devise means to separate the electrons from
holes. One of the simplest ways to accomplish this is by illumination above the QW
barriers. Let us demonstrate how the electron density in a QW is changed in such
case. We utilize for that the characteristic spectrum of the negatively charged X in a
magnetic field. Figure 2.1 shows the PL spectrum from a single QW as a function of
excitation laser intensity above the barrier. As shown, at very weak excitation
conditions (Eﬁi()pw/cmz) a single recombination line of the free heavy-hole exciton

is observed. However, as the illumination intensity increases, additional peaks appear
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bellow the exciton line. These are the singlet
and triplet X lines, indicating that an excess
electron density is created in the QW.

In the case of illumination above the AlGaAs
barrier, drift of electrons photo-excited in the
barrier to the QW accounts for the build-up of
their density. The exciton line dominated
spectra of Fig 2.1 shows however that the
2DEG density has increased by only very little
as the laser power is increased by more than
three orders of magnitude. The reason for this
inefficiency is the lack of confining potential
for both electrons and holes. Indeed, a high-
density 2DEG in infrinsic wide QWs
(L>>10nm) was optically generated only with

B=7T X L=10mWicm’

X X"! He:Ne

1.520 1.522 1.524 1.526 1.528 1.530
Energy [eV]

Fig. 2.1 The magneto-luminescence
spectnom from a single QW as a
function of laser excitation intensity.

special mixed-type double QW structures grown from AlAs/GaAs [6] or InAs/GaSh

[7] layers.

In the current work we developed a method which enables to optically generate a high
density 2DHG of very good quality in a wide (L;>10nm) QWs. We introduced a
barrier layer between the QW and the surface, which replicates the role of the spacer

Fig. 2.2: The structure of modulation doped and intrinsic 2DHG samples. Note that the

width of the Spacer is well defined in both.
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layer in a modulation-doped structure. In this way we utilize the sample-surface as a
potential well for the electrons. The comparison between the two structures is
demonstrated in Fig. 2.2. However similar is the end result (of a dense 2DHG in the
QW) the underlining mechanisms differ: while the bands are strongly curved and
under equilibrium in the modulation doped structure (Fig. 2.2a), in the intrinsic
structure the 2DHG is achieved under steady-state and nearly flat-band conditions
(Fig. 2.2b). The ability to illuminate with photon energies bellow or above the
AlGaAs band gap enables to control the type of excess carrier within the same
sample. Fig. 2.3 shows a change of the PL signature from that 2DHG to 2DEG as a

function of illumination conditions.

2.1.1 Coupled 2DEG-2DHG system

The second part of the paper demonstrates the realization and control of spatially
separated electron-hole gases. The spatially separated 2DHG-2DEG system is
attracting substantial attention and experimental effort, mainly due to being a
candidate system for achieving Bose-

Einstein condensation in a semiconductor

[9]. Yet host of other effects were B=0T

discussed, such as Fractional [10] and 2DEG

Wigner crystal [11] states, excitonic o
polarons [12], and more. A key parameter =
is the separation between the layers, which
largely determines the strength of the inter-
layer electron-hole attraction.  Other

important requirements are the abilities to

{He:Ne)}/(Ti:S) intensity

tune the carrier density independently, to

cool the carriers, and to avoid inter-well 2DHG

tunneling. lM“Ti:SA

In this work we have realized the 2DEG- 1522 1.524 1.526 1528
Energy [eV]

2DHG system in wide double QWs. A .
Fig 2.3: The change of PL spectrum from

generic plot of the structure appears at the that of 2DHG to one due to 2DEG in the
same QW, as a function of illumination
conditions.

M ee=SmW/em?, M s=20mW/cm’

inset of Fig. 5 of the paper. The two wells
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are of different width, hence the 2DEG and 2DHG spectral signatures could be
separated. Numerous samples were grown, aiming either to maximize the attainable
carrier density at a given optical excitation power, or to decrease inter-well separation.
Emphasis was put on the barriers design and growth conditions to minimize defects.
In general, samples closer to the surface with thicker inter-well barriers (~10nm) gave
high carrier densities (>10''cm™), whereas samples buried deeper could sustain
charge separation with thinner barriers (~5nm) - but at lower carrier densities
(<10"'em™). The reason for that is most probably the behavior of the built-in electric
field, which increases towards the sample surface. The parameters of the optimized
structures are given in the paper.
We have studied the PL spectrum as a function of:

o 2DEG and 2DHG densities: between a few 10'%m™ to a few 10" em™

e 2DEG and 2DHG effective separation: between 15 to 30 nm

e Magnetic field: between 0 to 9T

e Temperature: between 1.5K to 4.2K
Figure 2.4a depicts the system low-density spectrum as a function of magnetic field at
fixed electron and hole densities. The spectra are easily identified as being identical to
these of the X~ and the X" in single QWs. They show clearly the singlet and triplet
charged exciton states. Figure 2.4b shows the evolution of a dense 2DHG-2DEG PL
spectra with increase of the 2DHG density, at a given magnetic field. We note that the
spectra are similar to those obtained separately with 2DEG and 2DHG in single QWs
(The appearance of a 4™ Landau-level is probably due to slight increase in the 2DEG
density). Generally, all the fesults were compared with those obtained from ‘control’
structures of optically generated 2DHG and 2DEG in single QWs, Unfortunately, we
did not observe any optical signature for e-/ interaction. We have found that the PL
spectra of the 2DHG-2DEG were a simple superposition of the single QW spectra
throughout the parameter space defined above.
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Fig. 2.4: The PL spectrum from 2DEG-2DHG systems in a magnetic field (a) at
low-density, showing positively and negatively charged excitons {b) at high
density, showing 2DEG Landau-levels and a 2DHG spectra. L=20mW/cm?’.

The absence of strong modifications in the spectra is surprising. We estimate the bare
Coulomb interaction energy between the electron and hole layers, e"/dze«z;,[, to be a
few meV. One would expect that this interaction energy would affect the PL spectra.
We do not have an explanation for this negative result.

Other groups studied the PL from 2DHG-2DEG in parallel to our effort. A periodic
modulation of PL polarization from the 2DEG as a function of filling factor was
observed in narrower coupled QWs [13], and was assigned to an inter-well exciton.
An inter-well e-h binding energy of 1meV was deduced from the dependence of the
oscilation amplitude on temperature. In Ref. 4 changes of PL as a function of
temperature led the researchers to determine several phases of the 2DHG-2DEG
system. In our opinion, a simpler scenario due to changes in the steady-state carrier
densities {which leads to changes in the PL spectrum) might explain those results.
Another work used detection through magneto-transport {14]. The results show
energy discontinuities and bistability of tunnel currents. The distinctive connection of

these effects with a 2DHG-2DEG system is under study.



2.1.2 A laser with separate control of N, and N

Other interesting applications of optical generation of hole and electron gases may
exist when introducing extra features of band-gap selectivity. A suggestion how to
optically obtain and control inversion population in a QW is illustrated in Fig. 2.5.
Similarly to previous structures we discussed, the carriers are introduced to the QW,
each with its own rate. The extra feature introduced here is a band-gap offset in the
QW (type Il QW) that decreases the electron-hole recombination rate. If this rate can
be reduced bellow the total pumping rates R., Ry than population inversion is

achievable. Incorporating two mirrors (an MBE grown GaAs/AlAs back mirror, and a

~
-R\c / &“-‘
M/ A
CVD Rece: Ry, R,
DBR

Fig. 2.5: A band gap design for a structure,
which combines optical generation of
electrons and holes with independent rates, Qw
suppresed recombination rate, and cavity

mode for photons.

CVD deposited front mirror of alternating layers of SiO./SizNg) will allow detecting
induced emission from the QW, through its line-width narrowing [15]. The interesting
feature here is the possibility to delicately tune this process to lower carrier densities.
Note that unlike with doped samples, the only loss mechanism here, apart of the
mirrors, comes from spontanecus emission, without any substantial absorption to

overcome frst.
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Optical generation of spatially separated electron and hole gases in intrinsic GaAs/AlL Ga,__As
double guantum wells
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Department of Condensed Matter Physics, The Weipnann Institute of Science, Rehovot 76100, Israel
(Received 14 September 2000; revised manuscript received 3 November 2000; published 28 Febrnary 2001)

We show that optical excitation of a wide GaAs quantum weil, which is located close to the sample surface,
can give rise to the creation of a high-density two-dimensional hole gas in the well. Based on this mechanism,
we present a double quantum well structure in which spatially separated electron and hole gases are optically
created at close proximity (~20 nm). We demonstrate how the density of each gas can be independently

contrelled by the intensity of the exciting lasers.

DOIL: 10.1103/PhysRevB.63.113302

Semiconductor band-gap engineering enables the confine-
ment of electrons or holes in two dimensions, thus forming a
two-dimensional carrier gas. The experimental realization of
such a syster is usually based on modulation doping: a layer
of dopants (donors or acceptors) is introduced into a high
band-gap material, and gives rise to the formation of a two-
‘dimensional electron (2DEG) or hole (2DHG) gas at the het-
erojunction, which is located at a certain distance (spacer)
from the dopants layer." In this way, the scattering of carriers
by the dopants is suppressed and very high mobilities can be
obtained. An intriguing possibility is to constrect a system in
which the 2DEG and 2DHG are formed at a close proximity
to one another. Theoretical studies of this system predict that
the interlayer electron-hole Coulomb attraction could give
rise 10 a variety of effects, such as charge-density waves,
interlayer drag, bound complexes of many particles, and
interlayer-exciton condensation.? Indeed, there have been a
few experimental attempts to realize such a system, and
some of these effects were observed.?

An alternative approach, which avoids the need to dope
the structures, is to use optical excitation of undoped
samples, and accummlate the photo-excited electrons and
holes in different potential wells. Clearly, optical excitation
creates the electron and hole at the same location, hence
special structures are needed to separate them. Two main
systems were proposed and tested for this purpose. In the
first, an electric field is used to localize the wave function of
the electrons and holes at the two sides of a large quantum
well or in two coupled quantum wells (QW’s).* Hence,
photoexcitation would give rise to a formation of electrons
and holes, which are spatially displaced. This system inher-
ently creates an equal density of electrons and holes and does
not enable independent contro! of the density of each carrier.
Furthermore, optical recombination sets a limit on the den-
sity that can be achieved. Indeed, most of the experiments
using this system focused on excitonic effects at low electron
and hole densities.* The other system uses a mixed type I -
type H GaAs/AlAs structure, which consists of a wide and
narrow GaAs QW’s, having a thin AlAs barrier between
them.” This systema makes use of the fact that the lowest T
state in a narrow GaAs QW with a width of less than 3.4 nm
is higher in energy than the X state in the AlAs barrier. This
gives rise to an efficient transfer of photo-excited electrons
from the narrow to the wide QW. As a result, the electrons,
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which are photoexcited in the parrow QW, accumulate in the
wide well, while the photo-excited holes remain trapped in
the narrow well. Unfortunately, the small width of the nar-
row well gives rise to large fluctuations in energy,
~20 meV, due to well width fluctuations, and hence, to
localization of the holes. In that sense, the holes may be
considered to be similar to the acceptors in modulation
doped structures and the thin AlAs barrier as the spacer.

In this report we present a system that enables us to create
2DEG and 2DHG in adjacent wide QW’s, and to contro! the
density of each gas independently over a wide range. Qur
approach is based on having two modular building blocks,
one in which the 2DHG is realized, and another in which the
2DEG is realized. These building blocks maintain their inde-
pendent functioning when combined together. In the first part
of the report we describe the 2DHG module, which consists
of a wide QW Iocated close to the surface. We show that
photo-excited electrons in the QW migrate to surface states,
leaving the holes trapped in the QW. We study the optical
and electrieal properties of the carriers in the well and estab-
lish that, indeed, a 2DHG is formed. The 2DEG module is
the mixed type I-type I structure. In the second part of the
report we combine the two modules to form adjacent 2DHG
and 2DEG. The different widths of the QW’s, in which the
2D gases are formed, allow us to spectrally resolve their
photoluminescence (PL) spectra. The electron and hole gases
are excited by two different lasers. Thus, by varying the in-
tensity of each laser, we can independently control the den-
sity of each gas,

Figure 1 describes schematically the generic structure, in
which a 2DHG is formed. It simply consists of a wide GaAs
QW that is separated from the cap layer at the surface by an
Al Ga;_ As barrier. As will be shown later, this barrier
plays a similar role as the spacer in a modulation doped
structure, and we therefore denote it as the Spacer. The thick-
ness of the QW was chosen to be 20 nm, The nominal alu-
minum mole fraction x of the Al Ga, __As Spacer layer was
x=0.37 and its thickness ranges, in the samples we studied,
between 15 and 125 nm. The cap layer thickness was varied
in different samples between 15 and 75 am. Most of the
results are from a sample with a 25 nm Spacer, and a 15 nm
GaAs cap. The samples were grown on (100) oriented seri-
insulating GaAs substrates.

PL. measurements at a temperature of 4.2 K are carried
out using a fiber optic collection setup. The signal is dis-
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FIG. 1. The generic structure of the QW samples. Also shown
are the two excitation conditions, below the {hp|) and above the
{hwy) barrier, and the resuited electron transport.

persed in a 0.75 m spectrometer and detected in a cooled
charge-coupled device detector array. The illumination
source is a tunable Ti:$S Iaser. In Fig. 2 we show the PL
spectra as a function of the Ti:S laser excitation intensity at
an energy hvy=1.590 eV. This energy is chosen to be be-
low the Al Ga,; _,As gap, such that carriers are excited only
at the QW. Under very weak excitation the observed PL
spectrum (not shown) is of neutral excitons, indicating that
the well is nearly empty of free carriess. As the intensity of
the laser is increased, an excess density of holes is created in
the well, as evidenced by the appearance of a positively
charged exciton (X™) line in the PL spf:ctmm.6 As the laser
intensity is further increased the X™ line dominates the spec-
trum, and at yet higher intensities it tums into a broad line,
characteristic of 2 2DHG recombination.”

