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Exciton-light coupling in (In,Ga)As/GaAs quantum wells in a longitudinal magnetic field
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We report on the observation of a significant increase of the radiative decay rates for exciton transitions in
a wide (In,Ga)As/GaAs quantum well (L = 95 nm) in magnetic fields up to 6 T applied along the growth axis
of the heterostructure. The absolute values of the radiative decay rates are obtained from a quantitative analysis
of resonant features in the experimentally measured reflectance spectra in the range of the optical transitions
to the quantum-confined exciton states. High crystalline quality of the heterostructure allows us to observe the
ground and several excited exciton transitions with the nonradiative broadening comparable to the radiative one.
We employ a numerical procedure appropriate for the studied wide quantum well to model the increase of the
radiative decay rate in magnetic field. The results of the modeling agree well with the experimental data.
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I. INTRODUCTION

An external magnetic field may induce several interesting
effects for excitons in semiconductor heterostructures. Thanks
to the very controllable action of magnetic field on a quantum
system, it is widely used for observation of interesting
phenomena as for quantitative characterization of excitons
in heterostructures. The magnetic field causes a diamagnetic
shift and a Zeeman splitting of exciton states, which have
been widely studied for bulk crystals [1,2] and single quantum
wells (QWs) [3—6]. Coupling of excitons with light in a QW
embedded in a microcavity is found to be very sensitive to
the application of magnetic field [7-13]. Many works have
been devoted to indirect excitons in double-QW structures in
magnetic field, whose long lifetime allows one to study, in
particular, their dipole-dipole interaction [14,15] and transport
across the magnetic field [16—-18]. The spin dynamics of
excitons and charged carriers is another research area where the
magnetic field plays a crucial role [19-25]. Recently, various
interesting phenomena could be revealed for Rydberg excitons
in bulk Cu,O crystals subject to a magnetic field and studied
thanks to the development of a high-precision experimental
technique and careful theoretical modeling [26,27].

The magnetic-field-induced modification of the exciton-
light coupling is another effect, widely studied for bulk
crystals [1,2] and for QW heterostructures [12,17,28-34].
Usually an increase of the intensities of spectral features is
observed in absorption or reflectance spectra. In bulk crystals,
the application of magnetic field induces the appearance of
multiple resonant peculiarities, which originate from the Ls-
2s-, etc., exciton states [2]. Their energy positions as functions
of the magnetic field form the so-called fan diagram, which
can be understood in terms of optical transitions between
electron and hole Landau levels with a correction from
the electron-hole Coulomb interaction. The intensity of the
features is experimentally found to increase with magnetic
field. A theoretical analysis is considerably hampered because
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of the overlap of the Landau states with the continuous
spectrum of states in bulk [2].

The spectral peculiarities in QWs are related to the quantum
confined 1s-like exciton states. In earlier works [28-32], the
lowest quantum-confined states in relatively narrow QWs
were experimentally studied. The moderate quality of samples
did not allow one to obtain precise data about the exciton-
light coupling. Correspondingly, their theoretical analysis was
rather qualitative than quantitative.

The exciton-light coupling is usually discussed in terms
of quantities such as the exciton oscillator strength, the
longitudinal-transverse splitting, the radiative recombination
(or decay) rate, Iy, or the radiative broadening, AI'g. These
quantities are related to each other via the fundamental
constants and material parameters. The definitions of first two
terms can be found in the textbook by Ivchenko [1], for exam-
ple. We use in the present work the latter terms, whose defi-
nitions are given below. The physical origin of the magnetic-
field-induced increase of the radiative recombination rate is
well established [1]. The magnetic field considerably modifies
the internal electron-hole motion in the exciton when the
magnetic length A g becomes comparable to or smaller than the
Bohr radius of the exciton ap. In the case of GaAs, the critical
magnetic field, when 8 = ag/Ap ~ 1, is about 4 T. In strong
magnetic field, 8 > 1 (the Elliott-Loudon criterion [35]), the
overlap of the electron and hole wave functions becomes
stronger than that caused solely by their Coulomb attraction in
the exciton. Correspondingly, the probability for the electron
and the hole to be in the same unit cell and to recombine
increases resulting in the increase of the exciton-light coupling.

