PHYSICAL REVIEW B 106, 075407 (2022)

Spin dynamics of charged excitons in ultrathin (In,Al)(Sb,As)/AlAs and Al(Sb,As)/AlAs
quantum wells with an indirect band gap

T. S. Shamirzaev ®,' D. R. Yakovlev®,>* N. E. Kopteva®,? D. Kudlacik ®,>2 M. M. Glazov®,> A. G. Krechetov,*

A. K. Gutakovskii

,! and M. Bayer®>3

'Rzhanov Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences, 630090 Novosibirsk, Russia
2Experimentelle Physik 2, Technische Universitdt Dortmund, 44227 Dortmund, Germany
3loffe Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
4Kemerovo State University, 650000 Kemerovo, Russia

® (Received 23 May 2022; revised 21 July 2022; accepted 22 July 2022; published 9 August 2022)

The charged exciton recombination and their spin dynamics are studied in ultrathin InSb- and AlISb-based
quantum wells (QWs) surrounded by an AlAs matrix characterized by an indirect band gap. Strong material
intermixing was observed that results in the QWSs being composed of a quaternary In,Al,_,Sb,As;_, or a ternary
AlSb,As,_, alloy. The band alignment in these QWs is identified as type I for (In,Al)(Sb,As)/AlAs and type
II for Al(Sb,As)/AlAs. The magnetic-field-induced circular polarization of the photoluminescence P, is studied
as function of the field strength. The observed nonmonotonic behavior of the P. dynamics at high magnetic
fields is provided by the interplay of negative and positive trions, contributing to the emission. To interpret the
experiment, we have developed a kinetic equation model which accounts for the dynamics of the trion spin states
and the redistribution of trions between these states as a result of spin relaxation. The model is in quantitative
agreement with the experiment and allows us to determine trion radiative lifetimes on the order of hundreds of
microseconds, holes in the trion spin-relaxation times also in the hundreds of us range, electrons in the trion
spin-relaxation times of hundreds of ns, and heavy-hole g factors of about +3.5 for the structures studied.
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I. INTRODUCTION

Heterostructures with semiconductor quantum wells
(QWs) are interesting from several points of view, includ-
ing basic physics as well as optoelectronic and spintronic
applications [1-9]. Among the different types of QWs, the
longest exciton lifetimes up to milliseconds are obtained
in indirect band-gap heterostructures. These long times are
owing to the separation in the momentum space of the op-
positely charged carriers that form the excitons [10-12].
Since the spin-relaxation time of localized electrons can reach
milliseconds due to suppression of spin-orbit coupling ef-
fects, as shown theoretically and experimentally [13—15],
QWs with indirect band gap are highly interesting for study-
ing long-lived localized exciton spin dynamics, which are
not limited by exciton recombination [16—19]. A convenient
technique to address the dynamics of electron and exciton
spins localized in QWs is to track the redistribution of pop-
ulations between the spin states split by a magnetic field,
which manifests itself in the magnetically induced circular
polarization [20]. The redistribution of exciton populations
between optically bright and dark states leads to a circu-
lar polarization of the photoluminescence (PL) induced by
the magnetic field. It was experimentally demonstrated re-
cently in thin QWs with an indirect band gap of type-II
(GaAs/AlAs [21-23]) and type-I ((In,Al)As/AlAs [24]) band
alignment. Both types of QWs have shown a high degree
of circular polarization in magnetic field, which is related
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to (i) long exciton lifetimes, which markedly exceed the
spin-relaxation times of electrons and holes, and (ii) large
g-factor values of the charge carriers. However, a surprisingly
low circular polarization degree (almost zero) of the magnetic-
field-induced PL was observed recently in Ref. [25] for an
antimony-based thin indirect band gap (Ga,Al)(Sb,As)/AlAs
QWs with long PL lifetime that strongly exceeds the carrier
spin-relaxation times, as well as with electron and hole g
factors similar to those in GaAs/AlAs QWs [22].

In this paper, we investigate the effect of a magnetic
field on the recombination and spin dynamics of charge
carriers in ultrathin antimony-based indirect band gap QWs
with band alignment of type-I for (In,Al)(Sb,As)/AlAs
and of type-II for AI(Sb,As)/AlAs. We demonstrate that
in contrast to previously studied ultrathin indirect band
gap GaAs/AlAs and (In,Al)As/AlAs QWs, where the spin
and recombination dynamics of photoexcited charge carri-
ers are determined by the distribution over exciton bright
and dark states [21,22,24,26], the ultrathin antimony-based
(In,Al)(Sb,As)/AlAs and Al(Sb,As)/AlAs QWs with a sim-
ilar energy spectrum show qualitatively different spin and
recombination dynamics of the charge carriers. Surprisingly,
the PL intensity of the QWs studied in this paper does not
change in magnetic field. Furthermore, the dynamics of the
PL circular polarization degree (P,) are unusually nonmono-
tonic. The P, rises for several tens of microseconds, reaches
a maximal value, and then decreases on longer timescales.
This unexpected experimental behavior is explained by a the-
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oretical model taking into account the spatial separation of
electrons and holes localized on fluctuations of the QW inter-
faces. The carrier separation results in formation of negatively
and positively charged excitons (trions) that recombine in a
magnetic field, leading to emission of o~ and o circularly
polarized photons, respectively. As a result, the dynamics of
the PL circular polarization are nonmonotonic and the time-
integrated polarization of the emission is close to zero.

The paper is organized as follows. In Sec. II, the
studied samples and the experimental techniques are
described. In Sec. III, we present the experimental
data from transmission electron microscopy and also
on the exciton dynamics obtained in an external mag-
netic field by time-integrated and time-resolved PL. Also,
the time-integrated and time-resolved circular polariza-
tion of the PL induced by the magnetic field are
given. The theoretical model describing the negative and pos-
itive trion dynamics in the ultrathin QWs is presented in
Sec. IV. The experimental data are analyzed in the frame of
this model. We also perform model calculations for several
cases of interest for future experimental studies (Sec. V). The
conclusion is given in Sec. VI.

II. EXPERIMENTAL DETAILS

The (In,Al)(Sb,As)/AlAs and Al(Sb,As)/AlAs ultrathin
QWs studied in this paper were grown by molecular-beam
epitaxy on semi-insulating (001)-oriented GaAs substrates in
a Riber Compact system. The structures consist of a layer
with a nominal thickness of 0.25 monolayers (MLs) of InSb
or AlISb embedded between 50-nm-thick layers of AlAs,
grown on top of a 200-nm-thick GaAs buffer layer. The lower
AlAs layer in all structures was grown at a temperature of
620 °C. Then the growth was interrupted, and the substrate
temperature was decreased down to 480 °C under As flux dur-
ing cooling. The AlAs surface has a c(4 x 4) reconstruction
(measured by the reflection high-energy electron diffraction
technique). The InSb or AISb layers were deposited at a rate
of 0.1 ML/s as calibrated in the center of the wafer using
reference samples. The accuracy of the material deposition
was better than 0.05 ML. The upper AlAs layer was grown
at the same substrate temperature as the corresponding InSb
or AlSb layers. A 20-nm-thick GaAs cap layer protects the
top AlAs layer against oxidation.

