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Abstract—Magnetooptical investigation of exciton transitions in high-quality quantum wells of an (In,
Ga)As/GaAs heterosystem has been carried out. Investigation of transmission of free-hanging samples
detached from the substrate in the magnetic fields of up to 12 T revealed a rich fine structure associated with
various heavy-hole and light-hole exciton transitions. In particular, transitions from the excited states of light
holes localized in a Coulomb potential produced by an electron along the heterojunction axis (a Coulomb
well) have been detected. Taking into account consistently stresses, formation of Landau levels, the binding
energies of excitons (diamagnetic excitons), and the effect of a Coulomb well, we have succeeded to describe
the experimental results with the use of a self-consistent variational procedure. As a result, new features in the
structure of optical transitions have been explained and the effective masses of electrons and holes of excitons
formed by both heavy and light holes have been determined with a high accuracy.
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1. INTRODUCTION
Low-dimensional structures of an (In,

Ga)As/GaAs heterosystem have been attracting
increased attention for last two decades [1–4]. This
was inspired not only by a diversity of possible applica-
tions but also by some specific peculiarities of the elec-
tron spectrum of these systems, which makes stressed
quantum wells (QWs) of the (In, Ga)As/GaAs het-
erosystem quite promising for fundamental research.
First of all, these QWs belong to heterojunctions of a
mixed type I–II in a nearly entire range of existence of
stable quasi-binary solid solutions, i.e., for In concen-
trations within the range x = 0–0.25, so that a QW
forms an attractive potential for an electron and a
heavy hole and a repulsive potential for a light hole [5–
9]. In the general case, it is assumed that transitions
from the states of a heavy hole lead to the formation of
spatially direct excitons, whereas the nature of exciton
transitions of a light hole is not obvious. Excitons are
indirect in QWs in pronounced type II heterojunc-
tions, which makes their oscillator strength much
lower than in QW of type I heterojunctions. However,
in practice, the optical spectra of (In, Ga)As/GaAs
QWs exhibit pronounced transitions of light-hole
excitons, which contradicts with the model of indirect
excitons [9]. The model of a Coulomb well (CW)
allows resolving this contradictions by showing that
the light-hole excitons also become indirect owing to

the Coulomb interaction binding the electron and
hole. This model was first proposed in [10], then gen-
eralized and implemented to various heterosystems in
series of works [11–13]. Therein, the relative motion of
the electron and hole was treated in the adiabatic
approximation, i.e., with the separation of in-plane
and transverse motion in the kinetic Hamiltonians. In
this case, a one-body wavefunction in the growth
direction is subject to the action of both the rectangu-
lar potential of the quantum well and the Coulomb
potential averaged with the electron and hole wave-
functions over the plane of their relative motion. The
latter potential will be referred to below as the CW
potential. Further approximations are reduced to
completely neglecting the CW and thus separating the
exciton Schrödinger equation into three independent
differential equations describing the relative motion of
the electron and hole in the QW plane and their one-
dimensional motion in the out-of-plane direction.
Such separation of the general Schrödinger equation is
impossible for a wide class of systems, in which the
effects of the Coulomb well are more considerable, for
example, in CdS and CdSe microcrystals [14, 15]. The
parabolic approximation of the CW used in [10] led to
a good agreement with the experimental data on the
fine structure of the exciton spectrum in zero-dimen-
sional CdS and CdSe microcrystals embedded into a
glassy matrix [14, 15], in which case the approxima-
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tion of an infinitely high barrier corresponding to the
microcrystal boundary is quite applicable.

In ordinary type I quantum wells, the CW effects
appear to be less considerable, since the quantum-well
potential in this case makes the dominant contribution
to confining the motion of charge carriers. However,
the CW effect plays the key role in type II heterojunc-
tions (i.e., where a well for electrons forms a barrier for
holes or vice versa) or in the systems with transition
type I–II heterojunctions. This was demonstrated in a
series of publications on CdTe/CdMnTe and
GaAs/AlGaAs quantum wells, in which the CW
potential makes a decisive effect on the spectrum of
the energy states and the oscillator strengths of the
transitions [11–13].

In this work, we consider the influence of the CW
on the fine structure of heavy- and light-hole exciton
transitions in high-quality quantum wells of an (In,
Ga)As/GaAs heterojunction exposed to the magnetic
field. The magnetic field strongly affects the electron–
hole pair in the plane of their relative motion and the
effective CW potential, which leads to changes in the
binding energy of the exciton and a considerable redis-
tribution of the oscillator strength between the ground
and excited states of the exciton. The experimental
date on the influence of the CW effects on the exciton
spectra of (In, Ga)As/GaAs quantum-well hetero-
junctions were first obtained in the investigation of the
oscillating fine structure of the exciton transitions –
diamagnetic excitons (DE) [8, 9]. In this work, we
report on the observation of a unique, very rich fine
structure of the exciton transitions in these objects,
which is largely described by our theoretical model but
is still partly lacking a satisfactory explanation. This
article is organized as follows. In Section 2, subse-
quent to the present introduction, we present our for-
malism, which allows describing the fine structure of
exciton transitions with the inclusion of the CW effect.
In Section 3, the samples and the experimental tech-
niques are described. In Section 4, we present the
most typical experimental absorption spectra of our
samples. The experimental data are analyzed in Sec-
tion 5. Comparing these data with the results of our
calculations, we suggest the interpretation of the
apparent fine structure of the exciton transitions.
Peculiarities of the Coulomb-well effect are discussed
in Section 6. At last, the general conclusions are pre-
sented in Section 7.

2. THEORETICAL BASIS
2.1. The band structure of quantum wells in

(In, Ga)As/GaAs heretostructures. We first consider
the energies in deformed quantum wells in an (In,
Ga)As/GaAs heterostructure in the one-body
approximation. Thin InxGa1 – xAs layers have a lattice
that does not fully match the lattice of the GaAs sub-
strate, which leads to an increase in the band gap and
to splitting of the levels of heavy and light holes; in

addition, the potential well becomes deeper for heavy
holes and vanishes for light holes. The potential for
light holes as a function of the indium concentration x
can be written as follows:

(1)

where ΔEv(x) is the energy difference between the top
of the valence bands of unstressed InxGa1 – xAs and

GaAs, Δ (e) is the edge of the valence band renor-
malized owing to hydrostatic deformation with the
strain e = –l(13.9 + x), Δe = |bx|(1 + )e with bx =
‒1.7 – 0.1x, and Δ0(x) = 0.341 – 0.09x + 0.40575x2

[16, 17] is the strain-induced splitting of the valence
band. Here, all anisotropic constants are given in elec-
tron-volts for the (100) plane.