To establish the assignment of the type of carriers in the
well, we studied the electrical properties by Hall measure-

g
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FIG. 2. The QW PL spectra at increasing the Ti:S laser excita-
tion intensity, showing the evolution from an excitonic characteris-
tic to that of a 2DHG (/=30 mW/cm?). Spacer thickness is 25
nm.
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FIG. 3. Cwrent-voltage characteristics, showing the depletion of
the 2DHG channel as the He:Ne intensity is increased (7,
=05 mW/cm?). The Ti:S laser intensity was kept fixed ([
=50 mW/em?). The inset shows the 2DHG Hall voltage as a func-
tion of magnetic field.

ments while illuminating the sample with a Ti:S laser ([,
=30 mWicm®). The sample was processed into a 300
X200 pm® mesa, and Zn/Au contacts in a Hall bar geom-
etry were anncaled. The Hall voltage was measured up to 1.5
T and exhibited good lincarity in a magnetic field (inset Fig.
3). The sign of the Hall voltage was that expected for posi-
tive charges, proving unambiguously that the carriers in the
well are holes. The IV characteristic under this illumination
intensity at zero magnetic field is shown by the upper trace in
Fig. 3. | is seen that the trace is not linear, exhibiting a high
resistivity at low voltages. This reflects a problem with the
quality of the contacts in this intrinsic sample. As a means {0
tune the carrier density, we added illemination with 2 He:Ne
laser at hw,=1.960 cV. This laser energy is above the band
gap of the lower Al Ga, .. As barrier, but below that of the
Spacer (Fig. 1). The photo-excited electrons, which are cre-
ated at the low Al .Ga, .. As bamier, are swept into the QW
by the built-in electric field. This field is formed due to the
fact that the sample unintentional background doping is p
type, while the chemical potential is pinned to the midgap at
the surface. The elecirons, which are swept into the QW,
recombine with the holes, thus depleting the 2DHG density.®
The various traces in Fig. 3 correspond to different He:Ne
intensities, keeping the TH:S laser intensity fixed. It is indeed
seen that as the He:Ne intensity is increased the current de-
creases, unti beyond a certain intensity, the chanmel is
pinched-off. The experimental setup allows us 1o follow the
changes in the PL spectrum induced by the He:Ne excitation.
We could clearly observe a dependence, which is opposite to
that seen in Fig. 2: as the He:Ne intensity is increased the
spectrum changes from 2DHG-like to excitonic. This corre-
lation between the changes in the current and PL spectrum
verifics that the current is indeed due to the QW 2DHG chan-
nek

The maximal hole density, which can be created in a
given sample, is limited: as we increase the Ti:S intensity
above a certain intensity, we observe that the PL does not
change in shape, but only increases in magnitude. This maxi-
mal density depends strongly on the width of the Spacer
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FIG. 4. The encrgy peaks of the PL from QW; and QW, as a
fonction of (a) TkS laser intensity, vared between 1 to
300 mW/em® (b) He:Ne laser intensity, varied between 1 to
200 mWiem?.

layer: the thinner the spacer, the higher is the 2DHG density.
As the spacer width is increased from 15 to 125 nm we find
that the PL. spectrum exhibits a change similar to that shown
in Fig. 2, from a broad line to an X-X* doublet. Thus, there
is a clear functional similarity between the role of the Spacer
layer in our samples and that of modulation doped samples.
The maximal 2DHG density that we could generate in a
short Spacer sample was determined from Hall measure-
mwents to be ~5X 10t/ cm?.

The measurements presented above clearly show that
there is an excess of holes in the QW. Thus, there should be
another layer with an excess of clectrons. To differentiate
between two candidate regions—ithe Spacerfcap interface
and the cap/vacuum interface-—we have compared two
samples with 2 significantly different thickness of the cap
layer, 15 and 75 nm. We found that the maximal achievable
ZDHG density in the first sample was ~3 times larger than
in the second one. This indicates that the electrons are accu-
mulated at surface states in the capfvacuum interface. We
suggest that the accumulation of the hole gas occurs mainly
due to the built-in clectric field, shown in Fig. 1, which
causes electrons to nmmel out of the well and drift to the
surface, where they are trapped by surface states.” The pro-
cess of charge accumuiation stops when the carier density is
such that a flat-band condition is met. Numerical estimates of
the built-in electric field in the two samples give the ob-
served general behavior. It should be noted, however, that
the electric field values which are obtained are smaller than
those required to quantitatively explain the large difference
between the two samples. A more comprehensive study is
needed,

We have combined the structure described above with a
mixed type I-type H structure into a wide double QW con-
figuration. The band diagram of the combined structure is
shown in the inset of Fig. 5. The widths of QW /barrier/QW,
are 15 nm/12 nm/25 nm, respectively. The width of the
Spacer layer separating QW, from the cap is 20 am. The
width of the AlAs back barrier and the thin GaAs well are 15
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FIG. 5. The spectra of the wide double QW structure at increas-
ing Ti:S intensity, [, = 10, 20 and 60 mW/cm?. The He:Ne intensity
was kept fixed, [,=20 mW/cm?®. The specima is characteristic of
dense (>10"/cm?) 2DHG in QW and 2DEG in QW,. Fit (scatter)
gives T,=4.2 K. Inset: the sample band diagram; the populated
encrgy levels are emphasized,

and 2.5 nm, respectively. The band gap of all barriers was set
above the He:Ne photon energy to elliminate absorption at
that energy, and hence avoid depletion. The energy bands of
the intrinsic structure are nearly flat. The presence of photo-
excited carriers would only slightly modify these bands (up
to a few percent of the GaAs band gap). The absence of a
strong electric field between the QW’s, due to the large ca-
pacitance of the double QW structure, enables in principle to
realize an electron-hole system at extreme proximity—
withont having a breakdown.

We first show that a different 2D gas is formed by each
laser; a 2DHG under Ti:S excitation, and a 2DEG—ander a
He:Ne. Figure 4 summarizes the response of the structure to
illumination with each of these lasers. The peak PL energy of
each QW is shown as a function of the Ti:S and He:Ne
intensity. The shift of the peak energy to lower energies is
due to band-gap renormalization, and serves as an indicator
1o the changes in density. As shown in Fig. 4(a), the PL from
QW, exhibits a strong shift to lower energies with increasing
Ti:S laser intensity, while that of QW) is unchanged. Simi-
lasly, the PL from QW, shifis to lower energics under in-
creasing He:Ne illumination [Fig. 4{b)] while that of QW is
nearly unchanged. This behavior is consistent with that ob-
served with each of the independent modules, We have veri-
fied that the spectra of QW, and QW, are of 2DHG and
2DEG, respectively, by studying their behavior at high-
magnetic ficlds. Note that the effect of the Ti:S on QW and
that of the He:Ne on QW, is rather minor.

When the sample is illuminated with both lasers, both
2DEG and 2DHG are formed. Figure 5 shows the PL signal
from the structure as a function of TE:S intensity for a fixed
He:Ne intensity. Two broad spectral peaks from the two
QW’s are cleardy resolved. The high-energy peak comes
from QW,, and the low-energy one—from QW.. It can be
seen that increasing the Ti:S intensity causes a significant
change in the line shape of QW,, indicating a substantial
increase in 2DHG density. The PL line of QW,, on the other
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hand, only increases in magnitude, without any significant
change in line shape. Thus, we can conclude that we can tune
the 2DHG density by varying the intensity of the Ti:S laser,
while leaving the 2DEG density fixed. The electron density
(determined from the behavior of PL in a magnetic field,
which shows clear Landau levels) is 1.7 10'//cm?, whercas
the 2DHG maximal density exceeds 2 10'Y/cm?. This re-
sult can be generalized for a variety of illumination condi-
tions, such that to a large extent the carrier density in each of
the wells can be chosen at will by a given combination of the
He:Ne and Ti:S intensities.

An important question that arises is what is the carrier
temperature under these nonequilibrium conditions. To de-
termine the electrons temperature we analyzed the PL spectra
of the 2DEG in QW, using the model proposed in Ref. 10.
As can be seen in Fig. 5, the high energy part falls with a
moderate slope, which becomes sharper beyond a certain en-
ergy. It was shown in Ref. 10 that this unique line shape is
well described by a product fin(€..T. )X fum(€r.Th)-
where fpp is the Fermi-Dirac energy distribution of the
2DEG, and fyy is the Maxwell-Boltzmann energy distribu-
tion of the minority holes. €, and €, are the electron and hole
energies, related by €,=e€,m,/my, and T, and T, are the
temperatures of the elec::ons and holes, rcspecuve]y We
have fitted the model to the lowest PL curve of Fig. 5, where
the two line shapes are well separated. The fit takes into
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account the small contribution from the 2DHG tail above
1.5225 ¢V. We obtained an excellent fit with an electron
temperature of 4.2 K. The long carriers lifetime in these
structures® enables this equilibration with the crystal tem-
perature. We wish to emphasize that the fit puts a tight con-
strain on the eleciron temperature, and deviates from the
measured line shape when we change it. The hole tempera-
ture appears in fyp (€, ,Ty) with the electron-hole mass ratio
m,/m, as a prefactor. Assuming that 7,=T, holds in QW-
the fit yields m,/m;=0.09, which gives a hole mass of
0.75my, in general agreement with the value found i m mag—
netotransport and cyclotron resonance measurements.’

Unfortunately, we are not aware of a similar way to assess
the 2DHG temperature in QW,;. An indirect upper limit for
the hole’s temperature can be deduced from the heavy and
light exciton PL intensity ratio. At the highest exc:tauon in-
tensity this ratio yvields an exciton temperature of 7 K’

In conclusion, we have demonstrated a technique to opti-
cally induce 2DHG in wide GaAs QW's. This has allowed us
to construct a structure in which a dense 2DEG and 2DHG
could be optically created at a close proximily. We have
demonstrated the ability to contro! the density of each gas
using two lasers. Further work is needed to improve the gual-
ity of the contacts.
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2.2 The positively charged exciton magneto-optical spectra in

GaAs gquantum wells

S. Glasberg, G. Finkelstein, H. Shtrikman and I. Bar-Joseph
Comparative spectroscopy of the positively and negatively charged excitons in GaAs

quantum wells

Phys. Rev. B 59, Rapid Comm. p. 10425 (1999)

This work studies the X' magneto-optical spectra, and compares the X* and X binding
energies, spin configurations, and g-factors. To achieve a meaningful comparison the
type of excess carriers is changed within the same sample, with minimum perturbation to
the QW confinement. The comparison shows that the X* and X have nearly identical
binding energies at zero magnetic field We present our approach for quantitatively
account for this behavior in view of recent theoretical models. We also find that the X'
and X binding energy evolve quite differently in a magnetic field and suggest a

qualitative explanation.

A comprehensive theory of chérged excitons in zero and strong magnetic fields is long
sought. Unfortunately, a complete description of the problem is hard to achieve, because
of the comparable contributions of the e-# and é-e (h-A) interactions, and the dominance
of the exchange interaction (that yields the Singlet and Tfiﬁfet States). Also, the -
comparablé Bohr and cycldtron‘ radii (ag~Ip) hinder a simple perﬁ}fbative approach to the
'changes' in magnetic field [1-2]. Thus, rigoroué approaches tﬁat nurherically solve the
‘charged exciton Hamiltonian are largely applied (these approaches were discussed in the
introduction). ‘

A major test of any theory of charged excitons lays in its ability to reproduce the
negatively and the positively charged excitons binding energies and magneto-optical
spectra. At the time we published our results of nearly equal X and X' binding energies,
theoretical calculations predicted a large difference between the X and X' binding

energies. These calculations neglected two important effects: the finite well width and the
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built in electric field due to the excess charges in the well. To understand the influence of
these two let us consider the trion Hamiltonian for a finite width potential. The
corresponding expressions for the X and X" are obtained by interchanging electron and
hole labels in the Hamiltonian, {e;ezh}=>{h, hse}. For the calculations one usually
factorizes the charged exciton wave-function into an in-plane part ¥ and the QW sub-
bands functions ¢ Thus, the X wavefunction is written
V= (Pet, Pezs P} CelZer) Gelze2) Pulzn)

Here p denotes a two-dimensional vector in the QW plane. The center of mass motion
can be separated from the relative motion with the charged exciton Schrodinger equation

for the relative motion being [3]

2

f2 2 2 i
21# (Vpl _i_vpl)_ 2:’% Vpl “vpz - chr(pl)_yuh(pl) + Vuc(

[- o _pz|) ~E; ¥, (p.p2)=0

!

where '=m,"+my”" and p=p,-ps. The effective Coulomb potential in the Hamiltonian

is v (p)=]] (G AT
&

As seen the QW sub-band functions ¢ determine the effective Coulomb potential - and so
the binding potential. In the 2D limit, the e-e and e-/ interactions will be equal. The
charged excitons energies are related by the relation Ex(g)= Exv'(1/o), where g=m,/my,.
The results of the calculations based on this approach are shown in Fig. 2.1. The upper
curves (after Ref. 4) are for a two-dimensional geometry, whereas the lower curves are for
a finite width QW [3.5,6]. As seen the finite width results in a comparable binding
energies for the X and X'. This result is attributed [3] to the effective potential Vi(r)
which is different from the ideal case of a 2D Coulomb potential, especially at low mass
ratios . We note that other calculations [5] gave equal binding energies for a width as
low as 4nm, thus the effect of the QW potential is still under theoretical discussion.

Let us turn to the effect of the self-consistent potential. Figure 2.2 shows the QW electron
and hole levels for low-density 2DEG and 2DHG. It demonstrates the different
localization of the electron and hole wave-functions along the growth direction because of

the internal electric field [7].
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Fig. 2.1: The binding energies of X and X as a function of
mass ratio for an ideal 2D Coulomb potential and effective
QW potential. Scatter shows experimental results.

Based on this result we have calculated the Coulomb interactions terms in the charged

excitons Hamiltonian, for simplified uniform electron and hole charge densities

p{z)y=+e/L;. The resulted Coulomb potential
for the X and X is plotted in Fig. 2.3,
normalized by Vp=e’/er, which is the
coulomb potential between two pbint charges
(L=0). As seen, this rough estimate which
gives Vo.<Vy<Vp leads to correction
downwards in the X* binding potential.

In view of our findings at zero magnetic
fields, it is interesting to study the evolution
of the binding energy in a magnetic field. The
large Bohr radius of the charged excitons
enables their study in a wide range of
regimes: from atomic physics limit of lp>>ap
(magnetic field as a perturbation) to the
regime where the magnetic confinement
dominates the binding potentials (lg<ag). The

experimental results have shown that the X
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Fig. 2.2: Numerical calculation of the of the
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2DHG having a density of 7%10"cm™,



exhibits a significant increase of binding energy (by 60%), while that of the X remained
unchanged, or even slightly decreased.

The role of the electron-hole mass ratio is significant in that phenomenon. At high
magnetic fields the electron cyclotron energy (~1.75meV/T) is large compared with the
second carrier binding energy (~ImeV). Thus, the electronic wavefunction is dominated
by that of the Lowest Landau level. The effect of the magnetic field on the X™ would be to
quench its Bohr radius to the magnetic length. The characteristic repulsion and attraction
Coulomb terms are in the form of [8, 9]

&

ez
P:Fc,h(B) = (LPM“ l“;lqjc) o Z o ‘\/E

where W, are the lowest Landau level wavefunctions. This dependence of the interaction
on the magnetic field can be the root of the increase in the binding energy of the X" [10].
Indeed, for a perfectly 2D system the X has a binding energy of 0.054¢”/glp, which
strictly increases as a root of the magnetic field [9]. Experimentally, the X~ binding
energy increase as a function of magnetic field does show a square root behavior at low

fields. At higher fields the increase is

slower, ~log B, due to the weakening of
the Coulomb interaction enhancement
[8]. In the X there are two holes, and
their wavefunction is most likely a
mixtures of Landau-levels whose
refative weights in the wave function
change with the magnetic field [I1].