The atomic structure of the samples was analyzed by scan-
ning transmission electron microscopy (STEM) employing a
Titan 80-300 FEI device. Visualization of the distribution of
chemical elements (chemical mapping) was performed using
energy dispersive X-ray spectroscopy (EDAX) with a spatial
resolution of 1 nm.

The samples were placed in a split-coil magnet cryostat
and exposed to magnetic fields up to B = 8 T. The angle 6
between the magnetic field direction and the QW growth axis
(z axis) was varied between 0° (Faraday geometry) and 45°.
The temperature was varied from 7 = 1.6 K up to 60 K. The
time-resolved and time-integrated PL was excited by the third
harmonic of a Q-switched Nd:YVOy laser (3.49 eV) with a
pulse duration of 5 ns. The pulse energy density was kept
below 100 nJ /cm? and the pulse-repetition frequency could be
varied from 400 Hz up to 100 kHz [27]. Steady-state PL was

excited by a semiconductor laser diode with photon energy of
3.07 eV and excitation density that could cover the range from
1 mW /cm? to 30 W/cm? by using a gradient neutral filter. The
emitted light was dispersed by a 0.5-m monochromator. For
the time-integrated measurements, the PL. was detected by a
liquid-nitrogen-cooled charge-coupled-device camera, while
for the time-resolved measurements a GaAs photomultiplier
combined with a time-correlated photon-counting module was
used. To monitor the PL decay in a wide temporal range up
to 2.5 ms, the time resolution of the detection system (i.e.,
the binning range of the photon counting events) was varied
between 32 ns and 2.5 us.

The exciton spin dynamics were analyzed from the PL by
measuring the circular polarization degree P. induced by the
external magnetic field. P, was evaluated from the data by

Io+ — 15—
I+ +1,- ’

c

where I+ and I,- are the intensities of the o™ and o~ polar-
ized PL components, respectively. To determine the sign of P,
we performed a control measurement on a diluted magnetic
semiconductor structure with (Zn,Mn)Se/(Zn,Be)Se QWs for
which P, > 0 in Faraday geometry [28].

III. EXPERIMENTAL RESULTS

A. Transmission electron microscopy

A cross-section TEM image and chemical mapping of
Al, In, Ga, As, and Sb in cross-section STEM images for
the Al(Sb,As)/AlAs and (In,Al)(Sb,As)/AlAs as well as the
recently studied [25] (Ga,Al)(Sb,As)/AlAs heterostructures
containing QWs with a nominal thickness of 0.25 ML are
shown in Fig. 1.

Let us take a closer look at these chemical maps. The
thickness of the QW, which was estimated from the Ga, In,
or Sb atom spread, exceeds the nominal one ML accord-
ing to the design of the growth procedure for all studied
structures. Therefore, material intermixing occurs and the
QWs contain either a ternary AISb,As;_, alloy or a qua-
ternary In,Al;_,SbyAs;_,, respectively Ga,Al;_,.SbyAs_,
alloy. One can see that the profile of the material spread
strongly depends on the chemical elements forming the QW.

Commonly, thin QWs such as, for example,
GaAs/AlAs [21] or InAs/InP [29] were described as thin
slabs with abrupt heterointerfaces. However, microscopy
shows that a strong intermixing of the well and barrier
materials takes place for In and Sb containing layers
placed in a AlAs matrices. This intermixing occurs due
to strain-driven segregation [30-36]. Thus, the indium and
antimony composition profiles across a QW are not abrupt.
To describe the material profile in the case of one component
segregation, such as, for example, in structures combining
InAs/AlAs or AlSb/AlAs heteropairs, the phenomenological
model of Muraki et al. [37] can be used [18,31]. In the
framework of this model, the indium (antimony) composition
x along the QW growth direction is described as [37]

x(n) =x(1 —R"), 1<n<N,
x(n) =x(1 =RHR"™, n>N. (1)
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Here xq is the nominal In (Sb) composition, n is the ML index,
N is the total amount of deposited indium (antimony), and
R is the segregation coefficient. This model was proposed
to describe segregation into ternary alloys. In our case, for
structures combining GaSb/AlAs and InSb/AlAs heteropairs
we expect segregation into quaternary alloys. However, it is
well known that Ga does not segregate into AlAs [38,39].
Therefore, for the (Ga,Al)(Sb,As)/AlAs QWs, we have only
the Sb segregation. For structures based on InSb/AlAs, seg-
regation of both In and Sb occurs. In principle, a mutual
effect of the components on their segregation is possible.
However, since In and Sb are diffusing in different sublattices
and their concentrations are small enough, we assume that the
segregation profiles for In and Sb can be obtained indepen-
dently of each other. The coefficients R for segregation of
Sb and In in GaAs and AlAs were determined in different
studies [30,32,33,36]. For both species, it is in the range of
0.76 < Ry, Rsp < 0.86, depending on the growth tempera-
ture. The microscopy data indicate a stronger segregation for
antimony, which is confirmed by our recent study on the
spinodal decomposition in InSb/AlAs heterostructures [40].
Therefore, we choose Ry, = 0.77 and Rgp, = 0.80, which pro-
vide a longer tail for the antimony segregation. Taking into
account the amount of deposited In and Sb (N = 0.25 ML) we
calculated the profiles of the In and Sb concentrations for the
In,Al;_As_,Sby, AlAs,_,Sb,, and Ga,Al;_ As;_,Sb, al-
loys, respectively, along the QW growth direction. The results
of these calculations are shown in Figs. 2(a)-2(c). One can see
that in all QW structures, the In and Sb fractions are extended
into some diffusion layers. Contrary to that, the Ga atoms do
not segregate into AlAs and accumulate at the heterojunction
within a layer with a thickness of 2 ML, as shown for GaAs
QWs in an (Al,Ga)As matrix [38,39,41].

GaAS_» s S e e
AlAs
AISb —
AlAs
GaAs— -

& LELL.

FIG. 1. TEM and chemical mapping in cross-section STEM images, obtained by the EDAX technique. From top to bottom:
(Ga,Al)(Sb,As)/AlAs, Al(Sb,As)/AlAs, and (In,Al)(Sb,As)/AlAs QW heterostructures. The distribution of elements is depicted by colors:
Ga orange, Al yellow, As green, Sb red, and In blue.

B. Photoluminescence

Time-integrated PL spectra of the studied structures, mea-
sured at a temperature of 5K with a laser pulse repetition
rate of 100 kHz and excitation density of 100 mW/cm?,
are shown in Fig. 3. The spectra show broad emission
bands with maxima (full widths at half maximum) of
Epax =2.040 eV (190 meV) and 1.950 eV (180 meV)
for the (In,Al)(Sb,As)/AlAs and AI(Sb,As)/AlAs QWs,
respectively. Additionally, Fig. 3 shows the spectrum of
(Ga,Al)(Sb,As)/AlAs QWs with the same nominal thickness
taken from Ref. [25] for comparison, with Ey.x = 1.850 eV
(170 meV). The large linewidths of the PL spectra of the
studied QWs result from inhomogeneous broadening of the
electron and hole energy levels due to fluctuations of the QW
width and composition.

We demonstrated recently that QWs and quantum dots
formed in the GaSb/AlAs and InSb/AlAs heterosystems can
have both type-I or type-II band alignment, depending on
the composition [10,19,40,42,43]. For AISb/AlAs QWs with
a nominal thickness of more than 1 ML, the type-II band
alignment is inherent [10-12].