Although this picture is transparent, the quantitative anal-
ysis of the exciton-light coupling requires both the careful
experimental study of a high-quality heterostructure and the
rather complex numerical calculation of the exciton wave
functions in an external magnetic field. GaAs-based high-
quality structures have become available in the last two decades
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due to the development and refinement of the technology of
molecular beam epitaxy (MBE). The theoretical analysis, on
the other hand, requires the solution of the three-dimensional
Schrodinger equation for an exciton in a quantum well in a
longitudinal magnetic field applied along the heterostructure
growth axis (the Faraday geometry). Several approximate
methods have been developed for solution of this problem
[17,36-40]. They are applied mainly to excitons in narrow
QWs where these methods can be asymptotically exact.
Recently, a method of an exact numerical solution of the
equation applicable for the exciton problem in QWs of
arbitrary width and potential profile has been proposed [34].

In this work, we study the exciton-light coupling in a
heterostructure with a wide (In,Ga)As/GaAs QW subject to
a magnetic field applied along the growth axis. The superior
quality of the structure allows us to observe several quantum-
confined exciton states as a set of narrow resonances in the
reflectance spectra. The strong energy shift, state splitting,
and increase of intensity of the resonances are observed in
the magnetic field. We theoretically model the resonances
and their modification in the magnetic field by the exact
numerical solution of the respective Schrodinger equation. The
comparison of the experimentally obtained and theoretically
calculated constants of the exciton-light coupling as a function
of the magnetic field shows good agreement without any fitting
parameters.

II. EXPERIMENT

The heterostructure under study was grown by MBE
technology. It contains an (In,Ga)As/GaAs QW of nominal
width L =95 nm with an indium content of about 2%.
Besides the QW, the heterostructure contains several layers
for improving material quality and also a narrow QW, which
are out of the scope of the present study. The high quality
of the heterostructure was verified by photoluminescence and
reflectance spectroscopy of the exciton resonances correspond-
ing to the optical transitions from or to the quantum-confined
exciton states in the wide QW. In particular, the nonradiative
broadening of resonances was found to be several tens of ueV
only, which is comparable to the radiative broadening of the
resonance corresponding to the ground exciton transition. Fur-
ther details of the optical characterization of the heterostructure
can be found in Refs. [5,41].

The sample was cooled down to T & 15 K in a closed-cycle
cryostat with a superconductive magnet allowing for applica-
tion of magnetic fields up to 6 T. The sample temperature was
optimized to suppress the excess nonradiative broadening of
exciton resonances caused by an accumulation of nonradiative
excitons (see Ref. [41] for details). The magnetic field was
applied along the growth axis of the heterostructure.

We measured reflectance spectra in the spectral range
of several low-lying exciton transitions in the wide QW.
An incandescent lamp was used as light source for the
measurements. The radiation of the lamp was passed through
a 50-um pinhole and a color filter cutting off the visible
range of the spectrum, and then focused onto the sample
close to normal incidence. The excitation power was about
10 mW /cm? across the spectrum. The reflected light beam was
directed into a 0.5-m spectrometer and detected by a cooled
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FIG. 1. Reflectance spectra of the 95-nm wide Ing,Gagog
As/GaAs QW measured in the ot (red curve) and o~ (blue curve)
polarizations at B = 6 T. The symbols “X1,” “X2” etc. mark the
respective exciton resonances.

charge-coupled device. The spectra were measured for two
circular polarizations selected by means of a A/4 wave plate
and a linear polarizer placed in front of the spectrometer.

Examples of reflectance spectra measured at a magnetic
field of B = 6 T are shown in Fig. 1. The spectra show several
narrow features (resonances) labeled as X1, ..., X10. These
resonances correspond to optical transitions to the quantum
confined states of the heavy-hole exciton in the QW. The
relatively broad resonances Xy, correspond to the light-hole
exciton states, split off from the heavy-hole exciton states
due to the mechanical strain in the heterostructure caused
by the lattice constant mismatch between the GaAs and
Ing g2 GagogAs layers. Hereafter we will discuss the states of
the heavy-hole exciton only.