Assuming that the ratio of hydrostatic deformation
constants for the conduction and valence bands is
independent of the concentration of indium, Eq. (1)
can be rewritten as

(2)

where a* = –8.68 + 2.77x is the hydrostatic deforma-
tion constant. Following [17], it can be expressed as

(3)

Alternatively, one could explicitly introduce  =
0.89/0.11. All other parameters are well known [18]. It
is noteworthy that Leymarie et al. [7] reported a differ-
ent value of the ratio of band displacements in
(In, Ga)As/GaAs. However, for better consistency,
we will use below the value found from Eq. (3) rather
than the experimental one [7].

The present approach allows finding the depen-
dence of the energy of light holes on the concentration
of indium in InxGa1 – xAs, which is shown in Fig. 1.
Also shown are the potentials of heavy holes and elec-
trons calculated the same way and the energy levels of
electrons and heavy holes in the 8-nm quantum well.
As is seen, according to the model, the potential of the
quantum well potential for a light hole at x = 0–0.25
appears to be of the second type and the band discon-
tinuity for light holes turns out to be largest at x =
0.13–0.16 and amounts to 6 meV. A correction to the
renormalization associated with the inclusion of the
difference between the effective masses of light holes
in GaAs and InxGa1 – xAs for an exciton ground state
radius of 10 nm in this x range is about 2 meV [12], so
that we finally find a type II potential for a light hole
with a maximum barrier height of 8 ± 3 meV. These
results agree with the conclusions of Leymarie et al.
[7].
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2.2. Coulomb-well effect and its description. Let us
try to describe an exciton in a quantum well with a
nearly zero discontinuity of the valence band in the
presence of the magnetic field perpendicular to the
quantum-well plane. Separating the motion of the
center of mass of the exciton and the relative in-plane
motion of the electron and hole, as in [19], and assum-
ing that the exciton does not move as a whole in the
QW plane we find the following exciton Hamiltonian:

(4)
where

Here, the magnetic length L = , B is the magnetic

field, me(h) is the electron (hole) mass in the plane
transverse to the quantum-well plane, Ve(h) is the
quantum-well potential for the electron (hole), ge(h)

and  are the g factor and cyclotron frequency of
the electron (hole), respectively, l = 0, 1, 2,…, μ =
me (me + )–1,  is the in-plane hole mass, and ε
is the dielectric constant. Hereinafter, we neglect
hybridization of light and heavy holes.

Similar exciton problems were considered in a
number of works [20, 21]. The variational calculation
of the parameters of an exciton in a type I quantum
well in the presence of the magnetic field was per-
formed in [20, 21] and references therein; the varia-
tional calculation of the ground state of an exciton in a
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transition type I–II QW was given in [22, 23]; in the
same works, the approach was formulated, which
allows calculating the excited exciton states in the QW
near the type I – type II transition. In this work, we
combine the approaches [8, 9, 22, 23] to calculate the
binding energies and radiative damping of the ground
and excited exciton states in a QW with the type I –
type II transition in the presence of the external mag-
netic field. The trial function is chosen in the form

(5)

where ze and zh are the coordinates of the electron and
hole along the normal to the quantum-well plane and
ρ is the coordinate of the electron-hole pairs in the
plane of their relative motion. Since the discontinuity
of the conduction band in our system is high, we find
Ue(ze) as a solution of a one-body variational problem
for a rectangular QW. The functions Uh(zh) and f(ρ) are
determined by the system of two integro differential
equations

(6)

(6a)

If the Coulomb term in Eqs. (6) and (6a) is
neglected, then f(ρ) → ( )–1, where R is the radius
of the sample. In this case, Eq. (6a) yields the energy
Eeh of the electron-hole pair. Next, we define the
binding energy R* of the exciton as

(7)

where E is the self-energy of the system (6)–(6a) with
the inclusion of the Coulomb electron–hole attrac-
tion. It is worth mentioning that the motion of a hole
in the z direction in a quantum well with a nearly zero
discontinuity of the valence band is confined largely

Ψ ρ = ρexc( , , ) ( ) ( ) ( ),e h e e h hz z U z U z f

− Ψ =∫∫ exc
ˆ( ) ( )( ) 0,e h e e h hdz dz U z U z H E
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Fig. 1. (a) Band structure of a deformed quantum well in an (In, Ga)As/GaAs heterostructure. Arrows indicate the allowed inter-
band transitions. (b) Changes in the band energies of electrons, heavy and light holes in a deformed InxGa1 – xAs layer as func-
tions of the indium concentration x. 1 and 2 are two different approximations of the band discontinuity discussed in the text. 
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by the Coulomb potential [8, 9] produced by the elec-
tron (see Fig. 2)

(8)

In the close vicinity of the type I–type II transition
point, the exciton states with higher hole quantum
numbers (2, 3, etc.) can make considerable contribu-
tions to the spectra. To calculate the wavefunctions
and binding energies of these higher exciton states we
will approximate potential (8) as

(9)

where V0 and α are fitting parameters, which yield the
best agreement with Eq. (8). The wavefunctions of
holes in this potential can be found analytically. A
weak CW potential is then taken into account in the
first-order perturbation theory (for details, see [23]).
Having determined Uh(zh) one can find from Eq. (6a)
the function of the relative electron–hole motion as a
solution of a single-parameter variational problem.

We use the trial function

(10)

where a is the variational parameter. The self-consis-
tent solution of Eqs. (6) and (6a) is then found by iter-
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ations. This way we determine the g factors of elec-
trons and holes in the zero approximation as

(11)

where  = (z),  = 1 –  = 1 – , 

and  are the g factors of the well and barrier materi-
als, respectively, v = e, h, and Lz is the quantum well
width.

It is worth mentioning that the above procedure of
self-consistent variational calculation, strictly speak-
ing, is applicable only to the ground state of the exci-
ton. If a similar procedure were to be used to find the
exciton state associated with a higher hole level under
the conditions of Coulomb well potential (9), one
would have to recalculate the exact (8) and approxi-
mate (9) potentials. The wavefunctions of excited
states found this way would not be orthogonal to the
ground state, which would lead to a contradiction with
the basic principles of quantum mechanics. To avoid
this contradiction, we use in our calculations of the
excited states of holes the same CW potential as was
found for the ground state. This allows retaining the
orthogonality but unfortunately reduces the accuracy
of the variational calculation of excited exciton states.
In particular, this yields the same ground state radius
for all E1LHN exciton transitions (N = 1, 2, 3…).

The aforementioned limitation of the applicability
of the self-consistent variational approach to the solu-
tion of the Schrödinger equation for an exciton in a
CW potential is fundamental, as it is caused by a lim-
ited accuracy of the adiabatic approximation, which is
one of the cornerstones of the model under consider-
ation. It should be also mentioned that our model nev-
ertheless works well for finding the energies of the
exciton transitions E1LHN and provides, as will be
shown below, remarkable agreement with the experi-
mental data.