A method for identifying the type of band alignment in
QWs with heterointerface fluctuations was proposed recently
in Ref. [31]. It was shown that in such structures the PL max-
imum, E;,, measured as a function of the excitation power
density, P, is described by the following expression:

Emax (Pex) — Emax (Po) = (U, + Up)In(Pex /Po) + b(Pex /Pp)'>.
2)

Here U, and U, are the parameters of the Urbach energy
tails for electrons and holes, respectively, Py is the mini-
mum value of the used excitation power density, and b is a
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FIG. 2. Segregation profiles in interdiffused QWs with a nominal amount N = 0.25 ML of deposited material (shown by cyan) along the
QW growth axis, calculated by using Eqs. (1) with segregation coefficients in AlAs for indium Ry, = 0.77 and antimony Rg, = 0.80, and
taking into account that gallium atoms do not segregate into AlAs, for (a) In and Sb in (In,Al)(Sb,As)/AlAs, (b) Sb in AI(Sb,As)/AlAs, and
(c) Ga and Sb in (Ga,Al)(Sb,As)/AlAs QW heterostructures. Band diagrams of the interdiffused QWs calculated for these segregation profiles
in the envelope function approximation within the eight-band k - p model for electrons and holes, taking into account elastic strain in the
heterostructures, using the nextnano++ simulation suite, for (d) (In,Al)(Sb,As)/AlAs, (f) Al(Sb,As)/AlAs, and (e) (Ga,Al)(Sb,As)/AlAs. X,,
are the conduction band minima (magenta); the valence band has heavy hole character (black).

variable parameter. The logarithmic term describes the effect
of electronic-state filling in the QWs for both type-I and type-
II band alignments. The second term takes into account the
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FIG. 3. Normalized time-integrated photoluminescence spectra
of the (In,Al)(Sb,As)/AlAs (red) and Al(Sb,As)/AlAs (green)
QWs. Additionally, for comparison, we show the spectrum of the
(Ga,Al)(Sb,As)/AlAs QW (sample S1) (dashed blue) studied in
Ref. [25]. The pulse repetition rate of the excitation laser is 100 kHz.
T=5K.

band bending, which appears with increasing charge carrier
concentration in QWs with type-II band alignment due to the
spatial separation of the carriers between QW and matrix, but
it is absent in QWs with type-I band alignment where b = 0.
To determine the type of band alignment for the studied
QWs, we measured the PL line energy as a function of ex-
citation power density in the range of linear increase of the
steady-state PL intensity [31]. The dependence of the PL line
shift on the excitation power density [Emax(Pex) — Emax (Po)
for Py = 1073 W/cm?] is given in Figs. 4(a) and 4(b) for the
(In,Al)(Sb,As)/AlAs and Al(Sb,As)/AlAs QWs, respectively.
The PL shift is well described by only the logarithmic term
in Eq. (2) in the case of (In,Al)(Sb,As)/AlAs QWs (U, +
U, = 1.5 £ 0.1 meV), while both the logarithmic (U, + U, =
2.5+ 0.1 meV) and b = 0.35 £ 0.01 meV terms are needed
for the Al(Sb,As)/AlAs QWs. Therefore, we can conclude
that the (In,Al)(Sb,As)/AlAs and Al(Sb,As)/AlAs QWs have
a band alignment of type I and type II, respectively. The band
diagrams of the QWs are shown schematically in the insets of
Fig. 4. The characteristic (Urbach) energy tails in the densities
of electron and hole states, 2.5 meV and 1.5 meV, are smaller
than the value of 9.9 meV observed for (Ga,Al)(Sb,As)/AlAs
QWs in our recent study [25]. However, it is worth noting
that in all cases the Urbach energy tails are several orders
of magnitude smaller than the PL. bandwidth. The smallness
of the Urbach tail in comparison with the PL bandwidth
has been explained recently [31]. The fluctuations are caused
by the spatially inhomogeneous antimony segregation when
overgrowing a thin InSb, AlSb, or GaSb layer with aluminum
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FIG. 4. Energy shift of the PL band maximum in the stud-
ied structures as function of excitation density. 7 = 1.8 K. Solid
lines give the dependence according to Enux(Pex) — Emax(Po) =
(U, 4+ Up) In(Pey / Py) + b(Poy /Py)'? meV with Py = 1073 W/cm?:
(a) (In,Al)(Sb,As)/AlAs, (b) Al(Sb,As)/AlAs. Insets show schemat-
ically the QW band structures. The I" and X valleys of the conduction
band are presented by black and green (and blue) colors, respectively.
The red arrows mark the optical transitions.

arsenide. Thus, the QWs are formed by relatively thick layers
of alloy with strong spatial fluctuations of the composition
both in the QW plane and along the growth direction. The
energy spectrum of such QWs is given by a continuous set of
fluctuations of varying size. However, for the sake of simplic-
ity, we can divide the fluctuations into two types with different
lateral sizes: (i) short-range fluctuations with lateral sizes
comparable with the de Broglie wavelength of charge carriers
and (ii) long-range fluctuations with lateral sizes significantly
exceeding the de Broglie wavelength, resulting in the band
gap (E,) dispersion. The segments with the short-range fluc-
tuations are responsible for the Urbach energy tails, whereas
the long-range fluctuations lead to the inhomogeneous PL
broadening, resulting from superposition of the spectra of all
segments (see Fig. 5).

The long-range spatial fluctuations of the composition in
Al-, Ga-, and In-antimony-based thin QWs are much stronger

=
A =
+

9]

3

Energy

Linewidth

Lateral coordinate

FIG. 5. Schematic illustration highlighting the effect of mate-
rial composition and composition fluctuations on the QW energy
spectrum. Two types of fluctuations, short-range and long-range,
are responsible for the Urbach tails and linewidths, respectively, as
shown in Ref. [31].

than those in Ga- and (In,Al)-arsenic-based QWs studied in
recent manuscripts [21,24]. Increasing the fluctuation range
leads to a stronger localization of charge carriers in the QWs
that should clearly manifest in the temperature dependence
of the QWs PL intensity. Figure 6 shows the PL intensity as
a function of temperature measured in (In,Al)(Sb,As)/AlAs
and AI(Sb,As)/AlAs QWs, as well as for (In,Al)As/AlAs [24]
and GaAs/AlAs QWs [21] studied previously. One can see
that the PL intensity monotonically decreases for increas-
ing temperature in all QWs. This decrease is related to
nonradiative centers at the heterointerfaces, which capture ex-
citons more efficiently at elevated temperatures as the exciton
diffusion length increases with increasing temperature due
to delocalization [44-46]. However, in (In,Al)As/AlAs and
GaAs/AlAs QWs, the PL intensity is decreased by about one
order of magnitude for increasing temperature from 2 K up
to 15 K, while in Al(Sb,As)/AlAs and (In,Al)(Sb,As)/AlAs

1.0 Dok vt *  (In,Al)Sb,As)
— Al(Sb,Al)
= 08_ *: o (ln,AI)AS
% <;> O GaAs
o]

8 0610 Y
>
= O
g 04+ o
1= - *
T 0.2} %

*

0.0 :

L 1 L 1 L L 1 L 1
0O 20 40 60 80 100
Temperature ( K)
FIG. 6. Normalized PL intensity as function of temperature
measured for (In,Al)(Sb,As)/AlAs, AI(Sb,As)/AlAs,

(In,Al)As/AlAs [24], and GaAs/AlAs [21] thin indirect band
gap QWs.
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QWs the PL intensity barely changes up to 20 K and begins
to decrease only for higher temperatures.