The resonances that appear to be similar to each other in the
spectra measured for opposite polarizations are shifted relative
to each other, which points towards the Zeeman splitting of the
involved exciton states. This splitting is extensively discussed
in Ref. [5]. The splitting is relatively large for the state X1
and almost zero for the state X4. Due to the splitting, the
energy separation between the states X1, X2, and X3 in the
o ~-polarized spectrum becomes smaller than their broadening
and the amplitudes of these resonances can be determined
only with large uncertainties. In particular, the resonance X2
disappears almost completely in the spectrum. We, therefore,
consider exclusively the spectra measured in o+ polarization
below.

Figure 2 shows a representative set of spectra measured
at different magnetic fields. As seen, the application of the
magnetic field results in a considerable shift of the exciton
resonances to the higher energies which results from the well-
known diamagnetic shift [1]. Another important effect of the
magnetic field is a significant increase of the amplitudes of
all resonances. This is a clear indication of the magnetic-field-
induced increase of the exciton-light coupling.

To quantitatively assess the strength of the exciton-light
interaction, we use the phenomenological model of the
reflectance spectra described in Ref. [1] and generalized in

155404-2



EXCITON-LIGHT COUPLING IN (In,Ga)As/GaAs ...

Reflectance

| | | |
1498 1500 1502 1504

|
1496
Energy (meV)

| |
1492 1494

FIG. 2. Reflectance spectra of the 95-nm-wide InGaAs/GaAs
QW in magnetic fields up to 6 T measured in the ot circular
polarization (symbols). The solid lines show fits by Egs. (1) and
(2). The spectra are shifted vertically for clarity.

Refs. [41,42] for the case of multiple exciton transitions.
The model considers the reflection from the sample surface,
described by the reflection amplitude r,, and the resonant re-
flection from the QW, described by the amplitude coefficients
r;, for each exciton resonance j:
= . (1)
wo; — W — z(l"j + F()j)

Here the parameter I'y; describes the radiative decay rate of the
Jjth exciton state, I'; is the rate of nonradiative relaxation from
this state, and @y; is the frequency of the exciton transition j.
These three quantities are considered to be fitting parameters
of the model for each particular exciton resonance.

The total reflection from the heterostructure is then de-
scribed by

o4 e
1+rs Zj"j@iq)f

@)

This expression contains one more set of fitting parameters
¢, describing the phase shift of the light wave reflected from
the QW relative to the wave reflected from the sample surface
at the frequency of the corresponding exciton resonance. For
the case of a symmetric QW potential, the phases of even
and odd resonances differ by 7: ¢5;_1 = ¢; £ 7 [42]. For
the structure under study, the phase shift of the light wave
propagating from the sample surface and back is about 2.
This is why the first exciton resonance (X 1) appears as a peak,
the second one as a dip, and so on (see Figs. 1 and 2).

The potential profile of the QW under study is slightly
asymmetric because of segregation of indium during the
MBE growth of the heterostructure [42]. This effect causes
a deviation from the simple relation between the phases of
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FIG. 3. Radiative broadening for the first four exciton states in
the 95-nm QW as a function of magnetic field. The red circles are the
values of il'y; extracted from the experiment. The open circles are
the numerically calculated radiative decay rates and the dashed lines
are the fittings of these results according to Eq. (11).

even and odd resonances and we have to consider all the
phases as fitting parameters. Although there are four fitting
parameters for each resonance, the good spectral separation
between the resonances allows one to reliably determine these
parameters and to accurately fit the spectra by Eqgs. (1) and (2).
The associated fitting curves are shown in Fig. 2.

We determined the fitting parameters for each value of
magnetic field and thereby obtained their dependencies on the
magnetic field. The dependencies of the radiative broadening
hTy; for the four lowest resonances are shown in Fig. 3.
As seen, the radiative broadening gradually increases with
magnetic field for all the exciton resonances. The theoretical
modeling of this effect is described in the next section.