The radiative damping of an exciton can be
expressed in terms of the found exciton characteris-
tics as

(12)

Here, Jeh = zUe(z)Uh(z), ω0 is the resonance fre-
quency of the exciton, ωLT is the longitudinal–trans-
verse splitting, and aB is the ground state radius of the
bulk exciton. (For GaAs, one can use ωLT = 0.08 meV
and aB = 14 nm.)

2.3. Mixing of heavy and light holes. Usually, in the
effective-mass approximation, the states of hole in
diamond-like crystals is described by the Luttinger
Hamiltonian and the dispersion of charge carriers
near k = 0 is determined by the so-called Luttinger
parameters γ1, γ2, and γ3, which depend on the compo-
sition and orientation of the crystal, as well as on cor-
rugating of the valence band. In the case of a quantum
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Fig. 2. Envelopes of electron and light-hole wavefunctions
for a 7-nm quantum well in an In0.06Ga0.94As/GaAs het-
erojunction. The (LH1) ground and (LH3) third-state
wavefunctions of light holes are shown. Dashed lines are
the potential wells of the conduction band and the Cou-
lomb potential of the quantum well.
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well, in the perturbation theory, the degeneracy of the
valence band is lifted and the effective masses at the
respective quantum levels are specified as m0/mv = γ1

 (where + and – correspond to the levels of heavy
and light holes, respectively). Thus, the nominally
light holes acquire relatively heavy masses in the quan-
tum-well plane, whereas heavy holes become lighter
owing to strong interaction between these states. The
above approximate formula for the effective masses
disregards possible tunneling of light holes into the
barrier layers and the effect of stresses on the splitting
of light and heavy holes in the material of the quantum
well. These issues become important in the case of
(In, Ga)As/GaAs heterostructures stressed owing to
the mismatching lattice constants of the well and bar-
rier materials, which leads to the emergence of the
LH1–HH1 splitting increasing with the contamina-
tion of indium. This model was studied theoretically in
[24], where it was shown that the hole masses in the
quantum well strongly depend on the uniaxial compo-
nent of the stress and tunneling of light holes, as well
as on the orientation of the crystal. For simplicity, we
will consider only one crystallographic orientation of
the QW layer, which corresponds to samples grown on
surfaces oriented in the direction (100). Following
[24], we will find the dimensionless inverse masses
(Mv = m0/mv), which can be written in the form

(13)

where Mv = γ1 ± 2γ2 are the inverse hole masses in the

bulk material, CvN = 3 (Mv )/(Mv(γ2 − )2,

ΔMvV = ±3(  −  + )/(γ2 − ),  =
e100/2N2, e100 = (b/Ry)(Lz/πa0)2e(x)((C11 +

2C12)/C11), Ry = 13.6 eV, a0 = 0.53 Å is the ground state
radius, and C11, C12 are the elastic moduli of the film.

In the case of a considerable contribution of tunnel-
ing, the phase factor  can be written as

(14)

where Zlh, –p(EvN) = ( klh/ χlh) –
pcotp(klhLz/2), p = (–1)N + 1 is the parity of the level N,

klh =  is the wave vector of
the light hole in the well, χlh =

 is the absolute value of the
wave vector of the light hole in the barrier,  and

 are the dimensionless inverse masses in the well
and barrier layers, E is the energy measured from the
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top of the valence band of the well material, and klh
and Zlh, –p should be calculated for the energy E = EhhN.

The tunneling length of light holes is usually com-
pared with the well width a owing to a low ratio β(n) ≪
1 of the hole masses. As follows from Eq. (14), tunnel-
ing of light holes can strongly affect the effective mass
of heavy holes. This holds only if mlhΔEv /π2   ≤ 1
(χlhLz ≤ 1). The condition of penetration of the wave-
function of light holes into the barriers effectively
decreases the contribution of light holes to the disper-
sion of the subband HH1 with a decrease in the well
width. Accordingly, the mass mhhl increases monoto-
nously to the values on the order of  at Lz ≈

/ ΔEv.
As was shown in Subsection 2.1, splitting between

the first levels of light and heavy holes in (In,
Ga)As/GaAs quantum wells increases with x, which
leads to the type I–type II transition for the light hole.
This can be considered as the limiting case of the
model elaborated in [23]. In this case, a sharp increase
in the mass of heavy holes compared to the prediction
of the Luttinger theory for the pure 2D case can be
expected.

3. EXPERIMETAL TECHNIQUES
InxGa1 – xAs samples were grown by molecular-

beam epitaxy on (100) GaAs substrates. To provide
further complete elimination of the substrate by chem-
ical etching, 0.5-μm Al0.5Ga0.5As stop layers were pre-
liminary grown on GaAs. The characteristics of the
samples under investigation are listed in Table 1.
Elimination of substrates allowed us to resolve a fine
structure of the transmission spectra further used to
recover the spectral dependence of the absorbance of
heterostructures with multiple quantum wells.

The magnetooptical measurements were carried
out at T = 1.7 K in a helium cryostat with pumping of
helium vapor equipped with a superconducting coil
providing magnetic fields of up to 11 T. Free-hanging
samples were immersed directly into liquid helium.
The spectra were detected for left and right circularly
polarized light in the Faraday geometry with the use of
high-aperture monochromators. The magnetic
absorption was measured at the normal incidence of
light. Our experimental technique was described in
more detail in [25–27].

As is seen in Table 1, low concentrations of indium
(x = 0.03–0.07) correspond to a better quality of the
samples1† and ultranarrow spectra lines. To exclude
the effects of stress relaxation, the barriers in some QW
structures were made much thicker than the wells. The
concentration x of In, the well width LZ and the barrier

†1The samples were manufactured by the group of H. Gibbs and
G. Khitrova at the Optical Research Center of the Arizona Uni-
versity, USA.

2
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width LB were determined with the use of X-ray dif-
fraction spectroscopy.2† To reveal the influence of the
Coulomb well on the fine structure of the exciton
transitions in the InxGa1 – xAs/GaAs heterostructure
we chose the sample with a low contamination of In,
primarily, due to two reasons. First, according to
Fig. 1, the chosen samples should exhibit the simplest
exciton spectra, since there is only one state of elec-
tron in a quantum well with a width of less than 100 Å;
second, a low concentration of indium provides a bet-
ter quality of the samples and ultranarrow spectral
lines (Table 1). The sample with a higher contamina-
tion of In were used only for comparison.

4. EXPERIMENTAL RESULTS

4.1. Original spectra (B = 0). The optical transmis-
sion spectra of the samples with x = 0.033–0.066 mea-
sured either before or after elimination of the substrate
are shown in Fig. 3. Free-hanging sample exhibit
much more spectral features. Two kinds of spectra
with dissimilar absorption modulation scales can be
distinguished. Relatively low amplitudes of the spec-
trum lines correspond to exciton transitions in the
InxGa1 – xAs layers, whereas stronger spectrum lines
correspond to transitions in the GaAs barrier layers.
The latter feature a complicated multipeak set of tran-
sitions and can be described in terms of exciton-polar-
iton quantization branches accompanied by weak
effects of deformation [25]. Many details are lost in the
spectra detected before elimination of the substrate. In
particular, the details of the behavior of the GaAs layer
are unseen. All peaks appear to be red-shifted with
respect to free-hanging samples by approximately
2.5–6.6 meV (see Table 2). The shifts Δ1 and Δ2 for the
heavy-hole and light-hole excitons are different.