We have no qualitative means to assess

the outcome of this process. Rigorous

Lz/r

models, which take into account the
L. Fig. 2.3: Calculation of the Coulomb
Landau-fevel mixing, were employed, interaction term F{(7) as a function of the

but only for the X [8, 12]. charge densit}/ along the growti_a direction
e/L, for the X* and X for mass ratio my/m.=8
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Comparative study of the negatively and positively charged excitons in GaAs quantum wells
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We compare the photoluminescence spectra of the negatively and positively charged excitons in GaAs
quartum wells, We use a structure which enables us to observe hoth complexes within the same sample. We
find that their binding energy and Zeeman splisting are very similar at zero magnetic field. but evolve very
differently at high fields. We discuss the implications of these cbservations on our understanding of the charge
excitons structure in high magnetic fields. {S0163-1829{89)31516-6]

The negatively charged exciton X~, which is a bound
state of two electrons and a hole, was recently observed in
the emission and absorption spectra of a depieted two-
dimensional electron gas (2DEG).'™ It appears in the pho-
toluminescence (PL) spectrum of GaAs quanium wells as a
narrow line, approximately 1 meV below the neutral exciton
line. This energy is the binding energy of an exira electron to
an exciten. The observation of X7 triggered intensive experi-
mental and theoretical studies of its energy spectrum and
structure. A special effort was devoted to understanding its
behavior in strong magnetic fields, when the cyclotron diam-
eter becomes smaller than the X~ Bohr diameter, and the
internal structure is expected to be moedified. Indeed, a sig-
nificant increase in binding energy and appearance of an-
other bound state, in which the two electrons are in a triplet
state, were observed in the optical spectrum in high magnetic
fields.*?

Very soon after the observation of the X, its positive
counterpart, the positively charged exciton X¥, was
observed.* The X consists of two holes and an electron, and
is a serniconductor analogue of the hydrogen molecule ion
H,* . It was found that the X line emerges from the two-
dimensional hole gas (2DHG) PL as the hole density is de-
creased, very similarly {o the X7 appearance in a 2DEG.S In
this paper we investigate the X% spectum in
GaAs/Al,Ga, _ As QW at high magnetic fields (0 w0 9 T)
and compare it 1o that of X™. To obtain a meaningful com-
parison between the two bound complexes we design a struc-
ture where we can control the density and type of the excess
carriers in the QW by changing the illumination conditions.
This structure aliows us to alter the carrier gas in the well
from 2DHG o 2DEG, and study the X¥ and X~ spectra
within the same sample.

We find that the binding energies of the two charged ex-
citons are nearly identical at zero magnetic field. However,
our results show a profound difference between the spectra
of X" and that of X~ at a high magnetic field which is
applied 1n a direction normal to the layers. We observe a
very different dependence of the binding encrgy in the two
complexes on the magnetic field strength: while X exhibils
a significant increase in binding energy with increasing field
(more than 60% at 7 T}, X™* binding energy remains nearly
constant. A large difference is observed aise between the
Zeeman splitting of the X™ and that of X~. We discuss the
implications of these observations on our understanding of
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the charge excitons structure in high magnetic fields.

Two nominally undoped samples were studied. Their
structure is schematically described in the inset of Fig. 1. It
consists of a buffer superlattice made of 23 periods of 10 nm
AlgasGag7sAs and 1 nm of GaAs followed by a 20 nm GaAs
well, an Alg37GagaAs layer denoted as the Spacer, and 13 nm
of GaAs cap layer. The thickness of the Spacer layer is 23
and 125 nm in samples | and 2, respectively. The samples
were grown on {100) oriented semi-insulating GaAs sub-
strates. Under very weak excitation (<10 ,LLW/cmg) the ob-
served spectrum is of neutral exciton, indicating that the well
is nearly empty of carriers. However, when the intensity of
the laser is increased the carrier density in the well grows,
and charged excitons are observed in the spectrum. The car-
rier type is determined by the laser photon energy. When this
energy is slightly above the GaAs gap (hw;), carriers are
created in the well and the cap layer. The built-in electric
field that is due 10 the uninientional p-type background dop-
ing causes electrons which are excited in the well to tunnel
into the cap layer. This process gives rise to electrons defi-
ciency in the well, Simijarly, the photoexcited holes in the
cap layer may tunnel to the well and accumulate there. These
processes are much more effective in the thinner Spacer

Spacer 8 X (@) X (b
- B=D B=7T
p—= T

PL intensity

1518 1520 1522 1524 1522 1524 1.526 1528
Energy (eV) Energy {eV)

.

>

FIG. 1. The PL specira of sample 1 for increasing He:Ne inten-
sily. between O (bottom curve) and 10 (top curve) mW/em?. The
Ti:§ intensity is 100 mW/em®. (a) and (b} correspond 1o measure-
ments at O and 7 T, respectively. Inset: The generic structure of
samples 1 and 2.
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sample 1, resulting in a higher hole density than in sample 2,
On the other hand, when the laser is tuned to a higher energy
{h,), slightly above the gap of the low Al Ga,__As super-
lattice, most carriers are created at that region. In this case
the built-in electric field causes the electrons to be swept into
the well and create an excess electron density there. Thus, by
changing the excitation energy we can change the carrier gas
in the well from 2DHG to 2DEG. In our experiment we use
a Ti:S laser at 780 nm and a He:Ne laser at 632.8 nm as the
fow (hv;) and high (hv;) energy excitation sources, respec-
tively. The polarized PL measurements are conducted in a 7
T immersion cryostat. The PL is collected through a birefrin-
gence free optical window and analyzed through a circular
polarizer. Unpolarized PL. measurements are carried out in a
9 T magnet, using a fiber optic collection setup. The signal is
dispersed in a 0.75 m spectrometer and deiected in a cooled
charge-coupled device detectar.

Figure 1{a) shows the measured PL spectrum of sample 1
at zero magnetic field. The different spectra are measured
with a constant Ti:S intensity of ~100 mW/cm?, and with
an increasing He:Ne intensity, from 0 to ~10 mW/cm?®, Un-
der Ti:S excitation only (botiom curve) the well contains an
excess hole density, and the PL spectrum is a broad line,
typical of the recombination of a free carrier gas. The effect
of the He:Ne laser is to reduce the hole density by supplying
electrons to the well. We can see that as the He:Ne intensity
is increased the width of the line decreases and it shifts to
higher energies. Since the width of the line is related to the
holes’ Fermi energy, this narrowing of the line reflects the
decrease in the hole density. Similarly, the shift to higher
energy is due to a reduced band-gap renormalization and a
lower built-in electric field in the well. At the largest He:Ne
intensity the spectrum consists of two lines, which we iden-
tify as the neiiral exciton (X) and the X lines. It should be
noted that this spectral signature, of two narrow peaks sepa-
rated by ~1 meV which evolve from a broad line, is char-
acteristic of both the X —X ™ and the X—X™ doublets, and by
itself cannot serve as a criterion for identifying the type of
charged exciton. We show in the following that the PL spec-
trum in a magnetic field enables us to distinguish between
the X* and the X~.

'The spectral signature of the X~ in a high magnetic field
which is applied normal to the layers is rather unique."'j It
consists of several lines, associated with the singlet and trip-
let states of the two electrons in the X ™. These singlet and
triplet states have different spatial wave functions, symmet-
ric and antisymmetric, respectively, and hence different
binding energies. It is found that these lines move away from
the exciton with increasing magnetic field, reflecting an in-
crease in binding energy of the corresponding states, In ad-
dition, a series of weak satellite peaks are observed at the
low-energy tail of the emission spectrum.’ These peaks result
from shakeup processes, in which a recombination of one of
the electrons in the X~ with the hole is accompanied by an
ejection of the remaining electron to a high Landau level.
This unique spectral signature, consisting of singlet, triplet,
and shakeup lines, enables a clear identification of the X~.

Figure 1(b) shows the PL spectra in a magnetic field of 7
T applied in the direction normal to the layers, for similar
excitation conditions as in Fig. 1{a). The measured spectral
signature is different than that reported for X~ This is
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FIG. 2. Evolution of the ot polarized PL spectra at 7 T with
increasing He:Ne intensity for sample 2. The evolution from a X*
to X~ spectram through a neutral exciton gas is clearly seen. Each
spectram is normalized by its integrated intensity.

especially manifested in the energies of the two low energy
lines, which evolve from the charged exciton line. These
differences will be discussed in detail later in this paper. A
supporting evidence for the identification of the X* is pro-
vided by measurements of p-type modulation doped samples
which contain a 2DHG in the QW. These samples are grown
on {311)A oriented GaAs subsirates, The generic structure is
described in Ref, 4. Different samples with different spacer
widths (between 25 to 50 nm) and doping levels (5x 10" to
2x 10" em™3) were studied. The density of holes in the
QW is controlled by applying a positive voltage to a semi-
transparent gate with respect to the 2DHG, and the exciting
photon energy is kept below the barrier energy gap. The
spectral signature, which is observed in these samples, is the
same as in Fig. 1{b), only with broader iines. We therefore
conclude that this is indeed the spectrum of X+,

Let us now turn to sample 2. The fact that the Spacer
layer is much thicker than in sample 1 causes the initial
density of holes in the well to be lower. Figure 2 describes
the PL spectrum at 7 T for similar illumination conditions as
in Fig. 1. To clarify the evolution of the spectrum we present
a circularly polarized spectrum of ¢*. The change from
2DHG to 2DEG spectrum through a neutral exciton gas is
clearly visible. This change is manifested by the change of
the PL spectrum from that associated with X to that of X ™.
Both the X™ and X~ spectra consist of singlet and triplet
lines. We can see that the strength of the X™ lines decreases
gradually with increasing He:Ne intensity, until they disap-
pear and new lines, associated with X~ appear. These
changes are accompanied by a dramatic change in the low-
energy part of the spectrumn, which is too weak to be seen in
the figure. Together with the X~ lines we observe the famil-
iar fan of weak shakeup satellite peaks, separated from one
another by fiw{, the electron cyclotron energy.7 The low-
energy spectrum of X™ is very different: the electron
shakeup lines are not present and a complicated spectrum of
impurity related faint lines appears. Remarkably, the energy
of the exciton line is fixed in all spectra, providing a constant
reference energy.
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Figures 3{a) and 3(b) show the energy dispersion of the
X" and X~ lines as a function of magnetic field. The Zee-
man split neutral exciton state appears at ihe highest ener-
gies, and is characterized by a change of the g factor sign at
3.5 T. The general structure of the energy spectrum is the
same for X~ and X they both consist of two pairs of Zee-
man split circularly polarized lines. The lowest energy pair is
due to a recombination of the singlet X~ (or X)), and the
higher energy pair is due to the recombination from the trip-
let siate (this triplet siate becomes bound ai 2 magnetic field
and emerges below the exciton ling).

In Fig. 4 we compare the binding energy and Zeeman
splitting of the singlet state of these two complexes. The
binding energy is measured relatively to the exciton state and
the mean energy is taken for each Zeeman pair. It can be
seen that the binding energy of the singlet X state increases
between O and 4 T and then begins to saturate. Between 7
and 9 T it remains nearly constant. The overall increase is
from 1. meV at 0 T to 1.8 at 9 T, more than 60%. This
saturation of the X, was found to persist up to 20 T8 The
singlet X behavior is very different: the binding energy
remains nearly constant between 0 and 9 T. This behavior of
the X is observed also in the modulation doped samples. It
should be noted here that this observation contradicts an ear-
lier report which found that the behavior of the X™ binding
energy is very similar to that of X~ °

Let us discuss the behavior of the binding energy in the
two compiexes, starting with the zero magnetic-field behav-
ior, There were several theoretical attempts to compare the
zero-field binding energies of X7 and X~ using a two-
dimensional model for the siructure of the charged
excitons.'® These calculations yield an X1 binding energy
that exceeds that of X~ by a value which depends on the
electron-hole mass ratio. Figure 4{a) clearly shows that the
binding energies of X™ and X~ are identical at zero field,
with an accuracy of 0.05 meV, namely 5% of the binding
energy. We have confirmed that this is not an accidental
degeneracy: a similar behavior was observed in a sample
with 15 am well width. We wish 1o remark that the accuracy
of these measurements stems from the fact that both com-
plexes are observed in the same sample, with the exciton line
appearing at a constant energy. To explain this ohservation
within the present two-dimensional models one would have
to assume a very light in-plane hole mass, close to the elec-

5 5 7
Magnetic Field (T)

tron mass, which is very unlikely. For exampile, according 1o
the calculations of Ref. 10 an equal binding encrgy implies
m, fur,>0.8. We note, however, that these models assume
identical electron-clectron and hole-hole interactions in the
plane, Le., V,,(r}=V,,(#). This assumption is invalid for a
triangular well, in which the 2DEG or 2DHG is confined
along the growth direction z. The different electron and hole
masses along z give rise to V,,(r)>V, (1), and hence 1o a
larger repulsion between the holes in X and lower binding
energy.

Let us torn now to the behavior at high magnetic fields.
Charged excitons are characterized by a delicate balance be-
tween a large Coulomb attraction and a slightly smailer re-
puision. This balance is strongly affected by a high magnetic
field, which squeezes the in-plane motion to a cyclotron di-
ameter. This has a larger impact on the X7, where the repul-
sion interaction Vy;, is larger. This can explain the fact that
the X~ binding energy becomes larger than that of the X™* at
high magnetic fields. Caiculations of the structure and bind-
ing energy in a magnetic field were conducted only for 37,

1
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FIG. 4. {a} The binding energies of the X and X7 states as a
function of magnetic field. The circles and squares correspond o
the polarized and unpolarized measurements. respectively. (b) The
effective g factor g, of the neutral exciton; the X and X as 2
function of magnetic field. Note (hat the newtral exciton Zeeman
splitting is the same for both X™ and X7 speetra.
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using a numerical approach.”'s The results agree qualita-
tively with the measured spectra, and show a trend of in-
creased binding energy with magnetic field. However, the
values obtained for the binding energy are smaller than those
measured experimentally. ’

In Fig. 4(b) we show the magnetic field dependence of the
g factor of the X, X, and X, recombination. The observed
Zeeman splitting of a charged exciton is a sum of the elec-
tron and hole contributions, similarly to a reguiar exciton.
Thus, one can define an effective g factor for X and X , in
the same way it is done for a regular exciton,’> by AE
= upB,g y=, where up is the Bohr magneton {the sign of g is
determined using the conventions of Refs.12 and 13). The
behavior of gy in the X* and X~ spectra is very similar, and
we show only the values obtained from the X — X~ spectrum.
It is seen that all exciton complexes have the same g factor
value of ~+0.5 at very low fields, but evolve differently as
the magnetic field is increased. The behavior of g+ is espe-
cially interesting: it decreases very rapidly, changes sign, and
then saturates at a value of ~2 at 4 T,

The difference in g factors between the X™ and X indi-
cates that at high magnetic field the electron and hole wave
functions in a charged exciton are not the same as in a neo-
tral exciton. The magnetic-field dependence of gy is com-
monly understood as due to mixing with light-hole states.™
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This mixing cannot explain the strong field dependence of
gx=' it gives rise o a relatively weak field dependence of
gx, and its effect is expected to be even weaker for X=,
which are farther away in energy. On the other hand, the
modification of the charged exciton structure in a magnetic
field which was discussed above implies mixing of the elec-
tron and hole wave functions with higher Landau levels and
higher subbands. This mixing gives rise to a magnetic-field
dependence of gy=. Such mixing was indeed found to play
an important role in determining the binding energy in the
calculations of Ref. 11. The observed saturation in both Zee-
man splitting and binding energy of X can be viewed as an
indication of a formation of a stable spatial structure.

in conclusion, we have provided an unambiguous idenii-
fication of the X* spectrum at high magnetic field, and have
shown that this spectrumn is different from that of the X~
Understanding the structure and the spectrum of charged ex-
citons in this regime is still an open problem. We believe that
the experimental data presented here, which compares the
spectrum of X~ and X within the same sample, can serve as
a basis for theoretical studies of this problem.
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2.3 Landau levels in the recombination spectrum of a low-

density two-dimensional hole gas

S. Glasberg, H. Shirikman and I. Bar-Joseph

Observation of valence-band Landau-levels in the photoluminescence of a low-
density 2DHG in a GaAs quantum-weli

Phys. Rev. B 63, Issue 20 (2001) Rapid Comm.