The energies of the exciton resonances, /i@, are found to
depend quadratically on the magnetic field in the range 0-2 T
and then tend to the expected linear dependency in larger
magnetic fields. The energy shift of the resonances is related
to the diamagnetic shift of the exciton states [1,6] as well as to
their Zeeman splitting [5]. We do not discuss these effects in
the present paper any further.

The fitting parameters I'; and ¢; should be less sensitive
to the magnetic field. The experimental data processing shows
that the nonradiative broadenings /I"; are almost independent
of the magnetic field within the experimental error: Al'| =
5442 peV (for B=0...4T), il', =73+4 peV, il's =
73 £10 peV, and A’y = 83 &£ 5 peV. The exception is the
increase of il'; from 54 to 65 ueV when the magnetic field
increases from 4 to 6 T. The broadening increase is possibly
caused by a suppression of the electron diffusion from the
excited area of the sample [11].

The phase shift obtained in the fits are also almost
insensitive to the magnetic field. Their average values
are ¢; = 0.01 £ 0.05, ¢, =2.93 £0.08, ¢3 = 0.31 £ 0.012,
¢4 = 3.52 +0.08. A small decrease of the phases of order of
several percent is observed at large magnetic field strengths.
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III. EXCITON-LIGHT COUPLING

The coupling of an exciton with a light wave can be
characterized by the radiative decay rate I'y, or the radiative
lifetime t = 1/(2Iy). A consistent theory of the coupling for
an isolated exciton state with a light wave is described in
Ref. [1]. It gives rise to the following expression for ['y:

2

2 oo
Tp = 2”_‘1<M) '/ ®(z)expligz)dz| . (3)

he Mmoo

Here my is the free-electron mass, e is the electron charge,
wq is the exciton resonance frequency, g = /€wp/c is the
light wave vector, € is the average dielectric constant of the
heterostructure, and | p., | is the matrix element of the momen-
tum operator between the Bloch states in the conduction and
valence bands. The function ®(z) is the one-dimensional cut
of the envelope of the exciton wave function along the growth
axis {x, =x, =0,y =y, =0,z = 7, = z}.

Expression (3) was derived for relatively narrow QWs, for
which the quantum-confined exciton states are well separated
from each other. A more general theory considering the
light-induced coupling of different exciton states in wide QWs
was proposed in Ref. [43]. The analysis, however, shows
that expression (3) is applicable if the radiative broadening
ATy is much smaller than the energy separation between the
neighboring exciton states. This is the case for the structure
we study. Therefore we use the simplified theory of Ref. [1]
and, correspondingly, expression (3) for characterizing the
exciton-light coupling.

To calculate I'p;, we have to solve the corresponding
Schrddinger equation for an exciton in a QW subject to the
longitudinal magnetic field and determine the exciton wave
functions for several quantum-confined exciton states. The
Hamiltonian of the problem for the s-like excitons is given by

e? 1 (eB \’
H=Eg+Te+Th__+V(Zeth)+_ P - (4)
er 2u \ 2c

Here E, is the band gap, T,(7}) is the conduction (valence)-
band kinetic term. The fourth term describes the electron-hole
Coulomb interaction with r being the relative electron-hole
distance. The next term, V(z.,z5), is the QW potential for
electron and hole along the z axis. The last term corresponds to
the parabolic potential in the QW layer created by the magnetic
field. Here p is the electron-hole separation transverse to
z axis. In expression (4) we have omitted the terms describing
the Zeeman splitting of the exciton states as they do not affect
the exciton-light coupling.

The conduction band in GaAs-based heterostructures is
characterized by the effective electron mass, while the valence
band consists of the heavy-hole (hh) and light-hole (lh)
subbands and is described by the Luttinger Hamiltonian
[44]. Generally the hole subbands are coupled, however, the
quantum confinement in the QW splits the subbands, thus
reducing the coupling. The coupling is further suppressed
in our case by the strain-induced hh-lh splitting (see Fig. 1
and related discussion). Therefore the hh-lh coupling can be
neglected in the calculations. In addition, the QW potential and
the strain reduce the symmetry of the valence band, resulting
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in anisotropic hole masses,

Mpnzhz) = Mo/ (Y1 F 2v2),
Mppxyhcy) = Mo/ (V1 £ ¥2), (5)

where y; and y, are the Luttinger parameters and my is the
free-electron mass. In the calculations described below, we
used for these parameters the values y; = 6.98 and y, = 2.06
for GaAs crystals, taken from Ref. [45].