†2The X-ray measurements were carried out by N.N. Faleev at the
Ioffe Physicotechnical Institute.

Below we consider relatively low-amplitude lines
associated with transition in the quantum well. These
lines, in turn, can be divided into two groups: the lines

Table 1. Parameters of the samples under investigation

Here, x is the concentration of indium, Lz is the layer thickness, LB is the barrier thickness (these parameters were found by X-ray dif-
fraction), N is the number of periods in the structures with multiple quantum wells; FWHM is the full width at half-maximum of the
spectral lines for the states HH1E1, as taken directly from the measured absorption spectra.

Sample number Sample x LZ, nm LB, nm N FWHM, meV

1 NMC33 0.033 9.3 89.7 30 0.8
2 NMC31 0.044 8.5 83.7 20 0.9
3 NMC21 0.045 9.0 82.2 20 1.1
4 NMC11 0.062 8.8 75.8 20 1.7
5 NMC15 0.066 6.3 79.4 20 1.6
6 GIBQW 0.132 4.4 14.7 30 6.6
7 MOD22 0.161 7.5 33.1 30 5.0
8 4K5 0.209 5.0 13.0 30 10.3
9 MOD23 0.225 4.6 23.7 30 11.9

Fig. 3. Optical absorption spectra of two samples (NMC11
and NMC21) before and after elimination of substrates.
Symbols mark the lines of excitons (1 and 1') HH1E1 (1s),
(2 and 2 ') HH1E1 (2s), (3 and 3 ') LH1E1, 6 (LH3E1), and
(B+ and B–) light and heavy-hole excitons in the GaAs
barrier layer.

’

’

’

’
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with a short-wavelength satellite associated with the
states 1s and 2s of the HH1E1 exciton and a set of lines
corresponding to the states of a light-hole exciton. It
should be mentioned that, according to our scheme, in
the case of a low contamination of In, there are no
other allowed optical transitions in the system. Hence,
increasingly higher-energy lines should be associated
with the light-hole excitons, except those associated
with the HH1E1 exciton.

4.2. Behavior of optical spectra in strong magnetic
fields. A series of absorption spectra measured on one
sample in strong magnetic fields is shown in Fig. 4.
There are many strong and weak peaks. They all
exhibit a blue shift with an increase in the magnetic
field, so that the number of pronounced peaks is lim-
ited owing to strong absorption of light in the barrier
layers. The magnetic transmission spectra of samples
measured before elimination of the substrate are also
shown for reference (Fig. 5). As is clearly seen, there is
a group of lines with a behavior very typical for a mag-
netic (DE) exciton in a type I quantum well [26, 27],
which can be attributed to the HH1E1 exciton.

There are two additional features that appear in the
HH1E1 spectra of free-hanging samples in the mag-
netic field (see the fan diagrams). First, as was clari-
fied, the ground state has weak satellites red-shifted
from the main line by ~1 meV (Fig. 6, sample 3). Such
satellites are also seen in Fig. 7, which shows the fan
diagrams for sample 4. However, in the latter case,
they are situated on the blue side of the main spectral
line. The second feature is an additional system of
lines, which spans with a decrease in the magnetic
field to zero to the same region of the exciton states as
the ground state.

However, most peculiar is the behavior of light-
hole exciton transitions. They can be considered by
mentally excluding all HH1E1 exciton lines discussed
above. As is seen, the light-hole excitons hardly form
their own fan diagram and their energies originally
weakly depend on the magnetic field. In addition, the
second line shifted from the ground state of the transi-
tion similar to the first excited state (2s) of the HH1E1
exciton emerges in the magnetic field. This line obvi-
ously does not correspond to any of the excited states
of the LH1E1 exciton. In higher fields, two lines of the
doublet diverge (converge) for the right (left) circular
polarization, as if their g factors were of the opposite
signs. This effect takes place only on free-hanging
samples, whereas the magnetic-field dependences of
the positions of these resonances for the samples on
substrates are nearly parallel.

Very weak convergence of the fan diagram of light
holes is also exhibited by the spectra of the samples
with a higher In concentration (e.g., sample 4), but the
specific doublet structure is still seen in the light-hole
exciton spectra. It is also worth mentioning that a weak
equidistant “fine structure” is sometimes resolved on
high-quality samples with a low In concentration at
the energies above the doublet.

Fig. 4. Absorption spectra of sample 1 in various magnetic
fields after removing the substrate. The left circular polar-
ization of light.

W B

Table 2. Strains (e), shifts and splittings (Δ) in the samples
under investigation: experiment and calculations

The measurements on both samples were carried out after elimi-
nation of the substrates. Shifts and splittings are in millielectron-
volts.

Sample x e, 10–4 Δ1, 
(theor.)

Δ1, 
(exp.)

Δ2, 
(theor.)

Δ2, 
(exp.)

NMC21 0.045 4.3 2.1 2.4 5.1 5.4
NMC11 0.062 5.8 2.9 3.75 6.9 6.25

Fig. 5. Absorption spectra of sample NMC21 in various
magnetic fields before removing the substrate.
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Fig. 6. Fan diagrams of sample 3 in the left and right circular polarizations. The recovered positions on the transitions to the Lan-
dau levels are shown by straight lines. l is the Landau quantum number. Symbols are the magnetic-field positions of (closed
squares) the first maxima for the GaAs barrier, (closed circles) HH1E1, (open diamonds) LH1E1 and LH3E1, and (open trian-
gles) the additional transitions in the fan diagrams—the maxima of the LH–E1 exciton. S marks the additional transitions asso-
ciated with monolayer deviations of the well layer thickness.