Let us have a closer look into the energy-level spectrum
of the antimony-based thin QWs by computing the single-
particle states in the envelope function approximation within
the eight-band k - p model for electrons and holes, using
the nextnano++- simulation suite. The parameters of the al-
loys were calculated in the quadratic approximation using
the parameters of the InSb, InAs, AlSb, and AlAs binary
compounds [47]. The distribution of elastic strain in the
heterostructure was calculated in the solid state approxima-
tion [48] by minimizing the elastic energy. The results of the
calculations are shown in Figs. 2(d)-2(f). One can see that the
band alignment is of type I for (In,Al)(Sb,As)/AlAs QWs and
of type II for Al(Sb,As)/AlAs QWs, which is in good accor-
dance with the experimental observations presented here, as
well as of type I for (Ga,Al)(Sb,As)/AlAs QWs as observed
in Ref. [25].

C. Effect of magnetic field on photoluminescence

We found recently that a longitudinal magnetic field
strongly affects the (i) PL intensity and (ii) exciton lifetime in
thin indirect band gap QWs with either type-I or type-II band
alignment. This effect was observed in GaAs/AlAs [21,22],
(In,Al)As/AlAs [24], and (Ga,Al)(Sb,As)/AlAs [25] QWs.

Despite the fact that the studied antimony-based thin
(In,Al)(Sb,As)/AlAs and Al(Sb,As)/AlAs QWs have a simi-
lar band structure, the behavior of their PL in magnetic field,
as we will show in the next subsections, differs significantly
from that in the previously studied thin indirect band gap
QWs.

1. PL intensity in magnetic field

Time-integrated PL spectra measured in zero magnetic
field and B = 8 T applied parallel to the growth axis (Faraday
geometry) for the (In,Al)(Sb,As)/AlAs and AI(Sb,As)/AlAs
QWs, are shown in Figs. 7(a) and 7(b), respectively. Surpris-
ingly, the magnetic field does not change the PL intensity for
both QWs.

The dynamics of the unpolarized PL intensity mea-
sured at the PL maximum of the (In,Al)(Sb,As)/AlAs and
Al(Sb,As)/AlAs QWs are shown in Figs. 8(a) and 8(b), re-
spectively. In both cases, the recombination dynamics show
two distinct stages: (i) a fast nonexponential decay during
the initial time after the excitation pulse, which is fol-
lowed by (ii) an exponential decay with times of t"S® =
0.35 ms and t,Ale = 0.38 ms for (In,Al)(Sb,As)/AlAs and
Al(Sb,As)/AlAs, respectively.

The initial short-term nonexponential dynamics arise from
exciton hopping to the nearest lower energy localization site
with momentum scattering of the indirect exciton. This was
observed in many indirect band gap QW structures with disor-
der induced by fluctuations of the QW width and composition.
However, since most of the PL intensity in the time-integrated
spectra is collected during the times corresponding to the
long-term decay, we focus in our analysis on this dynamical
range.

In a longitudinal magnetic field of 8 T, the decay time of the
long-term component in both structures remains unexpectedly

0.5

o
o

PL intensity (arb. units)
=

o
o

Al(Sb,As)/AlAs

00||| PR |
1.8 19 20 21 2.2

Energy (eV)

FIG. 7. Low-temperature (1.8 K) time-integrated PL spectra of
the ultrathin QWs measured at magnetic fields O T (dashed black
line) and 8 T (solid red line) in the Faraday geometry (B || z):
(a) (In,Al)(Sb,As)/AlAs, (b) Al(Sb,As)/AlAs.

the same as in zero field as shown in Fig. 8. This is in contrast
to other studies where it strongly slows down in other thin
QWs with indirect band gap subject to a similar magnetic field
(up to 25 times from 0.36 to 8.5 ms in GaAs/AlAs QWs) [21].

2. Magnetic field induced circular polarization

Application of the magnetic field in the Faraday geom-
etry results in polarization of the emission as shown for
B =4 T in Figs. 9(a) and 9(b) for (In,Al)(Sb,As)/AlAs and
Al(Sb,As)/AlAs QWs, respectively. One can see that P, is
positive (i.e., it is dominated by the o™ polarized PL compo-
nent) in contrast to ML-thick GaAs/AlAs, (In,Al)As/AlAs,
and (Ga,Al)(Sb,As)/AlAs QWs which show negative polar-
ization in magnetic field [22,24,25]. The value of P, at the PL
maximum for B =4 T equals 0.27 for (In,Al)(Sb,As)/AlAs
QWs and 0.11 for AI(Sb,As)/AlAs QWs.

The magnetic field dependencies of P, measured at the PL.
maximum in Faraday geometry, 6 = 0°, and for tilted from
the growth axis magnetic fields 6 € [0°, 45°] are shown in
Fig. 10. The P, for both QWs increases and reaches saturation
at high magnetic fields for all 6. The polarization degree in
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FIG. 8. Recombination dynamics measured at the PL. maximum
in longitudinal magnetic fields of B = 0 (dashed black line) and 8 T
(solid red line). (a) (In,Al)(Sb,As)/AlAs QW dynamics recorded at
2.00 eV. The solid line is a monoexponential fit with t"S® = 0.35 +
0.02 ms (b) Al(Sb,As)/AlAs QW dynamics recorded at 1.93 eV. The
solid line is a monoexponential fit with A" = 0.38 £ 0.02 ms. The
laser pulse repetition rate is 400 Hz. The laser pulse ends at 10 ns.
T =18K.

saturation decreases with the 6 increase from 0.30 (0.12) in
the Faraday geometry down to 0.22 (0.085) at 6 = 45° for
the (In,Al)(Sb,As)/AlAs (Al(Sb,As)/AlAs) QWs. The P.(B)
dependencies on 6 are qualitatively different from those in
the previously studied thin indirect band gap QWs. In these
QWs, P, behaves nonmonotonically in Faraday geometry. It
increases at low magnetic fields before it reaches a maximum
absolute value, and then decreases in strong fields (as shown,
for example, in Fig. 2 of Ref. [22]). In tilted geometries, these
QWs also demonstrate an increase rather than a decrease of
the polarization degree in high magnetic fields (see Fig. 5 in
Ref. [22]).

For a fixed longitudinal magnetic field B = 7 T, the P.(T)
in the (In,Al)(Sb,As)/AlAs (Al(Sb,As)/AlAs) QWs demon-
strates a monotonic decrease from 0.3 (0.12) at 1.6 K down to
about 0.01 (0.01) at 15 K, as shown in Figs. 11(a) and 11(b).
This temperature dependence is also different from other in-
direct band-gap QWSs, which demonstrate a nonmonotonic

1.0F (a)

08FT=18K
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= O
© o
T

(b)
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o
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~
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0.0I....I....I..
1.8 1.9 2.0 2.1

Energy (eV)

FIG. 9. Time-integrated PL spectra of the ultrathin QWs mea-
sured in Faraday geometry (B || z) at a magnetic field of 4 T in o™
and o~ polarization for T = 1.8 K. The pulse repetition rate is 2 kHz
and the emission is integrated over the temporal range of 0 — 0.5 ms:
(a) (In,Al)(Sb,As)/AlAs, (b) Al(Sb,As)/AlAs.

temperature dependence of the polarization degree. P.(T)
increases with growing temperature, reaches its maximum
absolute value, and then decreases at higher temperatures (see
Fig. 4 in Ref. [22]).