This chapter deals with two ways in which the spectrum of an excess density of free-holes
in the quantum well is manifested. One way is through the hole shake-up spectrum from
an intrinsic complex, the X'. The second way is through the transition of a free-hole,
which wealkly interacts with an impurity. The properties of the intrinsic and exirinsic
complexes are multi-facial, having some fundamental similarities (three-body structure)
and differences (center of mass motion, spin statistics), making their comparison
informative. In this work, we compare the spectra of both, and find that they are the

manifestation of the same hole Landau-level spectrum.

The photoluminescence line-shape of a 2DHG in a magnetic field is nearly feature-less,
being composed of two spin-split broad lines [1]. This result stands in contrast with the
2DEG recombination spectrum that shows the quantization to Landu-levels (LLs). As
discussed in the paper, the main reason for this difference is the large hole to electron
mass ratio in GaAs. In this work we found that the Landau-level spectrum of free holes is
manifested in the low energy part of the bound holes (X and Dh) spectra. To understand
how this result occurs within objects of significant binding potential we review their
structure and recombination spectrum. In Fig 3.1 we show schematically the two
complexes, the intrinsic X* and the impurity system D°h. Figure 3.1A shows the X'
structure of an electron interacting with two identical holes. With all carriers having
substantial overlap of wavefunction, the coulomb repulsion is only marginally

overwhelmed by attraction. As a result, the inter-particle correlations are of primary
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importance and it may be shown that the holes form a Singlet. This situation is analogous
to the X [2], and a solution for the orbital radii of the holes, a and b, is shown in Fig.
3.1A where >>a. A plausible physical interpretation of this solution in the X' is of a
hole weakly bound to an exciton. Indeed, the characteristic exciton binding energy is ~
6meV, while the second-hole binding energy is ~lmeV.

Figure 3.1B shows the D in the presence of a hole. The donors are neutral under steady
state illumination because the small number of donors in the QW recapture each a photo-
excited electron. The negligible electron-donor mass ratio of this object is manifested in a
binding energy that is larger by 50% than that of the exciton (~9meV) [3]. The
experimental result show that the D° has very shallow binding potential for the second-
carrier, ~ 0.2meV. This energy yields a Bohr radius of 670A. The hole binding energy to
the D® is smaller than the thermal energy due to ambient temperature (0.35meV). Thus,
the hole can be viewed as practically free.

The major finding of this chapter is the observation of X" shake up (SU) lines due to

valance-band LLs. Shake-up is a radiative optical process in which a recombining

A X'

K
+
o
o

.
.
. .
. N
. .
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--------------

Fig. 3.1 Schematic representation of the X* and D°h charged complexes

electron and hole pair excites the remaining carriers via the sudden perturbation of

“shutting-off” the exciton-electron interaction. In an SU process the energy of the emitted
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photon is smaller by the amount of the energy left in the excitation. At a magnetic field
the SU process corresponds to e-# recombination, which leaves behind an inter Landau-
level electron (with X'} or hole (with X") excitation. Consequently, the SU processes give
rise to a fan of discrete lines, each associated with a different LL as the final state for the
shaken electron (hole). Such processes were observed in 2DEG {4, 5] and X" [6, 7], as a
series of peaks at energies which are close to an integer number times ho. bellow the
main recombination line. The intensity of the SU lines indicates how effectively this
excitation is coupled to the recombining exciton. The SU lines can be identified by their
unique energy and intensity behavior.

The X* SU transition intensity can be evaluated from time dependent perturbation theory.
We note that a rigorous theory was employed only to the case of a 2DEG [8]. But even a
sketchy perturbative description is sufficient to point to the uniqueness of this process
relative to common recombination processes. We first consider a hole weakly bound to an
exciton, and assume an adiabatic process. At r<{ the Hamiltonian of the hole is H=
Hy+Va(0), where Hj, is the LL term, Hyln>=@n+1/2)hdf'|jn>, and Vy(t) is the hole-
exciton interaction, which can be considered as a perturbation at large magnetic fields. At
£>( the exciton is annihilated and the hole occupies a Landau level; H=H,. The intensity
of the process is than proportional to the matrix element of the perturbation using the

eign-states of H),

(it <OVl > ) | (o |m) 2

et <O ~g, >0 |nha! |

The hole wavefunction at t<0, can be approximated to first order to be the #=0 LL. The
hole final state is in an excited LL, >, with energy difference equals nhd'.. Note that the
expression for Isy;, is still partially implicit; we have to asses the matrix element.

In fact, a sudden approximation is more appropriate for the SU process. The turn-off of
the potential is a sudden event relative to the characteristic rate involved with the inter LL

excitation energy, ho. ~ ImeV, of a few 1l/ps. In the case of a sudden perturbation, the
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initial state of the hole |g.s.> has no time to evolve, and the matrix element for the SU,

process is given by its projection on the final states of the free hole, |n>,

_ | (gs.ln) &
(nha])?

SUp
This form of the X SU intensity has two consequences: first, the intensity of the SU
decreases with magnetic field because the energy difference in the denominator grows.
Second, the higher is the LL index n, the weaker is the intensity. The suppression of high
index SU process comes both from the denominator, 1 dependence, and the numerator
since the ground state |g.s.> is dominant by the n=0 LL, with some mixing with higher
levels due to the binding potential. These effects were observed and reported in the paper.
The assignment of the X" SU was supported by results obtained in the same measurement
from the D°h recombination spectrum. The hole binding energy to the D’ of 0.2meV is
smaller than the cyclotron energy of free holes at high fields (~1 meV). Thus, the donor

site can be viwed as pinning the guiding center

of the free-hole cyclotron motion. Note that in
the case of a dense 2DHG, where free holes

Conduction band

1
recombine with free photo-excited electrons the @ X" SU (b} D'k

Landau fan of the holes is not observed. This is

because the negligible occupation of higher
conduction band LLs (since haf.>>ksT).
Recombination selection rules do not allow the

=0 electron to recombine with holes at higher

LLs. Hence, the only recombination line that is

observed is of the n~0 and ny=0. The electron
in the D% on the other hand is localized. This

breaks the restriction from LL selection rules Valence band LLs

and allows the recombination with holes at

high LLs. Fig. 3.2 Schematic representation of the
interband transitions in the X* and D°h.
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The transition schemes of the X' SU and the D'h are plotted in Figure 3.2. In () the X
interband transition is escorted by excitation of the remaining hole to a higher valance

Landau-level. The emitted photon has consequently a reduced energy
Epho!mz: Ex. "'( n+1/2 )h GJ lc

At a field of several Tesla the cyclotron energy becomes comparable to the second hole
binding energy, so the superposition of the lowest Landau level and the second orbital is
very marginally perturbed by the exciton potential [9]. As a result the shift in the photon
energy reflects exactly the inter Landau-level spacing.

-Figure 3.2 (b) shows the transitions of the Dh. Here the interpretation of the spectra is
straightforward. The emitted photon shows the regular Landau energy fan, relative to the
D° energy,

Ephottm ‘“""“JE'-:JELI'(J +(n+1/2)h af’c .

The two last Eqgs. predict that the emitted photon energy differences would both yield the
hole cyclotron energy. Indeed the analysis in the paper gives that result. A constant
cyclotron mass of 0.6mp is deduced. We find that the cyclotron mass is rather field
independent. This results somewhat differs than these from numerical calculations of the
LL dispersion, that finds increased non-linearity with level index [10]. The mass is also
heavier that that usually assumed for wide QWs (of ~0.2 to 0.3 my), and is closer to that

of heterostructures [11].
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Photoluminescence of a low-density two-dimensional hole gas in a GaAs quantum well:
Observation of valence-band Landau levels

S. Glasberg, H. Shirikman, and 1. Bar-Joseph
Department of Condensed Manter Physics, The Weizgnann Institute of Science, Rehovor 76100, Israel
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We study the low-energy tail of the photeluminescence spectrum of a low-density two-dimensional hole gas
in a magnetic field in a GaAs quantum well. A rich spectrum of lines is observed, and we show that it can be
classified into two groups: the shake-up lines of the positively charged exciton {X™), and the recombination
lnes of a free hole with an electron bourd to a doner (£%:). An analysis of these transitions reveals a simple
picture of equidistant hole Landau levels, with 2 cyclotron mass of 0.6my.

DOI: 10.1103/PhysRevB.63.201308

Photoluminescence (PL) spectroscopy of GaAs guantum
wells (QW’s) subjected to a magnetic field normal to the
layers has proven to be very effective in providing informa-
tion on the conduction band electrons, but much less so for
the valence band holes. QW samples containing a two-
dimensional eleciron gas (2DEG) exhibit 2 rich spectrum
that manifests primarily the ¢lectron Landau levels (LL's).?
On the other hand, the PL spectrum of QW samples contain-
ing a two-dimensional hole gas (2DHG) is featureless and is
characierized by two broad lines, associated with the Zeeman
split levels.” The major reason is the large difference in ef-
fective mass between the eleciron and hole in GaAs hetero-
structures, which is manifested in cyclotron energies that dif-
fer by nearly an order of magnitude, 1.7 meV/T and 0.2
meV/T for the electron and hole, respectively.>* Thus, at fow
temperatures the photo-excited holes occupy several LL's
while the photo-excited electrons reside mainly at the lowest
1L. As a conseguence, in 2DEG samples one observes tran-
sitions from all occupied conduction band LL’s. On the other
hand, 2DHG transition is allowed only to the lowest hole LL.

This inability to observe the hole spectrum in a magnetic
field has significantly limited the use of PL measurements as
a charactedzation tool of the valence band in a magnetic
field. In this paper we show that this limitation can be lifted
when examining the low energy tail of the PL spectrum of a
low-density 2DHG. We identify two groups of recombina-
lion lines, each consisting of several equidistant peaks that
are directly related to the valence band LL's. The first is the
shake-up recombination lines of the positively charged exci-
ton, X*. The other set of equidistant lines is related to a
recombination of a free hole with an electron bound to a
donor, D%h. The important property of these two types of
Iransitions is that they do not depend on occupation of higher
electron LL’s, and hence eliminate the clectron contribution
1o the transition energies and provide direct information on
the hole spectrum in a magnetic field.

Traditionally, 2DHG is obtained by introducing a layer of
acceptors at a distance of a few tens of nanomsters away
from the GaAs/Al Ga, _ As heterostructure. This technique,
known as modulation doping, suppresses carriers scattering
off the impurities and gives excellent transport properties.
However, the introduction of acceptors into the structure
gives rise to broadening of the PL lines, with a typical width
of a few teaths of a meV. The dashed line in Fig. 1 shows a
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PACS number(s): 71.35.Ji, 78.66.Fd, 78.55.—m, 78.66.—~w

typical PL  spectruz of a  modulation-doped
GaAs/ Al Ga, .. As single guantum well (QW) containing a
low density of 2DHG. The neutral and positively charged
exciton, which characterize the spectrum at this density
range, can be resolved.>® However, it is seen that the broad-
ening is large, comparable with their energy separation. An
alternative method to create an excess density of holes in the
well is using optical excitation.™® The mechanism is rather
simple: photo-excited clectrons tunnel to the surface and
leave behind the holes trapped in the well. This method
eliminates the broadening introduced by the acceptors and
gives much sharper PL lines. The solid curve in Fig. 1 shows
the PL spectrum obtained from an optically excited 2DHG. It
is evident that the lines are significantly narrower and better
resolved using this method.”

Several nominally undoped single-QW samples were
studied, all exhibiting the same qualitative behavior. Data
will be shown for a particular sample. It consists of a buffer
superlattice followed by a 20 nm GaAs well, a 125 nm
AlyGay 63As layer, and 15 nm of GaAs cap layer. The
sample was grown on a 100 oriented semi-insvlating GaAs
substrate. Under very weak excitation < 10 g W/cm? the ob-
served spectrum is of neutral exciton, indicating that the well
is nearly empty of carriers. However, when illuminating it
with a higher intensity Ti:S laser at 780 nm we observe the
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FIG. 1. The PL spectrum from two single-QW samples of 20
nm width showing the X and X* doublet; one sample is
modulation-doped and the other is intrinsic.
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FiG. 2. The evolution of the PL spectrum with magnetic field
The tail of the spectrum taken at 7 T is magnified to show the faint
peaks.

appearance of an X line in the spectrum, indicating the
existence of a low density 2DHG in the well. We have pre-
viously shown that the hole density can be tuned over a
broad range by changing the light intensity.” The PL mea-
surements are conducted in a 7 T immersion cryostat at an
ambient temperature of 3.5 K. The PL is collected through a
birefringence free optical window and analyzed through a
circular polarizer, The signal is dispersed in a 0.75 m spec-
wometer and detected in a cooled CCD detector.

Let us now present the data that sets the basis of this
paper. Figure 2 shows the evolution of the X and X™ doublet
in a magnetic field for a ¢~ circularly polarized PL {a sirmi-
Jar behavior is observed for the o™ circular polarization). It
is seen that the X and X™ lines shift to higher energies (dia-
magnetic shift), and that a new line, X7 , the triplet state of
the X, appears close to the X line.” We would like to focus
in this paper on the series of weak peaks, which appear at the
low energy tail when a magnetic field is applied. Most of
these lines are too faint to be observed on the same intensity
scale, so they are magnified in the spectrum taken at 7 T. The
body of this paper is devoted to the classification and iden-
tification of these lines.

Figure 3 summarizes the energy position of the recombi-
nation lines in a magnetic field. At high magnetic fields the
spectrum is highly complicated as lines cross each other and
a carcful analysis that relies on their dispersion in a roagnetic
field, polarization, and intensity, is done in order to give an
unambiguous identification, We find that we can divide the
observed lines into two groups according to the energy to
which they extrapolate at zerp magnetic field. In Fig. 3(a) we
show all the lines that extrapolate to the X energy at zero
magnetic field, 1.5216 eV, and in Fig. 3(b) the lines that
extrapolate to an energy that is lower by 1.8 meV. We note
that a2 moderate and even negative energy slope characterizes

FHYSICAL REVIEW B 63 201308(R)
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FIG. 3. The energy position of the recombination kines as a
function of magnetic field. (a) X, X™, and the SU, lines. (b) The
DPh lines.

the lines in Fig. 3(a). The second group exhibits a omuch
stronger dispersion and it is seen that the slope of the higher
energy lines is larger than that of the low energy ones.