Generally speaking, the magnetic field induces an addi-
tional hh-1h coupling resulting, in particular, in a renormaliza-
tion of the exciton g factor [5]. Our estimates, however, show
that this coupling leads to a small modification of the exciton
wave functions only (less than 2%) which is insufficient
for affecting notably the calculations of the radiative decay
rates. We, therefore, neglect the coupling and consider the
cylindrically symmetric eigenvalue problem:

(9 18 1—kX\ ehiB[my—m,
——=-—-=+ + — =2 )k,
2u\dp*  pop 02 2¢ M

R 92 R 92 e?

—— T — + V(ze,2n)
2m, 3922 2my; 0z e/ p? + (2o — z1)? "
1 /eB \?

+ 50 |X@erzn:0) = EX(Zes2n:0)- (6)
2u\ 2c

Here u =({1/m, + l/mhxy)’1 is the reduced exciton mass
with myy, as hole mass. This Hamiltonian is similar to the
diagonal part of the Hamiltonian used in Ref. [5] without
the terms describing the interaction of the hole and electron
angular momenta with the magnetic field.

The function x(z.,zn,p) is related to the exciton wave
function as

X(Zerzn0) ;
V(XY 0,0,26,20) = Yem(X,Y) T2 oot

(N
Yepm is the product of plane waves along the X and Y directions
describing the exciton center-of-mass motion in the QW plane.
For the experimental conditions considered here, the in-plane
components of the exciton wave vector are zero and Yy is
a properly normalized constant. The exponential function in
Eq. (7) describes the exciton states with different projections
k, of the orbital angular momenta on the z axis. In linear
optical spectroscopy, the optically active exciton states are the
s-like states with k, = 0 and this function is equal to unity.
The denominator p in Eq. (7) is introduced to apply a zero
boundary condition for x(z.,zx,p) at p = 0 [34].

The three-dimensional eigenproblem (6) can be solved
numerically using the algorithm described in Ref. [34]. To
illustrate the general behavior of the radiative decay rates of the
exciton states in magnetic field, we calculated the exciton wave
functions for rectangular (In,Ga)As QWs of different widths.
The finite-difference method was applied on a rectangular
mesh with at least 70 x 70 x 200 points along the z., z, and
p directions in a volume ranging from 40 x 40 x 400 nm?
for narrow QWs to 200 x 200 x 400 nm? for the widest QW.
We considered QWs of width L < 150 nm where Eq. (3) is
still applicable. The results of these calculations are shown in
Fig. 4.
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FIG. 4. Radiative decay rate as a function of the QW width and of

the magnetic field for the first four quantum-confined exciton states
in Ing 0 Gag gsAs/GaAs QWs.

The dependence of the radiative decay rate on the QW
width is mainly determined by the overlap of ®(z) with the
light wave described by the integral in Eq. (3). Function ®(z) is
defined from the numerically obtained exciton wave function
as

®(z) = lim X&2P).
p—0 14

®)

The overlapping integral in Eq. (3) reaches a maximum for
the ground state when the QW width is about half of the
wavelength, L ~ 115 nm in the (In,Ga)As QWs. For the
second state, this maximum is reached for a QW of 230 nm
width. However, Eq. (3) is not applicable for such a wide QW
because the energy separation between the ground and the first
excited state is comparable to the radiative broadening. The
radiative decay rate for the third state drops down to zero in a
QW of approximately 130 nm width. The behavior of A"y of
the fourth state is similar to that of the first state although its
magnitude is considerably smaller.