The time evolution of P, after pulsed excitation measured
at B = 8 T is depicted in Fig. 12. In both QWs, the polariza-
tion dynamics are unusually nonmonotonic. During the initial
rise phase, which spans tens of microseconds, P, reaches 0.40
(0.14) for the (In,Al)(Sb,As)/AlAs (Al(Sb,As)/AlAs) QWs
and then tends to zero for time delays up to 1 ms.

In conclusion of this section, we summarize the most im-
portant experimental findings:

(i) Material intermixing occurs, and the QWs consist of a
quaternary In,Al;_,SbyAs;_, or a ternary AlSb,As;_, alloy.

(i1) (In,Al)(Sb,As)/AlAs and Al(Sb,As)/AlAs QWs have a
band alignment of type I and type II, respectively.

(iii) Strong long-range spatial fluctuations of the compo-
sition both in the QW plane and along the growth direction
result in a strong inhomogeneous broadening of the PL spectra
from the (In,Al)(Sb,As)/AlAs and Al(Sb,As)/AlAs QWs.
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FIG. 10. Magnetic field dependence of the polarization degree
measured at the maximum of the time-integrated PL of 6 = 0°, 15°,
30°, and 45°. (a) (In,Al)(Sb,As)/AlAs QWs, (b) Al(Sb,As)/AlAs
QWs. The solid lines show the results of model calculations for
0 = 0° using the parameters given in text.

(iv) Intensity and dynamics of the exciton radiative recom-
bination in both (In,Al)(Sb,As)/AlAs and Al(Sb,As)/AlAs
QWs do not depend on the magnetic field strength in any
geometry. That is in contrast to the previously observed
strong dependence of these PL parameters on the magnetic
field strength in Faraday and tilted-field geometries for sim-
ilar indirect band gap QWs, such as GaAs/AlAs [21,22],
(In,Al)As/AlAs [24], and (Ga,Al)(Sb,As)/AlAs [25].

(v) Circular polarization P, induced by the external mag-
netic field in both QWs is positive (dominated by the o™
polarized PL component), in contrast to previously observed
negative P, in other indirect band gap QWs [21,22,24,25].

(vi) In both QWs, P.(B) demonstrates a monotonic increase
with saturation in strong fields for all angles between the
growth axis and the external magnetic field. An increase of
the tilt angle 6 from 0° to 45° as well as temperature increase
lead to a monotonic decrease of P, for fixed B. This is op-
posite to results on similar indirect band-gap QWs where P,
demonstrates a nonmonotonic dependence for varying 6 or
temperature [21,22,24,25].

03 Lo B=7T 6=0
O (In,Al)(Sb,As)/AlAs
02 o
o [
;,), 0.1} o
c @
a
S [ °© o
-l(—“‘ 00 1 1 L
N
(_LB 0.15 -
3 : AI(Sb,As)/AlAs
- i)
©
= - 0
§ 0.10
'S (o)
0.05 [ °©
[ o
[ (b) °© o
000 P T S S
0 5 10 15

Temperature (K)

FIG. 11. Temperature dependence of the polarization degree
measured at the maximum of the time-integrated PL for 6 = 0°.
B =7T. (a) (In,Al)(Sb,As)/AlAs QWs, (b) Al(Sb,As)/AlAs QWs.

(vii) Dynamics of P, are strongly nonmonotonic in time.
The P. is increasing up to a maximum value during several
tens of microseconds and then decreases to zero.

IV. DISCUSSION

We have demonstrated recently that the recombination and
spin dynamics of photogenerated charge carriers in many
systems containing thin indirect band gap QWs are described
by a theoretical model which accounts for the fine structure
spectrum of the neutral exciton [21,22]. This exciton fine
structure consists of four states, acoording to the combina-
tions of the angular momenta of electron and hole. The two
exciton states characterized by the angular momentum pro-
jections £1 onto the growth z axis are bright and the two
states with the projections 42 are nominally dark [21,22].
The bright excitons can emit light also via phonon-assisted
processes. For the dark excitons, radiative recombination is
forbidden by the spin-selection rules. Their lifetime is limited
by nonradiative recombination, which is very inefficient in
this type of QWs [21,22]. Thus, the dark exciton states have a
relatively long lifetime and can act as a reservoir of excitons.
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FIG. 12. Dynamics of the circular polarization degree at the max-
imum of the time-integrated PL line measured at 7 = 1.8 K for
B = 8 T in the Faraday geometry: (a) (In,Al)(Sb,As)/AlAs QWs and
(b) AI(Sb,As)/AlAs QWs. The solid lines show the model calcula-
tion results with the parameters given in the text.

In a magnetic field, the excitons undergo the Zeeman splitting
and the dynamics of PL intensity and polarization degree are
determined by the distribution of the exciton population over
the bright and dark states. According to the theoretical model,
the sign of P, is determined by the signs and absolute values
of the electron and hole g factors, and the ratio between the
electron (74 ) and heavy hole () spin-relaxation times.

Let us have a closer look at the electron and hole g factors
in thin indirect band-gap QWs of both type-I and type-II band
alignment, embedded in a AlAs matrix. The electron is in the
X valley and its g-factor (g,.) is equal to 42, since due to the
large band gap at the X point, the spin-orbit contribution to g,
is vanishingly small. This was demonstrated experimentally
in recent studies [49-51]. The wave functions of the heavy
holes in the thin QWs are predominantly localized in the
AlAs matrix, therefore, the heavy hole g factor (gpy) is mainly
determined by the AlAs band properties. For all previously
studied QWs, gny is positive and the relation gy, > g, is full-
filed [21,22,24,25].

The diagram of the Zeeman splitting of the exciton for
these g factors is shown schematically in Fig. 13. For gy, > g.,
the bright exciton g factor is positive and P, in low magnetic
fields is negative. It is dominated by the lower in energy, o~
polarized PL component as one can see in Fig. 13 for any re-
lation between 7, and ty, [22]. Additionally, in high magnetic
fields the excitons mostly populate the dark state, which is

Energy

Magnetic field

FIG. 13. Scheme of the exciton spin structure in magnetic field,
applied in the Faraday geometry, B || z. The case of positive g, and
gnn With gny > g, 1s shown. The labels +4-, ——, —4, and 4+— corre-
spond, respectively, to the exciton states with spin projection 42, —2,
+1, and —1. The blue lines show the optically dark (spin-forbidden)
states. The red lines show the bright (spin-allowed) states that result
in o™ (solid line) or o~ (dashed line) polarized emission. The arrows
indicate electron (hole) spin-flip processes increasing (dash-dotted)
and decreasing (solid) the carrier energy, respectively.

the lowest in energy, which should result in slowing down the
recombination and reducing the PL intensity with increasing
field, as observed in our recent studies [21,22,24,25]. How-
ever, one can clearly see that the experimental data obtained
here contradict to the previous observations and cannot be
explained within the exciton model.