L

S
S

5. INTERPRETATION OF THE FINE 
STRUCTURE OF THE EXCITON 

TRANSITIONS

5.1. Redistribution of stresses in free-hanging sam-
ples. In this subsection, we discuss changes in the band
structure with respect to the samples on a substrate
that appear owing to deformation effects. Experimen-
tally, the difference between the absorption spectra of
free-hanging samples and samples on substrates is
dramatic, as is seen in Fig. 3. In particular, the lines
corresponding to the same exciton transitions exhibit
considerable shifts. To explain these changes we use
the following formalism. We calculate the strain e in
GaAs from the Δe and δE values listed in Table 2 with
the use of the data [27]:

which yields the average experimental values e = 4.3 ×
10–4 and 5.8 × 10–4 for samples 3 and 4, respectively.
This implies that the lattice constant a of the samples
grown on the GaAs substrate plane increases, a = a0 +

Δ = + λ =2 (1 ) 6.4 ,e b e e

δ = − λ = −(2 ) 9.7 ,E a e e

Δa, and this induces a decrease in the strain e1 in the
(In, Ga)As layers according to the formula

(15)

Here, e0 is the initial strain of the (In, Ga)As layers
and a0 and a1 are the lattice constants of free-hanging
GaAs and (In, Ga)As layers at a given x value, respec-
tively. A difference between the strains in the samples
on a substrate and free-hanging samples can be
approximated as Δe = e1 – e0 = ek, where k =
5.6512/(5.6512 – 0.4x) ≈ 1. This allows writing Δ1 =
‒ax(2 – λx)e – |bx|(1 + λx)|e|,

(16)

Calculating the strain-induced splitting of the exci-
ton lines we disregarded quantization of the exciton
polaritons [25], which changes in different ways the
positions of the light and heavy-hole exciton peaks.
Anyway, the agreement between the calculated and
experimental energies of the exciton transitions
(Table 2) is quite satisfactory.

= +1 0 0 1( / ).e e e a a

Δ = − − λ − + λ
× + + λ + Δ

2

0 1 0

(2 ) | |(1 )
[1 9| |(1 )|( )|/4 ].

x x x x

x x x

a e b e
b e e
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5.2. General peculiarities of magnetic absorption
spectra. The transmission spectra of one of our sam-
ples after removing the substrate in zero magnetic field
and at B = 1–3 T are shown in Fig. 4. Relatively weak
magnetic fields, lower than 1 T, induce pronounced
oscillations in the transmission spectra. There is a
large number of absorption peaks: sometimes we
observed more than 20 peaks only in the spectrum
range bounded by the position of the barrier absorp-
tion. This is also an indication of a high quality of our
samples. Such an oscillating behavior of magnetic
absorption is inherent in intraband magnetic absorp-
tion of quantum wells and was previously observed in
an AlGaAs/GaAs system (see, e.g., [26]). It appears in
our samples, when the strong-field criterion β =

Ω/2R0 ≫ 1 (where R0 is the binding energy of the
exciton at B = 0 and Ω is the sum of cyclotron frequen-
cies of electrons and holes) for the ground state of the
exciton is not yet fulfilled. In this case, the observation
of the oscillating structure is the direct consequence of
the involvement of excited exciton states in the absorp-
tion. However, it should be mentioned that these
excited states cannot be resolved at B = 0, although the
lifetime of the exciton in these states should be long
enough for the magnetic-field oscillations of absorp-
tion could be seen.

�

The fan diagrams (Fig. 6) clearly indicate that the
magnetic excitons with the electron Landau numbers
lc = 1, 2, and 3 originate from the excited states 2s, 3s,
4s, and 5s of the exciton in the quantum well, respec-
tively (in this respect, see Fig. 8 for sample 3). It can be
concluded that the strong-field criterion is fulfilled for
these excited states at 1.8, 1.2, 0.9, and 0.5 T, respec-
tively. The intraband absorption edge in this case is sit-
uate at EN = 1.4925 eV. It is reasonable to assume that
all magnetic excitons with higher Landau numbers
correspond to higher initial excited exciton states at
B = 0. The binding energies of the ground and 2s states
of the HH1E1 exciton appear to be 8.3 and 2.1 meV,
respectively. Extrapolation to zero field yields the dis-
sociation energies of 1.0, 0.5, and 0.3 meV for the 3s,
4s and 5s excited states, respectively. Up to a certain
critical field B ≈ 6 T, the states of the magnetic exciton
exhibit a parabolic diamagnetic shift (Fig. 9). The
dependence starts to become quasi-linear, intrinsic to
the Landau levels, only in higher fields (in the strong-
field limit).

5.3. Fine structure of magnetic absorption. Thin
lines in Fig. 6 show the genuine positions of transitions
between the Landau subbands for the transitions
HHlE1 (l is the Landau quantum number). The slope
of the lines and their extrapolation to B = 0 are typical

Fig. 7. Fan diagrams of sample 4 in the left and right circular polarizations including the additional transitions (L) attributed to
the excited states of diamagnetic excitons, (1D) presumably indirect transitions to the electron level of the quantum well and (S+)
associated with monolayer deviations of the well layer thickness.

SL
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for the states of the magnetic exciton (DE) belonging
to the size-quantization state HH1E1 of our het-
erosystem [28, 29]. Thus, there is an opportunity to
attribute the L lines to the first excited state of the DE
series with the quasi-one-dimensional quantum
number ν = 1. Interestingly, such states are seemingly
manifested in the spectra near the crossing point of
the ground DE state and the state belonging to the
next Landau number, and the dissociation edge of the
DE series of the preceding Landau level. This feature
is typical for the diamagnetic exciton in bulk crystals
[30]. The existence of L lines only in the left-circularly
polarized spectra can be understood taking into
account the selection rules for the excited exciton
states [28, 31]. Obviously, the emergence of such
states is an indication of the deviation of our system
from two dimensions. They should be absent in thin-
ner QW layers.

The long-wavelength satellites of the 1s peaks of
the magnetic exciton are probably associated with the
energy splitting of the exciton line owing to monolayer
fluctuations of the QW width. Such a fine structure
can be seen only when the characteristic size of inter-
facial islands with an additional monolayer exceeds
the ground state radius of the exciton in the quantum
well plane. The magnetic field makes the fine struc-
ture associated with monolayer f luctuations more
pronounced, which is quite natural, since it effectively
decreases the ground state radius of the exciton in the
QW plane [32]. That is why the second satellite

appears in higher fields (Fig. 9). The distance δi
between the satellites and the ground state of the exci-
ton for sample 3 can be estimated as δ1(0) ≈ –0.8 meV,
δ1 (7.5 T) ≈ –1.6 meV and δ2(7.5 T) ≈ –2 meV, with the
use of the approximate relation

(17)

Here, ΔE = Δ  + Δ  is the sum of the electron
and hole energies measured from the bottom of the
conduction band and from the top of the valence
band, respectively, αi is the coefficient of the diamag-
netic shift and δLz is the variation of the thickness of
the quantum well layer owing to inhomogeneous
growth. The calculated value δ1(0) = 0.7 meV agrees
well with the experimental line splittings at B = 0. The
negative sign corresponds to the growth of individual
hills in the layer surface. Sample 4 behaves in a bit dif-
ferently. The exciton ground state radii calculated with
the use of the coefficients of the diamagnetic shift
found from Fig. 9 are 9.7, 7.1, and 6.8 nm, respectively.
The first of them refers to the ground state HH1E1 of
the exciton in the well and nearly coincides with
~10 nm found by the variational calculation.

The radius corresponding to satellite peaks appears
to be much lower, which indicates that these peaks
originate from the laterally confined states in the well.