We shall show that the first group of lines, which we label
as SU,,, is due to a shake-up process of a hole during the X
recombination [Fig. 3(a)]. Shake-up lines of the negatively
charged exciton X, in a magnetic field were previously
reported.!” They are formed when the recombination of an
electron with a hole creates an inter-Landan-level (L.1) exci-
tation. In the case of the X~ the final state of the remaming
electron is at a high (n+0) conduction band I.L. In analogy,
the final state of the hole that remains after the X™ recombi-
Ration is at a high valence band LL. Thus the energy of the
emitted photon is reduced by the amount of energy taken by
that hole, nfiw!, where " is the hole cyclotron frequency
and n is the LL index. Ccmsequenﬂy, when a magnetic field
is applied a sequence of shake-up lines should appear below
the X, with an energy

E,=E(X")-nho®, ‘(1)

where E(X) is the X energy.

The second group of low energy lines will be shown to be
related to a recombination of a neutral donor and a hole,
DPh. The binding energy of the hole at the ground state of
the DR complex is very small, less than 0.2 meV, hence it
can be considered as nearly free, The electvon, on the other
hand, is tightly bound to the donor with a binding energy
larger than that of the free exciton, hence the recombmation
line of this complex appears a few meV below the exciton
line.!! In a magnetic field the energy spectrum of the free
hole consists of equally spaced LL’s. When these levels be-
come occupied we should obtain a sequence of recombina-
tion lines with energies

E,=E(Dh}+nhet, (2

where E(D%) is the emission cnergy at the ground state
[Fig. 3()].

The discussion above implics that both recombination
processes give rise to a series of equally spaced emission
lines with an energy spacing of ! between them. How-
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FIG. 4. The energy differences between (a) the X™ line and the
S, lines and (b} the /°h tines.

ever, their evolution in a magnetic field is different. The SU,
lines emerge from the X line and their energy becomes
lower with increasing magnetic field. The D°h lines, on the
other hand, emerge from the main D% line and evolve to
higher cnergies with increasing magnetic field, like regular
LL's. In the following we study the energy dependence of
the two groups and prove these assignments.

In Fig. 4(a) we plot the energy difference A4 between the
X7 line and the nth shake-up line at the same circular polar-
ization. A few observations can be made. First, the lines
come in Zeeman pairs, one at each circular polarization. We
notice that the energy differences are nearly the same at both
polarizations, hence we can factor out the Zeeman energy.
The second observation is that all ecnergy differences increase
monotonically with the magnetic field and extrapolate to
zero at zero field. This implies that the SU, Lines indeed
emerge from the main X line. Finally, we note that at the
high field regime A,;=2A,, and A;;=3A,, or in other
words, E,=E(X")—nA,y. This behavior can be taken as a
proof that this series of lines are due to shake-up processes
with Amaﬁwi‘ . Strong supporting evidence comes from the
dependence of the intensity of the SU,, lines on the magnetic
field. We observe that the intensity of the lines decreases
with magnetic field and with the LL index n. For exampie,
the intensity of the SU, line, which is clearly observed at low
magnetic fields (Fig. 2), decreases by a factor of ~ 100 at the
highest magnetic field. Figure 2 also demonstrates the depen-
dence on LL index: at 7 T there is an order of magnitude
decrease from SU, to SU,, and SU; is hardly visible. This
behavior is contrary to that expected if these lines would
have been due to 2 direct recombination process, which in
that case the intensity of the lines should have increased as
their energy gets lower, due to straightforward thermal equi-
librium argurments. On the other hand, the observed behavior
is consistent with a shake-up origin. From perturbation
theory arguments the intensity of a SU, line is proportional
to |{gs|n)|*(nhw") =2, where |gs) is the ground-state wave
function of the hole in the X™, and |n) is the wave function
of the nth valence LL. It is readily seen from the explicit
dependence on wﬁ that the intensity of the shake-up lines
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should indeed fall with magnetic ficld. Furthermore, since at
high magnetic fields the main contribution to |gs) comes
from the lowest LL, the overlap integral [{gs|n)| should de-
crease with increasing n.

We turn our atiention now to the D% spectrum. To begin
with, we confirm that the lines in Fig. 3(b) are related to
recombination within the QW. This conclusion is based on
the fact that the recombination energy at zero field (1.5198
meV) is above that seen from the bulk GaAs buffer (1.518
meV), practically ruling out the only other candidate layer in
the sample. We also notice that the D®h lines appear at the
spectrumn only in the presence of a low-density 2DHG, simi-
lar to the X line. As the hole density is reduced and the PL
spectrurn is dominated by the neutral exciton they both dis-
appear. These two observations are consistent with the D%
assignmeni. However, the main clue (o the identification of
these lines comes from comparison with the SU, transitions.
In Fig. 4(b) we show the energy difference A, between the
DR lines at the same circular polarization. The same general
behavior that is scen at the SU, lines is observed here.
Namely, the energy differences are similar in both polariza-
tions; the energy dispersion is linear in the magnetic field;
and A,p,=4,,. More importantly, the energy differences at
the high magnetic field limit are exactly the same as those
measured for the shake-up lines, A(Dh)=A(SU).

The system of an ionized donor D™ and an electron-hole
pair has two distinct bound states: the D™X, an exciton
bound to an ionized donor, and the D%k, a neutral donor
bound to a hole. It can be shown from simple arguments that
the binding energy of the electron-hole pair to the donor is
larger in the D% than in the D¥X.'*"® Experimental find-
ings and theoretical modeling show that the D°h is indeed
the Iowest donor bound recombination line, 3 meV below the
free exciton line,'"" in agreement with our observations.
The D*X is 1 meV higher in energy, and at 3.5 K its occu-
pation is lower by a factor of 30. This allows vs t0 unam-
biguously assign the observed series of lines with the D%h.

The SU, and D% spectra allow us to obtain the energy
difference between the various LL’s, and hence the value of
the heavy-hole cyclotron mass of these Ievels, using my
=eB/w!. We obtain from both spectra a cyclotron mass of
m=0.6my. This valoe is in good agreement with the heavy-
hole cyclotron mass in GaAs heterostructures reported in
Refs. 4 and 14. Note, however, that the resulting mass is
heavier than that found in transport experiments. Similarly,
we can extract accurately the heavy-hole Lande factor, g4,
by taking the Zeeman splitting between lines related to the
same LE. We obtain g,=2.05, independent of the magnetic
field strength, This value is also in good agreement with
previous reports.’”

Finally, the dispersion of the DPh lines in the magnetic
field allows us 1o estimate the small binding energy of the
hole in the D°h. Approximating the weak neutral donor po-
tential acting on the hole by a parabolic potential, the ener-
gies of the hole in a magnetic field are given by E,
=Eg(D°R)+(2n+ D[ wi+(w"2)21"?, where Eo(DOR) is
the energy at zero magnetic field, i, is the harmonic po-
tential energy, and n=0,1,2, ... . The D% lines in Fig. 3(b)
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indeed exhibit a parabolic behavior at low field and become
linear above 2 T. Taking the hole mass to be 0.6m,, and
assuming the transition from parabolic to linear dispersion
occurs when the two terms in the square brackets are ap-
proximately equal, one obtains a hole binding energy of
< 0.2 meV. This low binding energy is consistent with our
assumption of the holes in the D%k as nearly free.

In conclusion, our work is the first observation of the X
shake-up lines in a magnetic field. It also gives a deep insight
into the behavior of the D% in a magnetic field. We have
shown that the observation of valence band Landau levels in

PHYSICAL REVIEW B 63 201308(R)

the shake-up and D spectrum allows us to extract the cy-
clotron hole mass and its g factor. These parameters were not
readily available from optical measurements before. We be-
lieve that these results are important in view of the recent
growing interest in the physics of low density 2DHG. They
also emphasize the value of the technique of optically excit-
ing a hole gas. The sharp PL lines that are obtained allow us
to conduct spectroscopic measurements with high energy
resolution, unattained with doped samples.

Tius research was supported by the Minerva Foundation.
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2.4 The neutral and charged excitons in a parallel

magnetic field

S. Glasberg, H. Shtrikman, P. C. Klipstein and I. Bar-Joseph
Exciton exchange splitting in wide GaAs quantum wells

Phys. Rev. B 60, Rapid Comm. P. 16295 (1999)

We show that subtle information about spin dependent interactions in the neutral excitons
is obtained when the magnetic field is applied parallel to the 2D layer. We develop a
rigorous model that is applied to the neutral and charged excitons in parallel magnetic
field. We report the measurements and modeling of the exciton exchange splitting, and of
the Luttinger parameter which appears in the cubic term of the valence band Zeeman
Hamiltonian. The spectroscopy of charged excitons in a parallel field emphasizes the role
of their spatial structure. It indicates the reshape of the wave function into an oval form

elongated along the magnetic field axis.

When the magnetic field is applied parallel to the QW plan, one observes three main
modifications of the PL spectrum with respect to that in a perpendicular field: (7) the
absence of Landau levels, (i) the absence of the heavy-hole Zeeman splitting, and (ii7)
linearly polarized recombination lines (instead of circularly polarized ones). As long as
the classical diameter 2R, is larger than the well width, L,, the QW potential determines -
the carrier properties along the growth direction. Hence, the cyclotron motion is
suppressed by the QW potential, up to high magnetic fields. We illustrate this point in Fig
4.1(a). The absence of cyclotron motion in parallel field is demonstrated in Fig. 4.1(b),
where the shift of the exciton recombination enefgy as a function of magnetic field is
plotted for perpendicular and paraliel fields. The behavior in a parallel field is well
described by a purely parabolic function, E=a-B’. Taking R=5meV for a 22nm QW {1]
we obtain the coefficient @=0.077. Similar behavior is observed in Fig 4.1b for low

perpendicular magnetic fields, known as the exciton diamagnetic shift [2, 3]. On the other
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hand, in a perpendicular field already above 4T the exciton energy shift contains a

dominant linear term.
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Fig. 4.1. (a) lllustration of the relative width of the magnetic

motion versus the QW potential. (b) The exciton energy shift in
parallel (fitted with parabola) and perpendicular magnetic fields.

Let us move to discuss the absence of heavy-hole Zeeman splitting. It is easy to see why

in a parallel field this splitting vanishes: HZeema,,m—g”;,yBBJf—O.5g”;,pBB(J++ J.), but the
heavy-hole eign-states of [Jz=i:—3- > satisfy

<i—3— | Jig:};i >=()
2 2

which results in the absence of this leading term in the spin Hamiltonian.
Finally, we consider the third observation, of the PL emission lines being linearly

polarized. To formulate this, we start with the QW electron and hole eignstates, which are

[:i:—z—> and §:&?12-> respectively, and are quantized along the growth direction. These

functions have spatial and spin parts and are given by:

+—1£>==i]s)T,

IAYE
~D=is)s,
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A

+—3—>ﬂii){+i}’)T,

—%>mi|X—i}’)¢ [1]. In a parallel field, the diagonalization of the

Zeeman Hamiltonian gives new heavy-hole and electron eignstates, which are the
superposition of the QW eignstates (with B||x)

]

&>ﬂ2
2

§,>¢,i>

(iz |2 )
e | 1 I

|:t>_,-_2([5>;t|-5>)

We than define the exciton pair states ({:i:>"x, [+>). The calculation of the exciton
oscillator strength is done using the dipole approximation, similarly to the calculation of

the exciton oscillator strength at zero magnetic field, which uses the QW (!ﬁ% >, Ii-;—>;)

exciton basis [1]. The linearly polarized PL lines at a parallel field result from the detailed

calculation; e. g. the application of the dipole operator ~E_£-FE -Zon the X and Y

5 ix

spatial parts of the li% >_ states. It can easily be shown that the (j+>",, |+>%,) and (> I-

> ) excitons give x-polarized emission, while the (|+>", |->°) and (->", |+>°) gives
PL polarized along the y direction.

In the absence of the leading terms (i.e. — heavy hole Zeeman energy and cyclotron
energy) in the parallel field Hamiltonian, smaller terms, of a magnitude of a few tens of
neV, are manifested in the PL spectrum. These are the electron-hole exchange interaction
and the heavy-hole cubic Zeeman term. Note that these small terms should be observed
trough their effects on spectroscopic features on the scale of few hundred of peV, the
characteristic size of the recombination line-width. Hence, the high quality intrinsic
samples, with their narrow lines, were crucial for achieving the resolution needed for
those measurements.

The main observable we measured was the electron-hole exchange splitting & in the
exciton [4]. The exchange interaction naturally appears when the Coulomb interaction is

calculated for fermions, and has a nice phenomenological formulation [5]. Considering

.1 . .
the case of two electrons of spin I The two-electron four anti-symmetrized states are

37



composed of three triplet states with

=N+ 8= H $
Sr=S.+8.,=1 and one singlet with 120 aw Bulk ]
Sy=S.;-5:2=0. First we note that the 160 Theory 5 Sel .
i . = a0 o Bladwood @ Exart
eignvalue of the Coulomb interaction 2 0] . G'lgigefg &  Sooryakumar
. . . =] N 7
differs between the triplet and singlet £ 400 ]
eignstates, approximately by the ciz‘ 804 ]
g
“exchange” term 5 60 a
Q40 A
2 -
A A A ACHEP b i
H O‘ L T T T T _=
where i are the single electron wave- 0 a0 80 130 180 200 240 280 320
functions, and p=|re-1ry| (See Ref. 5 for Well Width [A)

detailed derivation). At the same time, Fig4.2: Summary of theory and
experimental results for the exciton exchange

the triplet and singlet eignstates can  iiino in bulk GaAs and quantum wells.

be distinguished by the eigenvalues of
the operator 25:5= Szr(Sz,.ﬁ-Sa.-;),
which gives 3/2 and —1/2, respectively. Thus, the so called triplet-singlet exchange
splitting & can be phenomenologically recovered from a Hamiltonian in the form of
Hoon=8S5.15.2. In the case of exciton made of an electron and a heavy-hole the spins are

% and % and the two-particle four anti-symmetrized states are composed of two triplet

states with Jr=S.+J.=2 and two singlet states with Sr=IS;-Jz|=1. The exchange splitting &
is phenomenologically presented by a Hamiltonian in the form of Hep=%85:/. Due to

the orthogonality of the hole and electron wavefunctions
8 <y, (W ()11, () () > s a small term.

The exchange interaction has important effect on the electron-hole recombination
dynamics [6] and on the energy spectrum of confined systems like quantum dots [7]. To
put our measurements of the exchange splitting in a wide context we compared
theoretical and experimental results of numerous groups. Calculations of the exchange
splitting in reduced dimensions (QWs, quantum-wire and quantum dots) predict that its
value is enhanced over the bulk semiconductor value by a factor related to

dimensionality. As a result, uncertainty in the bulk value translates to increasing
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uncertainty at lower dimension structures. Figure 4.2 demonstrates our contribution in
that respect - locking on the asymptotic behavior towards the bulk value.