The main difference in the energy-level spectrum of the
antimony-based thin indirect band gap QWs studied here in
comparison to arsenic-based GaAs/AlAs and (In,Al)As/AlAs
QWs is the strong energy dispersion of the electron and hole
states due to long-range spatial fluctuations of the QW width
and composition. We assume that under conditions of such
a strong dispersion of the energy levels, spatial separation
of the photogenerated charge carriers in the QW plane is
possible, as shown in Fig. 14. This spatial separation will lead
to formation of positively and negatively charged trions, so
the experimentally observed dynamics of the PL intensity and
polarization will be determined by the sum of the contribu-
tions from these oppositely charged excitons. We show below
that such a trion-based model of the PL accounts for all key
experimental observations.

A. Theory

In this section, we present a kinetic theory of the PL polar-
ization taking into account trion states. The main assumption
in our model is that photogenerated charge carriers separate
in space and, in the course of energy relaxation, trions are
formed. The negative trion, T, consists of two electrons
in the spin-singlet state and a hole with unpaired spin. The
positive trion, T, consists of the two holes in the spin-singlet
state and an electron. We assume that the trions right after

075407-9



T. S. SHAMIRZAEYV et al.

PHYSICAL REVIEW B 106, 075407 (2022)

— VAt

VA -2 T v

I I
| o) c | o,
el R 4t
-3/ T 172
— —

Energy

9¢:>0, 94,>0

L\ [ VB

>

Lateral coordinate

FIG. 14. Schematic illustration of the spatial separation of pho-
togenerated charge carriers in a QW with strong energy dispersion
of the electron (blue circles) and hole (red circles) states. Insets
show the fine structure of positively and negatively charged trion spin
states, undergoing the Zeeman splitting. The thick (thin) arrows cor-
respond to dominating (suppressed) optical transitions in emission.

formation are unpolarized, i.e., the relaxation of the charge
carriers in energy and the formation of trions occur faster
than the spin relaxation of electrons and holes. Note that in
the opposite case where the trions form from unpolarized
excitons and polarized carriers, the PL. emission polarization
monitors the polarization of the resident carriers, as consid-
ered in Ref. [52]. The trions can be characterized by the spin
of the unpaired charge carrier: the hole for the 7~ trion and
the electron for the 7 trion. We introduce fi3 /2, the number
of negative trions with the hole-spin component +3/2 on the
growth axis, and f41/,, the number of positive trions with
the electron-spin component £1/2. Neglecting conversion be-
tween TT and T~ trions, we obtain two independent sets of
kinetic equations for the trion dynamics:

dfiap  fyan
dt T,
+W_352.3/2 132 — W3y, —32f =372 = G43,2(8), (3a)

df_3)» . f=32
dt T,

—Wspapnfisp +Wap, 3pf-32 =G 3,(0), (3b)
and
dfvp | fop
dt T,
Woipapfri —Wip_1ppfo12 = Grip®),  (30)
df_ _
—W_ipa2frig +Wip1pf 12 = Goapp(t).  (3d)

Here 7, is the trion recombination rate (accounting for both the
radiative and nonradiative channels) and W; _; and W, _; are

the hole-in-the-trion (j = £3/2) and the electron-in-the-trion
(s = £1/2) spin-flip rates, G;(¢) and G,(t) are the generation
rates.

The spin-flip rates W; _; and W, _; depend on the mag-
netic field. The main effect here is the field-induced Zeeman
splitting, which suppresses the transitions with increasing the
electron or hole energy. Correspondingly, the spin-flip rates
can be recast as [21,23]

Wi 10 = %Se exp (_%)7 (4a)
Wi, 32 = Zish exp (—gh};;:—;Bz>, (4b)
W_oipip = 2;, (4c)
W_332 = 2;1- (4d)

Here kpT is the temperature measured in energy units, g, and
gnh are the corresponding Landé factors, and t, T, are the
spin-flip times for the electron in the trion and hole in the
trion. In Eqgs. (4), we assumed that g.uB,, gniupB; > 0, so
the transitions —1/2 — 1/2 and —3/2 — 3/2 are suppressed
by the Zeeman effect. For simplicity, we neglect the relatively
weak, power-law [15] dependence of 7, and 7y, on the mag-
netic field. Note that the set of Egs. (3) can be transformed
into decoupled equations for the trion populations:

Ty = flap+ frp, T- = foap+ fiap, 5)

in the form of dT. /dt + Ty /1, = G4(t) and equations for the
carrier-in-the-trion spin polarization.
The set Egs. (3) allows us to find the total number of trions,

Ta®)= Y fi+ Y, fi (6)

s==£1/2 j=%3/2
and the polarization degree of emission,

Z‘i:i3/2(2]’/3)fj - Zs::tl/2 2Sfx
Tioe (1)

where we took into account the fact that the T trion with the
electron-spin component 1/2 emits a o ¥ photon and the 7~
trion with the heavy-hole spin component £3/2 emits a o+
photon. In Eq. (7), we have also introduced a phenomenolog-
ical depolarization factor 0 < & < 1 [22] accounting for the
deviation of the selection rules from the pure ones and also
taking into account the loss of polarization of emitted light
during its propagation in the structure.

Pc(t):é

.

B. Modeling the experimental data

The model has a fair number of parameters. The PL in-
tensity and polarization are governed by the following set of
parameters: the values and signs of the electron and hole g fac-
tors, the magnetic field strength, the radiative recombination
times, the spin-relaxation rates describing the spin flip rates
for downward transitions, i.e., from the upper to the lower
Zeeman sublevel, and the temperature which determines the
ratio of upward and downward transitions. Some of these
parameters can be directly measured in experiment, others
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TABLE 1. Parameters of the studied thin (In,Al)(Sb,As)/AlAs and Al(Sb,As)/AlAs QWs evaluated from best fits to the experimental
data. The parameters for similar indirect band-gap thin QWs of (Ga,Al)(Sb,As)/AlAs, taken from Ref. [25], of GaAs/AlAs [22], and

(In,Al)As/AlAs [24] are given for comparison.

Parameter (In,Al)(Sb,As)/AlAs Al(Sb,As)/AlAs (Ga,Al)(Sb,As)/AlAs GaAs/AlAs (In,Al)As/AlAs Comment
8e +2.0 +2.0 +2.0 +2.0 +2.0 [49-51]
8hh| +3.6+0.3 +3.5+0.3 +2.5 +3.5 +3.6 best fit
7, 350+ 20 pus 380+ 20 us 320 us 340 us 130 pus best fit
Ty - - 430 pus 8500 us 2100 us -
Tsh 270 £20 us 600 £ 50 us 0.03 us 3 us 16 us best fit
Tee 0.440.1 us 0.340.1 us 0.1 pus 33 us 25 us best fit
& 0.75+£0.02 0.25£0.02 0.25 0.75 0.65 best fit
Cy - - 0.002 0.001 0.0015 -
Nr+ /Nr- 1.35+0.03 1.25+£0.03 - - - best fit
P. positive positive negative negative negative -
Band alignment type 1 type 11 type | type 11 type I

can be evaluated from fits of the various experimental depen-
dencies, or at least the ratio of parameters and their possible
ranges of values can be found. As a result, we obtain quite
stringent estimates of the parameter values.