In the presence of an external magnetic field, the radiative
decay rate considerably rises with magnetic field (see Fig. 4).
In particular, /il'y; becomes approximately twice larger in
a magnetic field of B =6 T for excitons in wide enough
QWs (L > 50 nm). A similar effect has been theoretically
predicted in Ref. [12]. We find that /i'y; demonstrates similar
dependencies on the magnetic field for all the exciton states.
They quadratically rise at relatively small magnetic fields
with a transition to a linear dependence as the magnetic field
increases. This linear dependence is a characteristic property
of the diamagnetic exciton [2].

To analyze the exciton behavior in the heterostructure under
study, we take into account the real potential profile of the
QW. The profile V(z.,z;,) entering into Eq. (4) deviates from
a rectangular shape due to segregation of In atoms during the
growth process as extensively discussed in Ref. [42]. It has the
form

V(ze,zn) = = fz)Ve — f@zn) Vo, 9
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FIG. 5. Squeezing of the exciton wave function ¥ (z,,z;,0) in
magnetic field for the heterostructure under study. Cross sections of
the wave function along the direction z, = z;, = z atfixed p = 0 and
along the direction p at fixed z, = z, = 0 are shown for zero magnetic
field (black dots) and for B = 6 T (red dots). The purple area shows
the QW potential profile for excitons along the growth axis.

where V, and V,, are the maximum depth of the potential well in
the conduction and valence bands, respectively. The function
f(2) is defined by the equations
f@) = —e),
f2)=(1-— e—L/Kn)e—(z—L)/An7

O<z<L,
z> L. (10)

Here Ap = 4.5 nm is the segregation length (see Ref. [42])
and L = 95 nm is the nominal QW width. In the calculations,
we used a ratio, V.:V,=2:1, typical for GaAs-based
heterostructures, and a total QW depth, V, + V, = 23 meV
as follows from the experimental data (see Fig. 2). The bottom
part of the modelled potential profile for excitons is shown in
Fig. 5. As seen there, the In segregation notably smooths the
potential profile at the GaAs/(In,Ga)As interface.

The effect of the magnetic field on the wave function
Y (zes2n,p) = X(Ze,2n,0)/p of the lowest quantum-confined
exciton state in the heterostructure under study is shown
in Fig. 5. At zero magnetic field, the wave function has a
cosinelike profile along the growth axis for z, = z; = z and
fixed p = 0. It decays exponentially along the p direction (see
Fig. 5). When the magnetic field is applied, the cosinelike
profile along the growth axis is preserved but the amplitude
of wave function increases. The wave function decay along
the p direction becomes faster and strongly nonexponential
which hints at the magnetic-field-induced squeezing of the
wave function that is extensively discussed in literature [1,2].

The exciton wave functions obtained by the numerical
solution of Eq. (6) using the potential (9) allow us to
calculate the radiative decay rate by the use of Eq. (3).
The corresponding radiative broadenings /il'g; as functions of
magnetic field are shown in Fig. 3. No fitting parameters were
used for the calculations. As seen in the figure, there is a good
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overall correspondence between the experimentally obtained
and theoretically calculated magnetic-field dependencies of
hTo; for all the exciton transitions except for the first one.
The possible origin of this discrepancy is discussed in the next
section.

IV. DISCUSSION

The comparison of the experimentally obtained radiative
broadenings /il'y; with the results from numerical modeling,
shown in Fig. 3, shows good agreement. In particular, it is
appropriate for the second, third, and fourth states. For the
first state, the deviation of the theoretical results from the
experimental data is noticeable even at zero magnetic field.

There are several possible reasons for this discrepancy.
First, the experimental accuracy of the il'y determination is
limited by the accuracy of the measurements of the absolute
value of the reflectance coefficient, which depends on the
quality of the sample surface. It is found to be slightly different
for different points on the sample. We estimate this accuracy
to be about +5%. Second, for the first exciton state in the
wide QW under study, potential fluctuations may vary the
spatial exciton coherence volume, thus noticeably varying
the radiative decay rate. Measurements at another position
on the sample provide a value of /il'y, which deviates by
approximately +5 peV from the presented value, but is still
lower than the calculated one.