δ = Δ + α δ2( ) / .i i z zE B L L

W
cE W

hhE

Fig. 8. The fan diagram of sample 3 in the right circular
polarization plotted in the logarithmic scale.

lo
g(

E
 −

 E
0)

log B

Fig. 9. Magnetic absorption peaks detected on sample 3 near
the transition E1HH1. Solid lines are the calculated energies
of the transition E1HH1 in the 9-nm InxGa1 – xAs/GaAs
quantum well and in similar quantum wells thicker by one
and two monolayers.
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The additional peaks can also be resolved on the
blue side of the main exciton peak. Their amplitudes
increase with the magnetic field. We attribute them to
the exciton states associated with monolayer narrow-
ing of the quantum well. As was shown theoretically,
such states belonging to the two-dimensional continu-
ums of the exciton states have the oscillator strength
on the same order of magnitude as the localized exci-
tons [33]. The splitting between the main peak and its
satellite associated with the QW narrowing by δLc can
be estimated as

(18)

where ω0 = eB/mc is the cyclotron frequency of free
electron proportional to the magnetic field B and RB is
the respective binding energy. The δLc value extrapo-
lated to zero field is about 0.85 meV. The relative inte-
gral intensities of the main line and satellites allow
estimating the concentration of islands with a widen-
ing and narrowing of the quantum well with the use of
the formalism [33]. However, this is the subject of a
separate work.

The last feature to be discussed is the spectrum line
marked as 1D in the fan diagram of sample 4 (Fig. 7).
This weak line is observed at energies higher than the
energy of the exciton transition HH1E1 by 17 meV,
which coincides with the distance between the top of
the valence band in the barrier and the quantum level
HH1 of heavy holes. We attribute this line to indirect
transitions of barrier holes to the electron level in the
well. It disappears in higher magnetic fields.

It should be mentioned that the emergence of pro-
nounced discrete electron and hole quantum states in
the well is surprising as such, if we take into account a
very low concentration of indium in our samples
(about 3% in quantum well thinner than 10 nm). In
this case, there is only one In impurity atom in the
GaAs matrix per two atomic chains perpendicular to
the well plane. Taking into account a random distribu-
tion of atoms, one can expect the existence of regions
with pure GaAs atomic chains crossing the entire QW
layer. Nevertheless, the samples exhibit ultranarrow
spectrum lines with a nearly negligible inhomoge-
neous broadening. This peculiarity of our samples was
considered separately in [29], where it was shown that
(In, Ga)As/GaAs heterostructures with such a low
concentration of indium can be actually considered as
composed of a defect-free quasi-crystal possessing, in
addition, a quite perfect interface. Our investigation
reveals (see Figs. 7 and 9) only inhomogeneities of one
or two monolayers.

The temperature dependence of the FWHM of the
spectrum lines for the HH1E1 exciton state and the
possibility of the formation of exciton polaritons at the
normal propagation of the optical wave through the
quantum-well structure were studied in [20] (see also
[34]).

δ = Δ + ω + − δ� 0 B,[ ( 1/2) ] / ,i l z zE l R L L

5.4. Finding the cyclotron masses of the HH1E1
exciton. To find the cyclotron mass of an exciton (the
reduced mass of the relative motion of the electron
and hole), one has to transform the experimental fan
diagram to the diagram of transitions between the
Landau levels by adding the binding energies of the
exciton to the energies of magnetic absorption peaks
[28, 29]. For this purpose, we calculated the binding
energies of various exciton states as functions of the
magnetic field, as is shown in Fig. 10. To calculate the
heavy-hole exciton states, we implemented the varia-
tional approach elaborated in [20]. To calculate the
heavy-hole excitons states with higher Landau num-
bers, we used the perturbation theory [20], whereas
the light-hole exciton states were calculated by the
self-consistent variational method with the inclusion
of the CW effect, as described in Section 2. 

All curves for the transitions between the Landau
subbands, including the first Landau subband with l =
0, converge to the same energy at B = 0 within a small
error. This confirms a good accuracy of the calculation
of the binding energies of the diamagnetic exciton.
Figure 11 shows the Landau fan diagram recovered
with the use of the calculated binding energies of the
exciton in the magnetic field. The recovered Landau
fan diagrams in units of Ell = 0.116B(l + 1/2) allow col-
lecting all experimental points belonging to various
states with different Landau numbers into a single
curve, as can be seen in Fig. 11. This representation
allows estimating the effective reduced masses μ of the
electron and hole in the quantum well plane from the
slope ΔE/ΔB of the recovered straight line for the tran-
sitions between the Landau subbands. In this case,
0.116 = /B is the cyclotron energy of free electron
per unit magnetic field B.

ω� c
e

Fig. 10. Binding energies of (thin lines) heavy and (thick
lines) light-hole excitons. “Var” marks the result of the
variation calculation for the ground state of heavy holes.
All other thin lines were plotted with the use of perturba-
tive calculations [20], whereas all half-thick lines were cal-
culated by means of the self-consistent variational tech-
nique with the inclusion of the CW effect (as described in
the text).
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Unfortunately, we cannot experimentally separate
here the contributions of the electron and heavy hole
to the found reduced masses. Moreover, the discussed
data were obtained for the samples with different
quantum well widths Lz.

The nonparabolicity of the dispersion curves of
electrons in our model is somewhat different for dif-
ferent Lz values. The masses of heavy holes correspond
to the known dependences on the concentration of
indium for solid solutions (for example,  =
0.0660 – 0.0537x + 0.0116x2 in [31]). We found the
dependence of the effective mass of heavy holes on the
concentration of indium

(19)
(see Fig. 12). As can be seen, the heavy-hole mass for
the first quantization level (HH1) in (In, Ga)As/GaAs
is much heavier than in unstressed quantum wells.
Comparing this expression with the dependence on x
for heavy holes in a bulk material (e.g., Mhh(x) =
0.445 – 0.035x [18]) and with the hole mass in a
quantum well calculated by Eqs. (13), (14) we come to
the following conclusions: (i) there are no consider-
able mixing of light and heavy holes in our QW struc-
tures and (ii) the experimental data agree well with the

−1
c 0
*m m

− = − +1 2
0 hh

* ( ) 0.385 0.88 0.86m m x x x

theory [24]. In particular, the theoretical prediction
that a heavy hole preserves its heavy effective mass in
the QW plane owing to the penetration of light holes
into the barrier layers is confirmed. A similar observa-
tion was made in [35] for a quantum well in
InxGa1 ‒ x/As/GaAs with x = 0.1 and Lz = 2.5–20 nm,
where the heavy-hole mass appears to be 0.19–0.25m0.