Let us start from well-defined parameters. Due to the large
band gap at the X point, the spin-orbit contribution to the
electron g factor is vanishingly small [53]. As a result, the
electron g factor, g, is isotropic and its value almost coin-
cides with the free-electron Landé factor of +2.0 [49-51].
The recombination time of the exciton complexes can be
unambiguously determined from PL dynamics measurements
(Fig. 8). The solution of Eqgs. (3) for pulsed excitation was
used to calculate the P.(¢) dynamics after Eq. (7). The analysis
of the calculated results demonstrates that the rise time of the
polarization degree is uniquely determined by the shortest,
while the decay time of the polarization degree (Fig. 12) is
given by the longest of the electron and hole spin-relaxation
times and does not depend on other parameters. Thus we have
just three variable parameters to describe the experimental
findings: the heavy-hole longitudinal g factor gn,, which is
determined mainly by the AlAs band properties and has to
be close to the gy, value in previously studied thin QWs in
a AlAs matrix [24], the depolarization factor £ and the ratio
of concentrations of the positive Tt and negative T~ trions,
Egs. (5). However, the variation ranges of these parameters
are limited. The best fits to the PL decay o Tiy (), as well
as to the time-integrated and time-resolved polarization P.(B)
and P.(t) at different magnetic fields are shown by the lines
in Figs. 8, 10, 12. A small deviation of about 10% only in the
value of depolarization factor £ ruins already the agreement of
calculation with the experimentally observed time-integrated
and time-resolved polarization degree of PL. All of them are
obtained with one set of parameters collected in Table I. One
can see that the unusually nonmonotonic P.(t) dependence is
result of the difference in 7y, and 7, where both of them are
shorter then t,. In the time range 75, < f < Tq, P, is determined
by the T trion emission which is dominated by o * polarized
component due to the fast electron spin relaxation, while the
T~ trion emission in this time range is still unpolarized. For
t > g4, the heavy-hole spin relaxation polarizes the 7~ trion
whose emission is dominated by the o~ polarized component.
Addition of the o~ polarized emission from the 7~ trion to

the o polarized emission by the T trion leads to a decreas-
ing P, for times > typ.

It is interesting to compare the parameters obtained for the
thin antimony-based (In,Al)(Sb,As)/AlAs, Al(Sb,As)/AlAs
QWs with those of similar thin indirect band gap
QWs [22,24,25]. For all QWs under consideration, one can
note some general features: (i) The same value of the elec-
tron g factor g, = 42, which is determined by a negligible
contribution of the spin-orbit interaction at the X point of the
conduction band. (ii) Similar values of the heavy hole g fac-
tors since the hole wave function is localized predominantly
in the AlAs matrix, and gn, > 0. (iii) Similar values of the
long radiative recombination times of the exciton complexes,
which reflect the momentum separation of electrons and holes
in structures with an indirect band gap.

On the other hand, one can divide the QWs into two
groups, namely, the arsenic- and antimony-based ones. These
groups differ in their atomic structures and the related fea-
tures in the QW energy-level structures. The arsenic-based
QWs [(In,Al)As/AlAs and GaAs/AlAs] demonstrate rela-
tively small spatial fluctuations of the material composition.
These fluctuations have lateral sizes, which mainly do not
exceed de Broglie wavelength of the charge carriers. Elec-
trons and holes captured in such QWs from the matrix
form neutral excitons. Therefore, the recombination and spin
dynamics in these arsenic-based QWs are determined by
the redistribution of excitons between their bright and dark
states. The antimony-based QWs [(In,Al)(Sb,As)/AlAs and
Al(Sb,As)/AlAs] show strong spatial fluctuations with lateral
sizes significantly exceeding the de Broglie wavelength. The
spatial separation of photogenerated charge carriers in the QW
plane provides the formation of charged excitons. The recom-
bination and spin dynamics in these QWs are determined by
the cumulative contribution of positive and negative trions.

Note that the behavior of the (Ga,Al)(Sb,As)/AlAs QWs
studied in Ref. [25] does not fit into the pure neutral or
pure charged exciton picture. Indeed, some samples with such
QWs demonstrate features inherent to the neutral exciton
dynamics (deceleration of exciton recombination in a lon-
gitudinal magnetic field and increase of polarization degree
in a tilted magnetic field), while other samples show a very
small (down to zero) polarization degree in a longitudinal
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magnetic field that can rather be explained by the simulta-
neous recombination of trions of different polarity (similar
to other antimony-based QWs). We believe that these het-
erostructures can have atomic structures (and, accordingly,
energy-level spectra) that contribute to the formation of both
neutral and charged excitons. The spatially inhomogeneous
antimony distribution leads to antimony-depleted and en-
riched regions. The structure of the first region is close to the
one in GaAs/AlAs QWs and that of the other one is rather
close to Al(Sb,As)/AlAs QWs. The dominance of one or the
other region inside (Ga,Al)(Sb,As)/AlAs QWs is determined
by the growth condition.

V. MODEL PREDICTION FOR STRUCTURES
WITH DIFFERENT SETS OF PARAMETERS

In this section, we use the developed model to simulate the
experimental phenomena in structures with different parame-
ters to show the variability of possible experimental situations.
This can serve as a guide for the further search for systems
with tailored dependencies of the degree of polarization on
the magnetic field. For illustration of the model predictions,
we select those dependencies that clearly demonstrate distinct
features for the chosen sets of parameters: the dynamics of
P, at fixed magnetic field strength and P,(B) in longitudinal
magnetic field. Hereinafter, we choose for definiteness as
value of the recombination time 7, = 1 ms and of the electron
g factor g, = +2 in all calculations. The kinetic parameter
ratios are taken as /7, = 0.01, 0.1, 1, 10, 100. The ratio
Tee/Tsh = 1 corresponds to 7, = 0.1 ms, 7y, = 0.1 ms. For
values of 0.01 and 0.1, the 7 is decreased to 7, = 0.1 ms,
while for values of 10 and 100 the 7, is decreased to ;e = 0.1
ms. For simplicity, we set the depolarization factor £ = 1.

A. Exclusively negatively/positively charged trions

Let us start from the well-known simple case when a sys-
tem contains only one type of trion. A negative (positive)
trion, T~ (T1) consists of two electrons (heavy holes) and
one heavy hole (electron); after its recombination, a resident
carrier is left in the QW. The fine structure of the involved
states split by a magnetic field is determined by the magnitude
and sign of the heavy-hole and electron g factors as shown in
Fig. 15 [54,55]. One can see that the sign of the magnetic-
field-induced circular polarization is uniquely determined by
the g factor of the heavy hole (electron) for the negative
(positive) trion. P. is dominated by the ot (o~) polarized
PL component in the case of gpy, < 0 (gny > 0) for T~ and
of g, > 0 (g, < 0) for T trions.