The second observable we measured was the heavy-hole band cubic Zeeman splitting.
The Hamiitonian of this term in a parallel magnetic field is ngg,,,a,,=~2qy38ri‘.3 , with ¢
being the coefficient postulated by Luttinger in his formulation of the valence band
Hamiltonian [8]. This term originates from the perturbation of the split-off band, and may
be estimated from k-p theory [9]. The split-off band is 0.3eV lower in energy, a value
large enough to make its effect on the heavy-hole band small. The bulk GaAs value of g
is 0.04. We have measured it for the first time in a QW and found a value of 0.03. This
change as a function of the QW confinement may be verified by band-structure
calculations. Due to its smallness, the cubic term was overlooked for many years,
however, it may have a significant importance in spin precession experiments of photo-

excited holes and electrons in a parallel magnetic field [10].

2.4.1 Polarization of the charged excitons in a parallel magnetic field

We have measured the X and X~ PL spectra in a parallel magnetic field. As expected,
both complexes showed a linearly polarized spectrum, in directions parallel (x) and
perpendicular (y) to the magnetic field. We have found that this PL is becoming
increasingly polarized along the magnetic field direction x as the magnetic field is
increased. This is illustrated in Figs. 4.3a and 4.3b that show the linearly polarized PL
intensities /; and /, from the X" and X" at 9T, respectively. The evolution of the X and X
intensities ratio L//, as a function of the paraliel magnetic field is shown in Fig. 4.4. As
seen, the PL from the two complexes develops substantial polarizibility along the field
direction. We found that the PL of the exciton is also polarized at high fields, but to a

lesser extent.
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Fig. 4.3: The linearly polarized PL spectrum in a 9T parallel magnetic field along the x
direction of the (a) X and X+ doublet L=22nm (b) X and X" doublet L.=26nm.
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We have measured the behavior of the PL 18 -
3 - ry . 3 . ﬂ 22ﬂm ﬂ
polarizibility for different well widths. Fig. 4.5 o 18nm &
o . . 14 £
shows the PL polarization ratio of the X" in a -
15nm and 22nm QWs. As seen, the polarization is is a”
18 %
much smaller in the narrower QW. - na
—_ -
The observation of an increasing PL polarization 12l -ﬁ;}
along field direction, and its reduction with well- ”:""
wd
width lead us to suggest that the PL reflects 1 %F;F -
L B
increasing polarization of the charged exciton nﬂf‘m . °
o,
. . N 1.0 g™
orbital wavefunction along the field direction. We P S N
0 1 2 3 4 5 68 7 8 9
Magnetic Field [T}

suggest this effect yields a larger classical dipole
Fig. 4.5; The X' PL intensities
ratio in x and y polarization, /1,
in the x and y radiative transition amplitudes via as a function of parallel magnetic
field, for 15 and 22nm wells.

d=er along the magnetic field, which is manifested

|<cl eryv>| > i<c|enjv>], or  <d> > <dy>.

The attribution of the PL polarizibility to the orbital degrees of freedom is supported by
several additional observations. First, as Fig. 4.4a

shows the effect is relatively insensitive to the

temperature. This observation rules out changes in e B0mQwV

the occupation of spin states as the source of 100r -

increase in the polarization of PL. Second, the 3 ossf L, ot

exciton is affected less by the field, and only at éueo» s

higher fields. This result is consistent with the % .

exciton smaller Bohr radius. § e

Further support comes from the dependence of the 080

X binding energies upon the parallel field. We ] TS S SN S S S B S
0 1 2 3 4 5 6 7 8 9

have found that the binding energy of the X Negnetic feld 1]

. o Fio. 4.6). .
increases by 15% at 9T (Fig. 4.6). No binding of Fig. 4.6: The X second electron binding

triplet states was observed. In comparison, under energy as a function of parallel magnetic
field for the 26nm OW.
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perpendicular field the binding energy of the X typically increases by 60% at 9T, and
binding of triplet states was observed above B=1T (see chap. 2.2). The weak change in
the X~ singlet binding energy and the absence of triplet binding under parallel field are
significant, They indicate the dominance of the in-plane degrees of freedom. In the
perpendicular geometry, the magnetic confinement potential of 0.5mar is two-
dimensional, and quenches the charged exciton Bobr radii to the magnetic length [11}. In
parallel geometry the direction along the magnetic field is unaffected.

As theoretical models of the charged excitons become more comprehensive and refined -
studying both finite well width and magnetic field effects - we find the observation of
increased PL polarization along the magnetic field, and its interpretation as polarization
of the charged and neutral excitons wavefunction, an interesting subject for these theories

to explore.
Finally we address the Zeeman splitting of the X" and X - resolved at 9T in Fig. 4.7. As

x-polarization ye y-polarization x*
X X X'
9T

rer L S
MM
oo N | N

T ! ¥ 1 i * 1 ] i ¥
1520 1522 1524 1.526 1520 1522 1.524
Energy [eV] energy [eV]

PL Intensity

B
1.526

Fig. 4.7: The PL spectra from a DQW at several values of the
parallel magnetic field. The wide (26nm) QW shows X spectrum,
whereas the narrow (15nm) one shows the X spectrum. T=1.5K.
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seen the X PL along x direction, I;, shows a large Zeeman splitting while the y
component, I, shows smaller one. In contrast, the X" PL intensity Iy shows no splitting
and a splitting is observed in I, (see also Fig. 4.3a). This opposite behavior is surprising in
view of the results for the exciton, where the difference in the Zeeman splitting between x
and y components gave A.-A,=6quph (~100peV at 9T), with minor corrections to this
value that come from mixing terms with the light-hole band. The data in Fig. 4.7 suggests
that the difference A4, reverses its sign between the X~ and X*. This may indicate of a

larger contribution from sA-7h band mixing to the Zeeman splitting in charged excitons.
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We determine the exciton exchange splitting in a wide GaAs quantum well. Our method is based on
applying a magnetic field parallel to the layers and measuring the osciliator strength ratio of the Zeeman split
lires in two linear polarizations. We develop a theoretical model to describe the effect of the magnetic field on
the exciton spectrum, and use it to determine the exchange splitting in & 22-nm quantum well to be 22
+3 peV. These measurements also allow us to make an accurate determination of the value of ¢=0.03, the
Luttinger parameter which appears in the cubic term of the valence band Zeeman Hamiltonjan.

[80163-1829(99)51348-9]

The exchange interaction between electrons and holes in
semiconductors causes an energy splitting between radiative
- (}x=1) and nonradiative (J.,=2) exciton states.’ This ex-

change splitting is an important parameter in the spectros-
copy of semiconductor heterostructures, especxally in the
context of exciton dynamics and spin relaxation.” Recently,
there has been renewed interest in the subject of electron-
hole exchange in the context of quantum dot spectroscopy.’
" There is a common distinction in the literature between the
short-range and the long-range contributions to the exciton
exchange interaction. It has been shown that in a quantum
well {(QW) the Iong-range interaction vanishes at K=0 and
only the short-range interaction gives rise to a finite energy
splitting. * Thus, optical spectroscopy in a QW can owe direct
access to the short-range exchange interaction.

During the last decade, there have been a few successful
measurements of this splitting in GaAs QW’s. Early mea-
surements have used optically detected magnetic resonance
(ODMR} in type I GaAs/AlAs QW's, yielding values of a
few tens of peV for the exchange splitting.™® A later mea-
surement in narfow (<10 nm) type I GaAs/Al Ga _,As
QW’s has shown that this splitting is of the order of
100 weV.” This measurement was conducted at high mag-
netic field and studied changes in the photoluminescence
(PL) intensity due to crossing of the radiative and the non-
radiative exciton states. A subsequent experiment,8 based on
PL quantumn beats in a magnetic field, conﬁrmed the resuits
of Ref. 7.

Theoretical works predict a dependence of the exchange
splitting on well width, and it is expected to increase with
decreasing well width. 9 Such a trend was reported in Ref. 7,
where a substantial increase was observed in the exchange
splitting for well widths between 7.3 and 2.5 nm. The pur-
pose of the present work is to determine the exchange split-
ting in a wide QW, where a convergence towards the bulk
value is expected. Unfortunately, all the above techniques
cannot be applied to a wide QW. The ODMR technique can-
not be used in a type I QW due to the short exciton
lifetimes.™® The level crossing technique’ is conducted in a
magnetic field normal to the iayers (Faraday geometry) and

0163-1829/99/60(24)/16295(4)/$15.00 PRB &0

relies on knowing the heavy-hole (hh) g factor. In wide wells
and in this geometry, this parameter is strongly field depen-
dent, and there is a relatively large uncertainty in it. Finally,
the quantum beats techmque can niot be 1mplemented in wide
wells dué to the fast spin flip of the holes.?

The underlying idea of the present work is to apply a
magnetic field in a direction pasaliel to the QW layer (Voigt
geometry), and measure the excitonic PL spectrum. Such a
magnetic field couples the J, =1 and J.=2 excitonic
states. As a result, when the magnetic field is increased, the
nonradiative states become increasingly radiative at the ex-
pense of the radiative states. This behavior can be fully de-
scribed by a first principles calculation, and is shown to be
very sensitive to the value of the exchange splitting. Thus, by
fitting the measured dependence of the oscillator strength on
magnetic field, one can obtain the value of the exchange
splitting with high accuracy. We show that this measurement
can also provide the valence band Luttinger parameter g,
which gives a Zeeman energy proportional to the cube of the
hole anguiar momenturm.'? This is, to the best of our knowl-
edge, the first determination of the cubic term in a GaAs
QwW.

The exciton Hamiltonian in a magnetic field paralle] to
the layers, B=Bx, is written in the form:

Ho=Hi+H: —HI+ H . (1)

where H§ is the exciton Coulomb interaction at zero field
plus the orbital diamagnetic term, Hf =g wpS B is the con-
duction electron Zeeman term, Ho=—2xkuglB
—2q ,u.BJiB is the valence electron Zeeman term,'” and
Hewen=388-J is the electron-hole short-range exchange in-
teraction term. In these, § is the exchange splitting energy,
S, is the x component of the conduction electron spin opera-
tor 8, and J, is the x component of the valence electron spin
operator J. np is the Bohr magneton, g,. «, and g are the
conduction and valence electron Zeeman coefficients. In Ref.
5 and subsequent papers on exchange splitting, a valence
hole representation was used, whereas here we use a valence

R16 295 ©1999 The American Physical Society
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FIG. 1. The hh exciion oscillator strengths. [, and [, calculated
from Eg. (2). as a function of magnpetic field. The inset shows Lhe
corresponding energies. The paramelers used are g, =—044, ¢
={(.04, and §=20 peV.

electron representation. This is the reason for the negative
sign In front of Hf . The change of representation does not
affect the signs of x and ¢.

It is worthwhile to consider initially the case where the
valence band is restricted to the heavy-hole (hh} subband
alone, i.e.. neglect coupling to the light-hole (Ih) states. This
single hole subband approximation is valid when the energy
splitting between the heavy and light holes, A, is much larger
than the Zeeman coupling energy ~ xupf between the two
subbands. For a 20-nm-wide QW, A=3 meV and x=~0.2,"
hence at & T, wpupB/A is ~0.03 and the single subband
approximation should be adequate. We use the definitions of
Ref. 12 for the electron and hole Bloch functions guantized
along the growth direction z. Then, by projecting along the
magnetic field direction x we define exciton pair states:
(15190 (5090 (LLTD. (1519, Here 19,119
=[|3/2)+|=32)1VZ, and |11 =119 £[1D1/V2. In
this basis, the Hamiltonian is separable into two diagonal
blocks, H,=3(e,0,+ 6,) and H, =% (&,0,+ d7,), where
e, =upB(g.,—3q), e, =pB{g.+3q), and o, o. are the
Pauli matrices. In this case, the Hamiltonian can be diago-
nalized analytically, and the eigenvalues are E, == I[ &
+&? )] The exciton oscillator strength can then be calcu-
lated through the dipole approximation. We find that in each
polarization there are only two transitions with finite oscilla-
{or strength, given by

_(1+T )

2
2(1+ 7",3__‘.) ' @)

Xy

where T, = —~&, /8= I +(&,,/5}", and the plus and mi-

nus signs are for the states which are initially radiative and
nonradiative, respectively, in zero magnetic field.
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FIG. 2, The evolution with magretic field of the v and ¥ polar-
ized spectra of the hh exciton in a 22-nm QW. An example of the
two line shapes used for the fitting procedure is shown in the figure.

Figure 1 shows the behavior of I, and [, as a function of
magnetic field. The corresponding eigenenergies are plotied
in the inset. The parameters chosen are the bulk values g,
=—(0.44, g=0.04, and §=20 ueV.® Two main features
can be observed in Fig. 1. First, there is an increase of oscil-
lator strength with magnetic field of the initially nonradiative
staies, accompanied by a corresponding decrease of the os-
cillator strength: of the initially radiative states. Second. there
is a difference between the x-polarized and the y-polarized
curves. This difference is entirely due to the cubic Zeeman
term in the hh Hamiltonian. Thus, we can use the difference
between the spectra in the two polarizations to determine this
parameter.

Let us turn now to the experimental resuits. Several GaAs
QW samples with well widths of 22, 28, and 40 nm were
studied, all giving the same qualitative behavior. Extensive
quantitalive measurements and analysis were performed on
the 22.am sample, which had the smallest linewidth, and the
results will be reported here in full. The details of the sample
structure are given in Ref. 14. The exciion linewidth was
0.25 meV. allowing us to resolve the Zeeman spiit lines at
moderate fields, ~5 T. The sample was immersed in a lig-
uid helium storage Dewar in a 9-T magnet, and oriented such
that the magnetic field direction was parallel to the layers.
The temperature was 4.2 K and the He:Ne laser illumination
power at a wavelength of 632.8 nm was 100 xW/em?. The
PL was analyzed by sheet linear polarizers and collected by a
fiber optic sewup. It was then dispersed in a 0.73-m spectrom-
eter and detected in a cooled charge-coupled device detector.
The spectral resolution was 20 ueV.

Figure 2 shows the evolution with magretic field of the
exciton PL spectra in x and y polarzations. The exciton line
exhibits a diamagnetic shift and moves to higher energies
with increasing magnetic field. It is seen that in both polar-
izations the spectrum evolves into a doublet, with the split-
ting being larger in the v polarization. It is particularly ap-
parent that in the x polarization [Fig. 2(a)] the lower energy
peak is gaining strength over its higher energy counterpart.
Similarly, in the v polarization [Fig. 2(b)], a lower energy
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peak is emerging with the increase of magnetic field. This

- behavior is consistent with the predicted dependence of the
oscillator strength and energy, which is depicted in Fig. 1. In
order to obtain the relative intensity and energy of each line
accurately we performed peak fitting. This was done using
the measured zero-field PL line shape (which is slightly
asymmetric), varying only its relative intensity and energy
position to yield a best fit to the doublet. The smali contri-
bution of the peak ~1 meV below the exciton lines, which
is due to the negatively charged exciton X =, was subtracted
from the data. An example of the two peaks used for the
fitting procedure is shown in the figure. The sum of the two
peaks matches almost exactly the measured spectrum and
cannot be distinguished from the data in the figure.