5.5. Light-hole exciton transitions. As was men-
tioned above, the light-hole exciton transitions exhibit
a very peculiar behavior in the magnetic field, as com-
pared to a typical behavior of a diamagnetic exciton in
a type I quantum well or a behavior of heavy-hole
excitons in our heterostructures. Such a behavior can
be understood in the model of a Coulomb well formu-
lated above. Figure 13 shows the profile of the Cou-
lomb well calculated variationally by Eq. (8). The
energy positions of so-called oscillatory levels are also
shown. Only the levels with even indices are optically

Fig. 11. Positions of the energy levels for all our samples
listed in Table 1 corrected by the inclusion of the binding
energy RB and plotted as x = ω0(l + 1/2), where l is the
number of the Landau quantum level.

�

Fig. 12. Estimated effective masses of (left vertical scale)
electrons and (right vertical scale) heavy holes in
(In, Ga)As/GaAs heterostructures versus the concentra-
tion of indium in the wells.

Fig. 13. Calculated profile of the Coulomb well for a light
hole in the 8 nm In0.05Ga0.95As/GaAs quantum-well het-
erojunction. The energies of even “oscillator” states of
light holes in the CW potential are shown.

Lz, Å
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active, as far as a transition to the lowest electron state
in the quantum well is considered. The depth of the
Coulomb well in our samples seemingly ranges from
13 to 16 meV. The energy spacing of two light-hole lev-
els with n = 0 and n = 2 is 5.8 and 5.2 meV for samples
4 and 3, respectively. To find the positions of the oscil-
latory levels one has to take into account the binding
energies of the exciton calculated Eq. (7) (see Fig. 10).
This allows us recovering the genuine positions of the
oscillatory levels and their dependence on the mag-
netic field (see lines C1 and C2 in Fig. 17 below). They
are separated by 3.8 and 3.1 meV at B = 0 in samples 4
and 3, respectively. These values conform quite well
with the experimental data (see Fig. 13). Small dis-
crepancy can be attributed to uncertainty in the effec-
tive masses of light holes, which are different for dis-
tinct quantum states.

As a whole, the behavior of peaks associated with
light-hole excitons in the magnetic field is quite differ-
ent from the behavior of peaks of heavy-hole excitons.

6. DISCUSSION
6.1. “Radial” and “Coulomb-well” parts of the

binding energy of excitons. In the adiabatic approxima-
tion used in this work, the contributions to the binding
energy (7) of the exciton originating from the in-plane
motion of the electron and hole (hereinafter referred
to as the radial part of the binding energy) and from
the localization of holes in the Coulomb well (herein-
after referred to as the CW part of the binding energy)
can be separated. The radial part ER is determined by
the equation

(20)

whereas the equation for the CW part is as follows

(21)
where Enet and Etot are given by the equations

(22)

(23)

In the ordinary type I quantum well, in contrast to the
type II quantum well, the radial part dominates over
the CW part. The radial part is a smooth and well-
known function of the QW barrier width and height.
On the contrary, the CW contribution, up to our
knowledge, has not been analyzed as such. Performing
this analysis for our system seems useful. In addition,
we will find the CW energies as functions of the
indium concentration in our samples, which would

⎧ ⎫⎪ ⎪⎛ ⎞∂− ρ −⎨ ⎬⎜ ⎟μ ρ ∂ρ ε⎝ ⎠⎪ ⎪ρ + −⎩ ⎭
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allow determining experimentally the Coulomb well
depth V0.

6.2. Coulomb well depth. We can estimate the CW
depth in our samples as a function of the indium con-
centration x from the magnetic absorption and X-ray
diffraction data. Let us compare the concentration
dependences of the energy positions of the light and
heavy-hole exciton peaks. If we ignore the Coulomb
well, the relation between these energies can be writ-
ten as

(24)

for the transition HH1E1 and as

(25)

for the transition LH1E1 with the light hole at the edge
of the band gap of GaAs (in fact, this is the above-the-
barrier state of the light hole, since our structure
belongs to type II). In the case of indirect transitions
LH1E1 (with the light hole at the edge of the band gap
of GaAs), we find

(26)

Here, Δ , , ΔElh, and Δ (x) are the ener-
gies of the quantum levels of electrons and heavy holes
measured from the bottom of the electron band and
from the top of the heavy-hole subband, respectively,
ΔEc(x) is the discontinuity of the conduction band,

and Rh, , and  are the binding energies of the
HH1E1, LH1E1 above-the-barrier and indirect exci-
tons, respectively.

Since the concentration of indium and quantum
well width vary in our samples, the energies Δ  and
Δ  vary from one sample to another. We sub-
tracted these two energies from the experimentally
measured HH1E1 resonance levels, as is shown in
Fig. 14a. As can be seen, the transition energies cor-
rected this way can be connected by a straight line,
which corresponds to the dependence of the width if
the band gap on the concentration of indium in
deformed (In, Ga)As. The data were taken from Fig. 1
and corrected taking into account the radial part of the
binding energy of the exciton (20). Deviations of the
points from the line are no greater than 1–2 meV. This
implies that the CW part of the binding energy of the
heavy-hole exciton is negligible.

The same procedure of renormalizing the experi-
mental exciton energies was implemented in the case
of light-hole excitons (Fig. 14b). Curves 1 and 2 are,
respectively, the width of the band gap in (In, Ga)As
and the transition energy between the bottom of the
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conduction band in (In, Ga)As and the upper part of
the valence band in GaAs versus the indium concen-
tration. Both energies are corrected for the radial part
of the exciton binding energy. As can be seen, the
renormalized experimental energies of the exciton
transitions fall much lower than both curves. We attri-
bute this discrepancy to the localization energy of the
first oscillatory state with n = 0 in the Coulomb well

(27)

where En(n = 0) is the depth of the first oscillatory
state measured from the lower part of the Coulomb
well. Figure 15 shows the experimental Δ values versus
x. The CW depth V0(x) calculated for the 8-nm quan-
tum well is shown in the same figure by the solid line.
Seemingly, V0 strongly depends on x at low concentra-
tions of indium. This is because the CW depth is sen-
sitive to the localization function of the electron enve-
lope in the growth direction, which strongly depends
on the barrier height at low x. A further increase in x
does not induce any considerable compression of the
electron envelope, so that V0(x) is saturated. In this
limit, we find from the experimental data

Using the calculated value En(n = 0) ≈ 2–3 meV, the
CW depth at x > 0.05 can be estimated as 14–19 meV.
This seems to be in good agreement with the calcu-
lated value (solid line in Fig. 15). It should be noticed
that the CW contribution to the binding energy of the
light-hole exciton appears to be very important in the
majority of our samples. The CW effect allows exci-
tons in type II quantum wells to have the binding
energy approaching to or even exceeding the 2D limit.