For definiteness, we select the case g, > 0 and gy, > 0
and calculate P.(B) for different carrier spin relaxation times
(tsh = 0.1 ms, e = 0.1, 0.01, and 0.001 ms) and g factors
(gmn = 1, 2, and 4). P.(B) increases with increasing magnetic
field with saturation at high field strengths (Fig. 16). The
saturation level, as shown for 7" in Fig. 16(a), is determined
by the 7y /7, ratio and increases with decreasing ti. On the
other hand, the rise of the polarization degree is determined
by the g-factor value, as shown in Fig. 16(b) for 7~. For
high magnetic fields, in the range of saturation of P.(B), the
dynamics of the polarization degree are determined only by
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FIG. 15. Schematic illustration of energy states that undergo the
Zeeman splitting of negatively (a)—(d) and positively (e)—(h) charged
trions composed of electrons and heavy holes covering different
combinations of g factors: (a) and (e) g, > 0, gnn > 0, (b) and (f)
8e <0, gnn >0, (¢) and (g) g <0, gnn <0, (¢) and (h) g > 0,
gnh < 0. The thick solid (thin dashed) arrows relate to dominating
(suppressed) optical transitions in emission.
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FIG. 16. Magnetic field dependence of the PL circular polariza-
tion degree calculated in case of g, > 0 and gy, > O for (a) 7" with

7. = 0.1, 0.01, and 0.001 ms and (b) 7~ with ty, = 0.1 ms, gy, = 1,
2, and 4. We assume in the calculations 7 = 1.8 K and 7, = 1 ms.
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FIG. 17. Dynamics of the circular polarization degree calculated
in case of g, > 0 and gn, > O for the PL of (a) Tt with 7, = 0.1,
0.01, and 0.001 ms and (b) 7~ with 74 = 0.1, 0.01, and 0.001 ms in
a magnetic field of 10 T. We assume in the calculations 7 = 1.8 K
and 7, = 1 ms.

the spin relaxation times of the charge carriers, as shown in
Figs. 17(a) and 17(b). Note that the results in Fig. 17(b) for
T~ are the same for gy, equal to 1, 2, and 4.

B. Combinations of positively and negatively charged trions

Let us now analyze the situation of coexistence of 7% and
T~ trions that can, for example, be realized for spatial sep-
aration of electrons and holes in a system with disorder. Two
different cases are possible in such systems where the P, signs
for T* and T~ (1) differ [for example, Figs. 15(a) and 15(e)]
and (2) coincide [for example, Figs. 15(d) and 15(h)].

1. Different signs of magnetic-field-induced circular
polarization for T* and T~

We first consider the situation where the signs of the
magnetic-field-induced polarization from the 7 and T~ re-
lated PL are different. We also consider the case g, > 0 and
gnnh > 0 for definiteness. The scenarios for g, > gn, and g, <
gnn for a set of different ratios of 7. /7y, as well as ratios of
concentrations of positive (Ny+) and negative (Ny-) trions are

0.8
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FIG. 18. Magnetic-field dependence of P. calculated for a set of
different ratios of 7y /7y, and Ny+ /Ny- at T = 1.8 K: (a) g, = 2 and
g = 1, Np+ /Ny- = 1, 1 /T, = 0.01, 0.1, 1, 10, 100. (b) g, = 2 and
g = 4, Np+ /Np- = 1, 1 /7, = 0.01, 0.1, 1, 10, 100. (¢) g, = 2 and
g = 1, Te/Tsh = 10, Np+/Nr- =0.2,0.5,1,2,5. (d) g. =2 and
g = 4, Te/Tsh = 10, Ny+ /Ny- = 0.2,0.5, 1,2, 5.

shown in Fig. 18. For the case of equal concentrations of T+
and T, P.(B) is a nonmonotonic function. The absolute value
|P.| increases in low magnetic fields, but decreases in high
fields. The details of the P.(B) dependencies are determined
by the ratios of the carrier g factors and the kinetic parameter
ratio 7y /T, as one can see in Figs. 18(a) and 18(b). On the
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FIG. 19. Dynamics of P. calculated for a set of different ratios
of 1/7, = 0.01, 0.1, 1, 10, 100, and Ny+/Np- =1 at T = 1.8 K:
@ g =2and gy =1,B=2T.(b)g,=2and gy, =4, B=2T.
(©)g.=2and gy, =1,B=10T.(d)g. =2and gy, = 1,B=10T.
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FIG. 20. Calculation of P. for g, =2 and gy, = —4. T =1.8K
for a set of different ratios t./t,= 0.01, 0.1, 1, 10, 100, and
Nr+/Nr- = 1: (a) magnetic field dependence, (b) dynamics at B =
10 T.

other hand, P.(B) tends to a monotonic growth dependence if
the concentration of one trion species starts to dominate, see
Figs. 18(c) and 18(d).

The dynamics of P, in magnetic fields of B =2 T and
10 T as well as P.(B) of the time-integrated PL in case of
equal concentrations Nr+ and Nr- of trions were calculated
for different ratios of the carrier g factors (see Fig. 19). One
can see that P.(#) behaves nonmonotonically for any magnetic
field, behaving similarly for any carrier g factor values, and is
determined by the kinetic parameter ratio Ty /Tgp.

2. Same signs of magnetic-field-induced circular
polarizations for Tt and T~

Now we turn to the situation when the P, signs of the 7"
and T~ trions are the same. We consider the case of g, > 0

and gpn < 0. P, was calculated for Np+/Ny- =1 and dif-
ferent kinetic parameter ratios 7 /7, = 0.01, 0.1, 1, 10, 100
with 7. = 1 ms as a function of magnetic field [Fig. 20(a)].
The P, dynamics calculated for the same set of parameters
at B =10 T are shown in Fig. 20(b). P.(B) is a monotonic
function of magnetic field, converging to saturation. Its growth
and saturation level are determined by the kinetic factor—the
ratio of the trion lifetime to the shortest among the electron
and hole spin-relaxation times. This case is not suitable for
the interpretation of the experimental data. With respect to the
P.(B) dynamics in high magnetic field, we can detect con-
tributions from the two trion species only for the case when
the spin relaxation times of electrons and holes are strongly
different. However, even in this case it is impossible to find out
which carrier (electron or hole) has a longer spin relaxation
time since the P.(¢) dependence is determined by the shortest
among them [for example, here the ratios t/7s,=0.01 and
100 result in the same P.(¢) curves].

VI. CONCLUSION

We have investigated experimentally and theoretically the
magneto-optical properties of ultrathin indirect band gap QWs
with band alignment of type I in (In,Al)(Sb,As)/AlAs and
type Il in Al(Sb,As)/AlAs, both with strong spatially nonuni-
form intermixing of the well and barrier materials. The spatial
separation of electron and hole in the QW plane results in a
specific situation with a coexistence of negatively and posi-
tively charged excitons in the QW. A kinetic equation model,
which accounts for the population dynamics of these trions
states, has been developed. Quantitative description of all
experimental data is obtained with just a few variables, which
can be unambiguously determined from the experimental
data. We demonstrate that the magnetic field-induced circular
polarization can be controlled either by thermodynamic pa-
rameters, i.e., the ratio of the exciton Zeeman splitting and
the thermal energy, or by kinetic parameters, i.e., the relation
between the various relaxation times in the system, depending
on the magnetic field as well as on the ratio of positive and
negative trion concentrations. The developed approach can
be readily used for the investigation of the spin dynamics in
alloy-disordered semiconductor QW structures with indirect
band gap, either in real or reciprocal space, or in both of them.
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