In Fig. 3 we show the intensities deduced from the data in
the x and v polarizations (filled and open symbols, respec-
tively) as a function of magnetic field. The inset of Fig. 3
shows the comresponding energy splitting for each polariza-
tion. Our model predicts that these splittings are given by
[52“}"8_3'},]”2. Since d<e, , for that field range, we can ne-
glect & and approximate these splittings by ~pupB{g,
*+3g). The best fit to the data yields g,~—038 and ¢
=(.03. The value for g, is remarkably close to the value
determined by PL quantum beats,'> and -that of g is very
close to the bulk value.!

In order to relate the PL intensities to the oscillator
strengths, we have to take into account the Boitzman thermal
occupation factors. The ratio between the intensities of two
PL lines in a doublet is given by the ratic of their oscillator
strengths weighted by these factors. This implicitly requires
that the radiating excitonic states are in thermal equilibrinm.
Indeed, we performed the measurements at 9 T both at 4.2
and 2 K and found the expected scaling, We also measured
the integrated PL intensity over a wide temperature range
and found that nonradiative recombination does not play any
significant role. We note that the absolute intensity of a PL
spectrum at a certain magnetic field might depend on the
magnetic field strength as well as on other experimental fac-
tors. However, we are interested only in the relative intensity
of the two emission lines in a given field and polarization,
and this can be very accurately determined from the mea-
surements. To fit the oscillator strength, we fixed g, and g4 at
the values obtained from the energy curves and adjusted the
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FIG. 3. The relative PL intensity in x and y polarizations as
function of magnetic field. The inset shows the energy splittings.
Discrete points mark the experimental results obtained from the .
data shown in Fig. 2. Lines are calculated using Eq. (53) with g,
=—0.36, g=0.03, k=02, §=25 peV, and I'=42 K.

value of & to obtain the best fit. This procedure gives &
=30 eV, We find that the inclusion of the Boltzman fac-
tors reduces the intensities of the higher energy radiative
states and reproduces the observed dominance of the low
energy line above B~6 T. While the general behavior is
well described by this simple model, the quality of the fit to
the oscillator strengths is not good. The good guality fitted
curves shown in Fig. 3 are based on a more elaborate model
which will be deseribed below.

To improve the fit we must include the interaction with
the thl band. This is done by writing a 4 X4 matrix for the
valence electron Zeeman Hamiltonian in the J, basis
13/2), |=3/2), [1/2), |- 1/2). Thus

3
"(‘jgff”*“'f‘\‘/;fI)#BBx 0

0 (ﬁx-%?gq)w?x
3)
~A (2x+5g)ppB,

(Zr+5g)pupB, —-A
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where the thl band is an energy A below the hhl band (A
>0}. Equation (3) describes the energies of the hhl and Ihl
subbands close to their respective edges. No explicil depen-
dence on the in-plane wavevector is included because the
off-diagonal kp terms are negligible for the range of in-plane
wave vectors required to consiruct an exciton.'® Note also
that in deriving H? | the signs of the matrix elements depend
on the choice of Bloch basis functions because of phase fac-
tors which are introduced when the basis functions are oper-
ated on by J7 or J ™.

It is seen in Hf that direct coupling between the |3/2) and
{--3/2) hh states is provided by the g dependent terms. On
the other hand, the x dependent term only contributes to
coupling between hh and Ih states. Hf can be diagonalized
numerically to find the *‘hh-like” wave functions, ¥, and
W a, and the “th-like”” wave functions ¥ ;3 and ¥; . It may
be shown that at low magnetic fields, ¥, and ¥ - approach
the [T™ and {1") states used in the analytical model, The
Coutomb interaction, Ho , mixes plane-wave electron-hole
pair states to create ¢1-hh] and el-Ihl excitons with differ-
ent binding energies.!” The net effect of H 3 is thus to change
the value of A used in Eq. (3) from the difference in the
single particle confinement energies to the difference in the
observed exciton transition energies. Its variation with field
is sufficiently weak for the zero field value {A=3.1 meV)
to be used throughout.

Since the exchange splitting is very small compared 10 A,
we may restrict the derivation of the exchange Hamilionian
Hn 10 the pair state spin basis: (W;,,75), (W15,
(W, 79, (W0, 18, With all parts of the total Hamilionian
now determined, A, is finally diagonalized to give the tran-
sition energies, £,, and eigenvectors, W, . In terms of the
z-quantized states: the eigenvectors have the form (n
=1,2.3.4):

W= a3+ Bl = 320) [ U207+ 6, - 12.1)
FE, 3200+ B~ 3200+ 7, 12.0)+ 5, - 12.1),

()
from whence the oscillator strengths are found:
- —_ ol
a? 51] n n -
]j‘j"_=[_l$.__i.€_+]._} i (5)
. \5 \/_6— \E \/g
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where the upper sigas refer to x polarization and the lower
ones o v. Using g,=—0.38 and ¢=0.03, a very good fit to
the oscillator strengths is obtained for & values between 0.2
and 0.4."% The resulting values for & are between 25 and
20 peV, respectively. We wish 10 emphasize that the quality
of the fit deteriorates significantly for values of #« and &
outside this range. Thus, we can conclude that §=22 peV
=3 ueV. This valoe of the exchange splitting is close to the
estimates for the bulk value,” and as expected is smaller
than that oblained for narrow wells.”® To check the consis-
tency of the procedure, we redo the corve fitting of the en-
ergy curves now calculated by including the light holes, us-
ing the values found for & and «. Taking x=0.2,'! the best
fit for g, is slightly changed 1o —0.36, a value which is in
excellent agreement with that measured in Ref. 15. The best
fit for g is still g=0.03. The theoretical curves for the opti-
mized paramelers are shown as solid and dashed lines in Fig.
.

We have conducted a similar analysis on the 28-nm
sample, and the following values were obtained: g,
= —0.44, ¢g=0.04, «x=033, and &=21 neV. The larger
magnitude of g,. approaching the bulk value, reflects the
fact that the well is wider than in the 22-nm sample.”” The
good consistency of the resulls on both samples provides
additional support for the validity of the analysis.

We wish to comment that the contribution of the cubic
term is usually neglected in the interpretation of magnetic
field experiments. It should be neted that its contribution to
the Zeeman Hamiltonian in our experiment is approximately
a third of that of the electron. For the 4.8-nm wells in the
experiment of Ref. 8, the contribution of the cubic term is
approximately half that of the electron. Thus, neglecting this
term is unjustified.

In summary, we have introduced a methed for measuring
the exchange splitting of the exciton and the coefficient of
the cubic Zeeman term in wide QW’s. We have determined
these parameters in a 22-nm QW with good accuracy and
have shown their convergence to the bulk values.

This research was supporied by the Israel Science Foun-
dation founded by ihe Isracl Academy of Sciences and Hu-
manities. P.C.K. acknowledges sabbatical leave from Oxford
University.
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2.5 Spatial imaging of the photoluminescence-polarization

from a 2DEG near filling factor v=1.

S. Glasberg, H. Shtrikman and 1. Bar-Joseph
Photoluminescence of a two-dimensional electron gas near v=1: the screenihg
response to a photo-excited hole

Under preparation for submission to the Phys. Rev.

We measure the degree of polarization of the photoluminescence from a two-dimensional

electron gas as a function of the filling factor near v=1. The measurements are done by

laterally varying the electron carrier density, and optically imaging the Hall effect near
I, —1.

the v=1 contour. We find that the photoluminescence polarization P= }f-:—:}fm shows a

minimum exactly at v=I, of P~0, with a symmetric rise away from v=1. This result is
opposite to the expectation of P~I for a fully polarized 2DEG at v=1. We show that the
behavior we observe is the result of the strong Coulomb interaction of the 2DEG with the

photo-excited hole.

The quantum Hall states are characterized by their incompressibility. The
incompressibility at even integer filling fattors is due to the single particle cyclotron gap,
whereas at odd filling factor there is a smaller Zeeman gap. In fractional quantum Hall
regime the gap is formed because of electron-electron interactions. Recently, it was found
that the v=1 state is similar to fractional states [1], since even in the absence of a Zeeman
splitting the gap persists due to electronic correlations.

When an extra electron is added to the v=1 state, the system can minimize its energy by
flipping the spin of some electrons, and forming a spin texture termed Skyrmion [1]. The
existence of Skyrmions was verified by NMR [2], absorption [3], and activated transport
measurements {4,5). Similarly, the presence of a positive charge (or the lack of an

electron) will produce an excifation called an “Anti-skyrmion”. Evidence for the
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formation of such a state in the presence of a photo-excited hole was provided by PL
measurements [6].

The mechanism by which a 2DEG screens the potential of a photo-excited hole at v=1
was intensively studied experimentally [6,7] and theoretically [8-10]. In principle a single
electron suffices to screen the photoexcited hole. Thus, the initial state of the 2DEG at
v=1 consists of an electron at the upper Zeeman level and a ferromagnetic electron gas.
This electron forms an exciton with the valance band hole. It was shown that a
recombination of this exciton does not perturb the 2DEG. On the other hand, if an
electron from the filled lowest landau level recombines with the hole, a spin wave
excitation is created. The energy spectrum of this spin excitation is manifested in a low
energy tail of the PL spectrum [7].

In the accompanying paper we study the 2DEG response to a hole at filling factors near
v=1. We study the PL intensity at the two circular polarizations and analyze the
underlying electron screening properties. The PL polarization probes the relative
occupation of the spin-up and spin-down states. We show that the occupation of a spin-up
state is sensitive to the compressibility of the 2DEG. We present a phenomenological
model that quantifies the screening of the valance-hole potential in terms of the 2DEG
screening length.

We have used spatial imaging of the photoluminescence to study the PL properties near
the v=1 state. The set-up is illustrated in Fig. 5.1. The sample was mounted in a cryostat

having birefringent fiee windows. A set-up of lenses and a polarizer collected and

Cryostat window
Image plan A4 wave-plate 2DEG plan

Fiber on
motorized
X-y stage

I \) i U_ﬁ

Linear Lens
polarizer

Lens

Fig. 5.1. The measurement set-up for imaging the 2DEG photolumninescence.
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Fig 5.2. (a) 3D Image of the 2DEG spatially varying PL intensity (¢” polarization).
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Fig 5.2. (b) 3D Image of the 2DEG spatially varying PL energy (¢~ polarization).
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analyzed the spectra from a 2DEG, which was held at a temperature of 1.5K. The PL
was imaged to a plane that was scanned by a fiber. The spatial imaging resolution was
determined by the fiber diameter and was between 7pum to 330pm. The results reported
were obtained with a 50um resolution.

The sample was illuminated by a He:Ne

faser spot that created a density gradient

by depletion (see chap. 2.1). The PL 0.25 L
intensity, being linear in the excitation D?j
. . . . 0.20 |-
intensity, reflects the intensity profile of 20 c
L [m}
N . 3 -‘u 7 N D
laser spot, as seen in Fig. 5.2a. The 2DEG o151 % e
. A
v=| boundary was observed through its 3 W@ A
= m
. . - . m -
unique energy and polarization footprint £ 0.10 A"
S — g
in photoluminescence (Fig.5.2b). At a &
in photoluminesc (Fig ) 005 - §z§h
given magnetic field, this boundary forms ] th _ 4
&
-di i - 0.00 - B
a two-dimensional contour. As seen, o 20 A 54T
wherever filling factor v=1 occurs, a - v 55T
-0.05 F 0 58T
sharp jump in the PL energy is observed. g
The densi ofi] Hbrated b 0.8 0.9 1.0 1.1 1.2
e density profile was calibrated by Filing factor

detecting the v=1 jump as a function of

Fig. 5.3: The degree of polarization P
‘ . of the PL from a 2DEQG, as a function
extensively in the past [6,7] of filling factor near v=1.

Analysis of the intensities is done through

magnetic field. This jump was studied

the degree of polarization, which is given by P=(ls~Io)/ (I»+1;) and measures the
relative occupancy of the Zeeman split levels. Fig. 5.3 shows P at several magnetic fields.
The depolarization towards v=1 is evident. This behavior of the PL intensity near v=I
was also seen with a 2DEG in a CdTe heterostructure [11]. It stands in sharp
contradiction to the results of Ref. 12, where P~/. There, the PL of the 2DEG was
observed using recombination with acceptor bound holes. The perturbation from the
photo-excited hole was minimal because the acceptors layer was remote. Thus, there is a

clear indication to the source of the discrepancy. A rigorous account of the observation is
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not available currently. Nevertheless, a phenomenological model we outlined above is

given in the paper.
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Photoluminescence of a two-dimensional electron gas near v=1: the screening

response to a photo-excited hole

S. Glasberg, H. Shtrikman, and I. Bar-Joseph
Department of Condensed Matter Physics, The Weizmann Institute of
Science, Rehovot 76100, Israel

We have measured the photoluminescence degree of polarization from a two-dimensional
electron gas as a function of magnetic field and camier density near filling factor v=1. We
found that the photoluminescence degree of polarization poses a minimum exactly at v=1,
with a symmetric rise away from that filling factor. We suggest that the depolarization of the
photoluminescence at v=1 manifests the creation of an exciton in the incompressible two-
dimensional electron gas. The gradual recovery of PL polarization away from v=] manifests
the increasing compressibility of the electron gas.

PACS: 71.35.Ji, 78.66.Fd, 78.55.-m, 78.66.-w

The behavior of the two-dimensional electron
gas (2DEG) in the magnetic field regime near
filling factor v=1 is a subject of intensive
research in recent years. At this filling factor
all the electrons reside at the lower spin-level,
and the 2DEG is in an incompressible state. It
was predicted, however, that away from this
filling factors, at v<l or v>1, the 2DEG could
minimize is energy by exciting electrons to
the higher spin level. This excitation, which is
called a Skyrmion [1], is manifested as a rapid
decrease of the spin-polarization of the
electrons in both sides of the v=1 state. This
behavior was indeed observed by NMR
measurements of the electron magnetization
{2].

It is well known that the spin polarization of a
2DEG can also be determined by an optical
measurement. The underlying idea is based on
the selection rules for interband transitions: ¢”
or ¢ circuiarly polarized photons can be
absorbed by a transition to the spin up or down
electron state, respectively. Thus, absorbance
at each of the two poiarization should be
directly related to the occupation of these spin
states. Similar arguments hold for a
photoluminescence (PL) measurement. In that
case, the PL polarization P, defined by
P=(1 g+l o J/(I5:+1 &) where I and [,. are the
intensities at the o and o, respectively,
provide a measure of the electron spin

polarization. These selecition rules were
recently used io determine the electron spin-
polarization in an absorption [3] and PL {4]
measurements at various integer and fractional
filling factors.

v=0.85

(a) o

PL Intensity

1.522 1.524 1.526 1.528
Energy [2V}

Fig. 1: The PL intensity as a function of filling
factor, near v=1. Recombination is from (a) the
LLL o and (b) the next Zeeman split LL o". Insets
show the different recombination processes.