− ≈ = = −UB
exp CW 0( 0) ,l nE E E E n V

≈ −CW 12 16 meV.E

Exceed the two-dimensional limit is not a paradox if
we take into account the definition of the binding
energy as a difference between the energy of a nonin-
teracting electron-hole pair in the quantum well and
the exciton energy. The hole energy in the barrier
material of the type II quantum well is lower than in
the well material. Owing to this difference, the exciton
can have the energy that differs from the energy of the
electron-hole pair by the quantity exceeding the two-
dimensional limit.

Fig. 14. Coulomb well depth estimated from the experi-
mental energies of the (a) heavy- and (b) light-hole exciton
transitions. The transition energies are plotted versus the
concentration x of indium and compared with the calcu-
lated energies of direct and indirect exciton transitions (see
inset). Arrows indicate renormalizations of the experimen-
tal transition energies by subtracting the quantization ener-
gies of electrons and holes.

(a) (b)

Fig. 15. (Triangles) Coulomb-well part of the binding
energy of a light-hole exciton versus the indium concen-
tration x found from the experimental positions of peaks,
as in Fig. 14, and the CW depth calculated (dashed line)
from the experimental data and (solid line) ab initio.

Fig. 16. Above-the-barrier oscillatory levels in the Cou-
lomb well detected in the absorption spectra of (In,
Ga)As/GaAs quantum-well structures (sample 3) in vari-
ous magnetic fields.
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6.3. The oscillatory levels of the Coulomb well. The
magnetic absorption spectra of the samples with low x
values exhibit a rich multipeak structure of the light-
hole exciton transitions (Fig. 16). Namely, in addition
to first two intense maxima associated with the exciton
states E1LH1 and E1LH3, one can see a set of equi-
distant peaks (see also Fig. 17, which shows only the
transitions associated with light-hole excitons). The
analytical expression for the energies of the oscillatory
levels of an exciton in the Coulomb well reads [8]

(28)

The parameters V0 and α were found by the numerical
fitting of the CW potential (8) to function (9). The
quantity α is on the order of the inverse ground state
radius of the exciton: α = 8.5 × 10–3 Å–1 for Lz = 80 Å
and x = 0.1 [9]. Knowing α and V0 one can find the
effective mass of light holes from the experimental dis-
tance between the nearest levels. At n = 2 we find mlh =
0.0826m0, which is nearly identical to the mass of light
holes in bulk GaAs. This is natural if we bear in mind
a quite considerable penetration of the wavefunction
of light holes into the barriers. It is worth mentioning
that the CW depth in sample 3 is no greater than 5 meV

⎡ ⎤α= − − − + +⎢ ⎥α⎣ ⎦

�

�

2 2
0

2 2
8(1 2 ) 1 .

8
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n
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(see Fig. 15). That is why the exciton states with n > 2
are delocalized and form a sort of above-the-barrier
exciton resonance. These states can have a consider-
able oscillator strength, as was shown theoretically
in [28].

A plenty of peaks in the measured magnetic
absorption spectra of our samples cannot be unambig-
uously attributed to a particular exciton transition
described by our model. The fine structure of excitons
in the type II quantum wells in the magnetic field is
extremely rich and its complete interpretation requires
new experiments and a more comprehensive theoreti-
cal analysis.

In addition, it is worth noting that the
(In, Ga)As/GaAs quantum-well heterostructure was
repeatedly and successfully addressed in the last years
for both solving the applied problems and considering
fundamental aspects of condensed matter physics. In
particular, Trifonov et al. [36] manufactured appar-
ently most perfect InxGa1 – xAs layers with a minimal
line width of the exciton state and—in their investiga-
tion of the relaxation dynamics of the exciton state—
discovered an unusual behavior of the exciton polari-
ton, namely, a very narrow wave-vector interval of its
interaction with phonons and other scatterers. In [37],

Fig. 17. Fan diagrams of the light-hole exciton transitions in sample 3 (the spectra for the left and right circular polarizations).
The transitions of a heavy-hole exciton are excluded. Digits mark (1) the exciton states in GaAs barriers, (2) the transitions of
light-hole excitons, (3) the transitions of excited states with a lower Landau number l, and (4) the additional structure associated
with quantization of the light-hole states. C1, 2 and solid lines are the positions of the oscillatory levels n = 0, 2.

C
C

C

C
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a high-power injection laser with a broadened stimu-
lated emission spectrum was built on the basis of
InxGa1 – xAs quantum wells and fabrication of high-
efficiency type II quantum well heterostructures based
on (GaIn)As/Ga(AsSb) was reported in [38]. The
effect of the Coulomb well was discussed in [39, 40].
Those works confirm the relevance of the present
investigation shading light on the physics of exciton
states in this heterostructure.

7. CONCLUSIONS
1. We have presented the basic results of the mag-

netooptical investigation of high-quality (In,
Ga)As/GaAs quantum-well heterostructures. After
removing the substrate by chemical etching we suc-
ceeded to observe a rich fine structure of the light and
heavy-hole exciton transitions. By imposing magnetic
fields up to 7 and 12 T, we have observed pronounced
fan diagrams of heavy-hole excitons and revealed their
absence for light-hole excitons. We succeeded to dis-
cover a rich fine structure of excited exciton states,
especially in the case of light-hole excitons.

The magnetooptical data have been analyzed with
the use of several calculation techniques, more specif-
ically, the Kohn–Luttinger theory generalized for the
calculation of valence subbands in stressed quantum
wells of the mixed type: type I for heavy holes and type
II for light holes, the self-consistent variational calcu-
lation of the exciton states taking into account the
effect of the Coulomb well and the perturbation theory
applied to diamagnetic excitons in strong magnetic
fields. We succeeded to obtain a very good agreement
between the theory and experiment and interpret the
majority of peaks in the absorption spectra.

2. The basic conclusions of this work are as follows:
2.1. An (In, Ga)As quantum well with a very low

(<3%) concentration of indium is a defect-free quasi-
crystal composed of homogeneous 2D layers. A high
quality of the structures is manifested by a very small
broadening of the spectral lines of the exciton states,
which allows observing an impressive amount of
excited exciton states.

2.2. In contrast to predictions of the traditional
Kohn–Luttinger theory for a quantum well with
infinite barriers, the hole subbands in structures of the
mixed type I–II are characterized by bulk values of the
effective masses. This is a consequence of considerable
penetration of the wavefunction of light holes into the
barriers.

2.3. The effect of the Coulomb well determines the
fine structure of the light-hole exciton spectra. In par-
ticular, this leads to an effective increase in the binding
energy of light-hole excitons. The binding energy in
quantum wells with x > 10% even exceeds the two-
dimensional limit. In addition, the absorption spectra
exhibit a specific oscillatory structure associated with
quantization of light holes in the Coulomb well.

2.4. The g factor of the LH3 has an opposite sign
with respect to the g factor of the ground state of a light
hole. This effect is probably caused by a stronger pen-
etration of the LH3 wavefunction into the barriers
compared to the LH1 wavefunction, but still requires
detailed theoretical interpretation.
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