The theoretically obtained magnetic-field-induced increase
of /iy reproduces the experimentally obtained behavior for
the X2, X3, and X4 exciton states reasonably well. However,
it is overestimated by about 15% for the first state. The origin
of this effect is unclear. One possible reason may be a small
change of the Luttinger parameters y; and y» in the (In,Ga)As
QW compared to those for GaAs. This change is not taken into
account in our calculations.

The theoretical dependencies of #I"g on magnetic field for
all exciton transitions shown in Fig. 3 are very similar. They are
quadratic at small magnetic fields and become linear at large B.
The dependencies can be well fitted by the phenomenological

formula:
BZ
i| . (11

ATo(B) = ﬁFo(O)[l o
Here /iT"((0) is the radiative broadening at zero magnetic field,
the parameter « describes the slope of the linear dependence at
large magnetic field, and parameter B, is the critical magnetic
field when the dependence changes from quadratic to linear.
The fitting curves are shown in Fig. 3. The obtained fitting
parameters are given in Table I. The parameter Bp =2 T is
fixed for all exciton transitions.

This fitting implies that at the magnetic field B, the exciton
behavior deviates from that proposed in the framework of the
hydrogenlike model. Earlier, this kind of critical field was used
in relation to the exciton transition energy [2]. In particular,
the diamagnetic shift exhibits parabolic-to-linear transition at
some critical field [6]. Here we observe a similar effect in
the behavior of the exciton-light coupling. The critical field
Bp is approximately twice smaller than that proposed by the
Loudon criterion, By =4 T [2]. We note that the analysis
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TABLE I. Radiative broadening #I'y at zero magnetic field and
the slope « obtained from the fits of the theoretical and experimental
data shown in Fig. 3 by Eq. (11) for the QW under study with L = 95
nm. Parameter Bp =2 T.

State no. X1 X2 X3 X4
hTy (ueV, experiment) 44.8 21.2 6.2 12.0
ATy (neV, theory) 58.2 20.6 5.6 10.0
a (T, experiment) 0.19 0.23 0.24 0.15
a (T~!, theory) 0.24 0.24 0.19 0.23

of the diamagnetic shift in Ref. [6] also gives a considerably
smaller critical magnetic field of about 1.5 T.

To illustrate the general behavior of the exciton-light
coupling in QWs of various widths in magnetic field, we fitted
the data presented in Fig. 4 with expression (11) and extracted
the parameters B and «. The results for states X 1 and X2 are
shown in Fig. 6. For the X1 state, the critical magnetic field
Bp is found to decrease with the QW width rise. The relatively
large value of Bp for narrow QWs is naturally explained by the
squeezing of the exciton wave function in the QW layer plane
caused by the stronger electron-hole Coulomb attraction [34].
The critical field B for the X2 state appears to be independent
on the QW width within the calculation errors.

The slope « increases for states X1 and X2 and tends
to value ~ 0.25 T~!. A linear interpolation of the calculated
dependencies Go(B) in the range B =4-6 T for wide
QWs (L > 80 nm) gives rise to a slightly larger slope,
®oo A 0.28 T~!, which can be used for extrapolation of the
dependence il'g(B) to larger magnetic fields. In particular,
the strength of exciton-light coupling can increase about four
times in a magnetic field with B = 10 T, easily achievable in
laboratory conditions. Taking into account the average value
of il'p(0) = 63 £ 3 eV for state X1 in wide QWSs, we obtain
hTo(B) = 240 peV for B = 10 T. This radiative broadening

0 50 100 150 0 50 100 15

0.25F J 02sF =
A 1 | :
3 0.2 5 N 0.2 - .
0.15-_ X1 0.15 x2 ]
0 50 100 150 0 50 100 150
QW width (nm) QW width (nm)

FIG. 6. Parameters Bp and « for the first two quantum-confined
exciton states extracted from the calculations presented in Fig. 4 by
fitting with expression (11).
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may be considerably larger than the nonradiative one in MBE
grown heterostructures.