An important factor that should be taken into
account in an optical measurement is the
photo-excited hole. This hole, which is
positively charged, may modify the state of the



2DEG. The understanding of its role in a PL
experiment around v=1 is the focus of this
work. We find that the PL polarization P
exhibits a behavior opposite to that anticipated
for a 2DEG: it is nearly zero at v=1 and
increases symmetrically at both higher and
lower fillings. We show that this behavior
manifests the screening of the hole potential by
the 2DEQ: the electrons at v=1 are at an
incompressible state and screening can only be
achieved by an electron at the higher spin
level. This electron, which can be the photo-
excited electron, could fully screen the hole
charge. At v the electrons become
compressible and partial screeming can be
achieved by the electron redistribution. As a
result, the occupation in the higher spin level at
the vicinity of the hole is lower, Since the PL
intensity is proporiional to ovelap between the
electron and hole it serves as a measure for the
local occupation of the electron spin levels
near the hole,
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Fig. 2: The o' and o  PL intensities from the
Zeeman split LLLs, a3 a function of magnetic field.
Inset: The corresponding degree of polarization of
the PL intensity as a function of the filling factor,

Our measurements were conducted on a single
well sample, consisting of a single sided
modulation doped 26 nm gquantum well with a
50 nm spacer. The electron density of 1.6+ 10"
mW cm? was deduced from the magneto-
optical spectrurn. We performed two kinds of
measurements: one in which the density is
fixed and we change the magnetic field, and
another in which the magnetic field is kept
constant and the density is tined. Both
techniques enabled us to vary the filling factor,
but also allowed us to separate between the
dependence on magnetic field or density and
that which is due to the filling factor. Polarized
PL measurements as a function of magnetic
field were carried out at a temperature of 1.5K
using a pumped helium refrigerator. The
sample was illuminated by He:Ne laser
intensity of 0.1mW cm™ The emitted PL was

Density [10"%em™]
18 14 13]12 11.5 ;2]13‘ 14 44.5

(a) 7711
;:q:{,?gzmmwﬁﬁﬁ
B=0.0

Polarization

{3 )
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Fig. 3: The degree of polarization of the PL
Intensity from the Zeeman split LLLs, as a function
of the position (density).



analyzed with a circular polarizer and collected
with an optical fiber. The signal was dispersed
in a 0.75m spectrometer and detected with a
cooled CCD detector-array. The measurements
as a function of density were done using a
novel technique: we have previously shown
that the illumination of the sample by light at
energy that is below the bandgap of the
barriers causes a depletion of the electron
density in the well. The amount of that
depeletion depends on the density - the higher
the illumination intensity the lower is the
electron density. As a result, when the sample
is illumninated by a light beam with a Gaussian
intensity profile, we expect the electron density
to be the lowest at the center and highest at the
edges. Thus, by imaging the PL from the
iNuminated area and measuring the PL from
each point separately we can obtain the PL
spectrum over a wide range of electron
densities. To conduct this measurement we
used a 1.5 K cryostat having birefringent free
windows.
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Fig. 4: The degree of polarization as a function
filling factor. Inset: the carrier density as a function
of position. (Both obtained from analysis of the
data presented in Fig. 3).
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The sample was illuminated by a He:Ne laser
beam with a spot size of ~1 mm 1/¢° diameter.
The average laser intensity was Imw em™. A
set-up of lenses, quarter wave plate and a
polarizer analyzed the spectra from the 2DEG
and imaged it into a piane. The PL was
collected by an optical fiber whose position at
the imaging plane was controlled using step
motors. The f{iber diameter ranged between
7pm to 350pm in various measurements. The
spatial imaging resolution is directly given by
the diameter of the collecting fiber, since the
magnification of the lens system was unity.
The results shown were obtained with a 50um
diameter fiber. This resolution was found
sufficient, with the collected PL signal being
mechanical scans. Figure 1 shows the PL
spectrum from the lowest Landau level for
several filling factors near v=1 at two circular
polarizations. The filling factor was varied by
a magnetic field. A different dependence on
filling factor is seen at the two polarizations:
large enough to have sufficiently low noise.
Care was taken to ensure the repeatability
between the different polarizations and the ¢
recombination line at v=1 is relatively broad,
with a low energy tail and it becomes narrower
as v is changed to both lower and higher
values. The ¢* recombination line, on the other
hand, remains narrow throughout the filling
factor range. {In both circular polarizations we
observe some asymmetry around v=1, with the
lineshape at v>1 being broader than v<1). This
behavior was already reported in several
carlier experiments [5], [6], and was analyzed
theoretically [7], [8]. It was shown that the
recombination lines at the two polarizations
correspond to two different processes. To see
that let us consider the insets of Fig. 1. We
assume that the system is initially at v=1, with
a single additional photo-excited electron at
the upper spin level. It is evident from the
figure that the final state of the system is not
the same for the two recombination processes.
In the o process the additional electron is
removed and the final state is a filled lower
spin level. The ¢ process, on the other hand,
removes an electron from the lower spin level,
leaving a quasi-hole in the filled spin level and
an electron at the upper one. This final state is



in fact equivalent to a spin-flip excitation of
the v=1 state, and since the relative position of
the electron and quasi-hole can be different,
we get a spin-wave excitation. This excitation
is manifested as a broad low energy tail of the
o line,

We notice, however, that in addition to the
changes in lineshape around v=1 there are
some significant changes in peak intensity,
especially at the ¢ polarization. To guantify
these changes we study the behavior of the PL
polarization P as a function of v. We first do
that by changing the magnetic field, keeping
the density fixed. The results are shown in Fig.
2: a clear and strong dip is observed at n=1
{corresponding to B=6.7 T). This behavior is
opposite of that of the 2DEG spin polarization,
which has a maxinuen at v=1 and decreases at
higher and lower filling factors. It is instructive
to compare this result with the recombination
spectra of a 2DEG with a remote acceptor [4].
In this experiment the PL showed a monotonic
increase its polarization until it reached the
value P=1 at v=1. The main difference
between the two experiments 1s the Jocation of
the valence band hole relative to the 2DEG
along the growth direction. In our experiment,
which is done in a quantum well, the hole is
very close (few nm) to the 2DEG plane while
in Ref. 4 the hole is bound at a distance of 25
nm from the heterostructure. The discrepancy
between our results and that of Ref. 4 points to
the importance of the electron-hole Coulomb
interaction in determining the PL. polarization.
This interaction is much stronger in our
quantum well sample.

We next studied the behavior at a constant
magnetic field while varying the electron
density using our PL imaging setup. The v=l
boundary was observed through its unique PL.
peak energy footprint; at this filling factor (as
in other integer and fractional filling factors)
there is an abrupt jump in peak energy which
reflects a jump in the chemical potential [6, 9].
By conducting this measurements at several
magnetic fields and identifying the v=l
boundary at each field we obtain a calibration
of the electron density at each spatial location
{(see inset of Fig. 4). Let us use this calibration
to study the behavior of the PL polarization P

as a function of v. Figure 3 shows several cuts
through the center of a two-dimensional image
of the PL polarization, taken at different
magnetic fields. Two clear minima are
observed as filling factor v=1 occurs (the
symmetric carrier density profile produces two
minima in the polarization curve). We note
that the Zeeman splitting does not show similar
behaviour. Hence the changes in the intensities
can not originate from changes in the thermal
occupation. Rather, as shown in Fig. 4, a clear
synumetric and linear dip is obtained. Its slope
is about 1.3spin/flux guantum, nearly
independent of the magnetic field.

Let us track the origin of the behavior of the
PL. polarization near v=1. To do so we would
like to obtain the electron occupation near the
photoexcited hole. The occupation of the
Zeeman split LLs is determined by the
minimum energy state, which screens the hole.
There are two distinct ways by which a hole in
screened: by a single electron or by collective
response of the 2DEG. At v=1 all electrons
occupy the lowest LL hence the screening by a
single electron requires occupation of the next
LL with an energy price of £z, which is the
exchange enhanced Zeeman splitting. This
energy is the sum of the bare Zeeman energy
sphitting and the correlation energy paid for
having two electrons occupying a given site
with identical spatial wave-functions. The total
energy splitting is linear with the magnetic
field, and written as g*usB. The enhanced g-
factor depends on density and equals about 6 at
n=1.6-10""' mW cm™ [10], which results in E'
being about 2.5meV.

Let us consider the opposite limit where the
gas is highly compressible. We approximate
the hole as a positive charge disc of diameter
~Ip, where Ip is the magnetic length. The
electronic charge density near that hole, o
can be calculated from linear response theory.
The classical capacitance energy it costs to
screen the hole potential is given by
eNor)prid’r, where & is the dielectric
constant and Vy=-e/ely,. The integral gives
E,.c=3ez,1TF/25133, where Ape is the Thomas-
Fermi screening length.

To model the 2DEG response we construct a
phenomenological energetic function



E)=a g +(1-a)E,

with an amplitude o This function is the sum
of the energy associated with a spin flip of a
net charge ae, and the classical capacitance
energy associated with screening the remaining
positive charge (/-ae) spread over a radius of
f5. Thus o falls in the range 0<v</.

For an ideal 2DEG, the screening length
divergences at v=1. However, localization and
temperature broaden the d-function response
and decreases Aqp to several times the magnetic
fength [11]. Taking Are~/p, Ex is in the order
of 10meV, which is much larger energy than
E',. Hence, w~! minimizes the electron
energy. Away from v=1 App<<iy so £, will be
smaller than £ z. As a resuit one expecis o o
tend to 0.

Based on the analysis above we interpretate the
experimental results as follows: At v=| the
incompressible 2DEG does not screen the
potential of the photoexcited hole. Rather, an
extra (spin flipped) electron is required to
neutralize the hole. The identity of electron
and hole lowest LI wave-functions at high
magnetic fieids guarantees that the cancellation
would be good. As a result, the valance hole
can recombine with either an ‘up' or ‘down’
electron with similar probabilities. Averaging
over many recombination events one indeed
observes at v=1 a degree of polarization close
to zero (Fig. 4). As the filling factor shifts
away from v=1, the electron gas becomes
increasingly compressible. Thus, a screening
via 'rearrangement’ within the levels may be
energetically favorable relative to spin flip.
Thus, the recombination from the next spin

level would diminish and strongly polarized
PL occurs (note that at the relevant range of
filling factors the lowest LL is always
dominantly occupied; 0.8<v <1.2). At v>land
v<l an electron-hole symmetry holds, and
screening by a minority of electrons at v>1 is
equivalent to that from a minority of empty
states in the lowest LL at v<l. Stated more
accurately, both yield the same expression for
the 2DEG  compressibility  wave-vector,
gre=2De’n. This symmetry is the underlining
mechanism that results in a symmetric
variation of the PL polarization about v=1.
Changes in the PL polarization near v=I may
be also related to the relaxation of the
photoexcited electrons into the lowest LL. At
low temperatures the LLL is fully occupied for
v>1, while it becomes increasingly vacant for
v<l], Thus, one may expect an increased rate of
relaxation of the photoexcited spin-up
electrons at v<l. As we observe a symmetric
behavior of the PL about v=l, such a
mechanism has to incorporate symmetric
reduction in the occupation of the LLL for v>1
and v<I, which requires the formation of spin
textures [1, 5]. The screening picture we
presented is certainly consistent with the
formation of spin textures, but does not require
such.

Finally we note that similar behavior of the PL
intensity (and hence polarization) near v=1
was recently reported for a 2DEG in CdTe QW
(12].
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3. Summary

1. Optically generated hole and electron gases

We have demonstrated a new technique to optically generate 2DHG in wide GaAs
QWs. A functional analogy of the new structure with modulation-doped structures was
established. The 2DHG was found to have narrower recombination line-widths, which
we utilized in subsequent works {see chaps. 2.2 and 2.3). The new mechanism has
enabled the realization of a dense spatially separated 2DEG-2DHG system. We have
demonstrated the ability to control the density of each of the gases independently using
two lasers. Measurements and analysis of the system magneto-optical spectrum as a
function of density and inter-well separation showed it is a simple superposition of the
individual gases spectrum. Namely, we did not observe a manifestation of an inter-well
Coulomb interaction. We conclude that further refinements are sought for this system

to show delicate interactions, mainly reducing the optical excitation power.
2. The X* magneto optical spectra and its comparison with that of the X",

We have identified the X" spectral signature in a magnetic field, which consists of spin
singlet and triplet states. We have demonstrated the ability to change the type of excess
carriers from holes to electrons and thus the spectra changed from X' to X within the
same sample. This enabled us to accurately compare the properties of the two
complexes. We found that the binding energies of the two complexes are nearly
identical at zero magnetic field, in contrast with predictions from existing models at the
time. In a magnetic field we found that the X" binding energy remains constant, while
that of the X increases substantially. The modeling of charged excitons at zero and
finite magnetic fields is presently evolving through rigorous theories and comparison

of experimental results with these models shows improved agreement at zero field.
3. Identification of the X' shake-up process and the valance band Landau-levies.

This work gave the first observation of the X" shake-up lines in a magnetic field. It has
also gave a deeper insight into the behavior of the neutral Donor in the presence of a
free hole (D°h) in a magnetic field. The observation of valance-band Landau levels

through the X' shake-up and D% recombination spectrums allowed us to extract the
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cyclotron hole mass and its g factor. These parameters were not readily available from
optical measurements before. These results were obtained with optically generated hole
gas in intrinsic an QW. The sharp PL lines were critical for the high resolution
spectroscopy. In that regard it would be interesting to try and observe delicate features
as the center-of mass Landau-levels of charged excitons, and the 2DHG Landau-levels

at an increased carrier density.

4. The neutral exciton, and the X and X" in a parallel magnetic field.

We have provided a first principle model of the exchange interaction in the neutral
exciton. Experimentally, we have measured the exchange splitting between singlet and
triplet excitons in a regime of weak quantum confinement. The importance of a
measurement at such regime is that it gives values close to those from bulk samples but
avoids the complexity of the analysis of the bulk results. In addition to this result, we
have also measured at the same time the Luttinger parameter ¢ in a GaAs QW for the
first time. We have observed a strong linear degree of polarization of the X” and X' PL
spectrum along the magnetic field axis. We suggest this behavior is the result of the X
and X being polarized along the field. A rigorous calculation of the charged excitons

orbital structure in a parallel magnetic field 1s needed to verify this result.

5. The screening response of a ZDEG near v=1 to a photo-excited hole.

We have measured the 2DEG PL intensity and extracted its degree of polarization near
v=1. We used a set-up that spatially imaged the PL from a 2DEG. The results show
that the photo-excited hole depolarizes the 2DEG differently at v=1 and vs£1. We have
phenomenologically modeled the screening response of the 2DEG. The model explain
the results assuming that at v=1 a single electron screens the photo-excited hole,
whereas at v#1 the screening must involve partial contribution from larger number of
electrons. An interesting challenge is to determine if a skyrmion-like electronic texture

is involved in the screening at v#1.
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