Strong exciton-light coupling attracts considerable atten-
tion due to both interesting fundamental questions and possible
practical applications. Several possible ways to increase the
exciton-light coupling have been discussed in the literature.
One of them is the fabrication of so-called Bragg structures
with multiple QWSs positioned at half wavelength distance
from each other. The exciton-light coupling constant in such
structures is the sum of the constants of the individual QWs
and may be orders of magnitude larger than that of a single QW
[1]. This attractive idea meets, however, certain difficulties in
the experimental realization [46—48]. Namely, an unavoidable
instability of the growth process, in particular when several
tens of QWs are grown [47,48], gives rise to an inhomogeneous
broadening of the exciton ensemble and, correspondingly, to
a strong reduction of the coupling compared to the theoretical
predictions. The combination of the two methods, the growth
of the Bragg structures and the application of an external
magnetic field, is possibly the way to strongly increase the
exciton-light coupling in GaAs-based structures.

Another way is to place a QW in a microcavity where the
renormalization of photon states may strongly increase the
exciton-light coupling [13]. In this case, however, the system
is highly sensitive to the geometry of experiment and to the
excitation power, therefore simple theoretical models, such as
the one employed in present study, are no longer applicable. In
recent years, new materials, e.g., the two-dimensional crystals
with huge exciton oscillator strength, have been extensively
studied (see, e.g., papers [49-53] and references therein). The
quality of these crystals is still somewhat limited, therefore the
quantitative study of exciton-light coupling is problematic.

V. CONCLUSION

We have experimentally determined the radiative decay
rates for the ground and excited quantum-confined exciton
states in a wide QW as a function of magnetic field. The
radiative decay rates are found to monotonically increase
with the magnetic field. This effect is traced to the exciton
squeezing by the magnetic-field-induced parabolic potential
in the QW plane. We have also calculated the radiative decay
rates for the studied QW. In this case we accounted for the In
segregation during the QW growth to simulate the real QW
potential in the heterostructure under study. The numerically
obtained values of /il'y; are in good agreement with those
obtained in the experiment for the second, third, and fourth
quantum-confined exciton states. For the lowest state, the
theory and the experiment significantly deviate (>10%). We
suggest this deviation to be due to variations of the exciton
in-plane coherence length due to QW potential fluctuations.

PHYSICAL REVIEW B 96, 155404 (2017)

We have also modelled the radiative decay rates as a
function of the magnetic field and of the QW width for the
first four exciton states in (In,Ga)As QWs with 2% indium
content. In such QWs, the confinement is “weak” in a sense
that the exciton is not squeezed by the QW potential in narrow
QWs and easily penetrates into the barrier layers due to their
relatively small height. Correspondingly, the radiative decay
rate for the ground exciton state has no maximum in such QWs
[34]. In such weak QWs, the radiative decay rate is controlled
mainly by the overlap of the exciton wave function with the
light wave as expressed by the integral in Eq. (3).

The character of the I'g(B) dependencies has also been
investigated. It was found that the radiative decay rate has
a quadratic dependence in relatively small magnetic fields,
which tends to a linear dependence as the magnetic field rises.
The slope of the dependencies was found to be similar for
the different quantum-confined exciton states in wide QWs
(L > 100 nm). For narrower QWs, the slope deviates from a
constant value which indicates that the quantum confinement
notably affects the diamagnetic behavior of the exciton states.
This is also seen in the numerical calculations of the exciton
wave functions in QWs for which the QW width is comparable
to the exciton Bohr diameter (30 nm in GaAs).

In our study we have limited ourselves to (In,Ga)As/GaAs
QWs as compared to conventional GaAs/AlGaAs heterostruc-
tures. First, we were able to illustrate the role of overlap
of the exciton wave function with the light wave, because
the confinement in the (In,Ga)As QWSs is weak. Second,
due to the lattice constant mismatch in the (In,Ga)As/GaAs
heterostructures, the degeneracy of the valence band is lifted
which allows one to simplify the calculations considering a
single heavy-hole valence band only. As a result, we were
able to calculate the radiative decay rate for several quantum-
confined exciton states and found good agreement with the
values obtained by reflectance spectroscopy. The dependence
of the radiative decay rate on the magnetic field could be also
predicted.
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