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High-quality GaAs/(Al, Ga)As heterostructures with quantum wells grown by molecular-beam-epitaxy
technology are experimentally studied by means of optical spectroscopy of exciton states. The exciton
resonances observed in the reflectance spectra are analyzed in the framework of phenomenological and
microscopic models. The exciton energies, the radiative (Al') and nonradiative (AI') broadening, and the
phases of resonant reflection are obtained from the modeling for each exciton resonance. These param-
eters are used for careful analysis of the parameters and quality of the structures. Particular attention is
paid to the exciton energies and phases, which are used to determine the quantum-well and barrier-layer

thicknesses with high accuracy.
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I. INTRODUCTION

The technology of molecular beam epitaxy (MBE)
allows one to grow semiconductor heterostructures of
exceptional quality, with ultralow levels of impurity
defects and perfect morphology. The record quality
achieved for GaAs-based structures in particular is the
basis of many applications [1]. The top level is probably
achieved in designing quantum cascade lasers (QCLs) for
the terahertz spectral range [2—4], and polaritonic devices
based on microcavity (MC) structures [5]. In addition to
high quality, QCL and MC structures require precise con-
trol of the layer thicknesses of the structure to an accuracy
of about 1% [6,7].

The quality of direct-gap III-V structures can be char-
acterized optically by photoluminescence (PL) and/or
reflectance spectroscopy. High-quality structures exhibit a
high PL quantum yield and narrow exciton lines [8,9]. Yet
these are rather qualitative characteristics. Strict quantita-
tive characteristics of the quality of the structure are pro-
vided by reflectance spectroscopy [10—14]. Continuously
improving the quality of MBE-grown heterostructures
imposes increasingly strict requirements on the accuracy
of their optical characterization.

The basic principles of MBE technology are well
described, e.g., in Refs. [1,16-19]. Several technologi-
cal parameters have to be optimized to obtain a good
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crystal structure in an epitaxial layer. The most impor-
tant of them are the substrate temperature, the growth rate,
and the arsenic-to-metal (Ga, Al, or In) ratio set by the
beam-equivalent pressures (BEPs). For each type of layer,
say for GaAs and AlAs layers, these parameters differ,
and therefore adjustment of them is required to grow any
particular structure. The quality of the interfaces of the lay-
ers is also sensitive to these parameters. To prevent the
growth of dislocations from the substrate into the struc-
ture, “technological” layers are typically grown before the
heterolayers under study. These may be thick buffer layers
or short-period superlattices.

The development of MBE technology has stimulated
intense experimental and theoretical research on exciton
states in quantum wells (QWs); see, e.g., Refs. [5,20-29].
Exciton states and exciton-light coupling in various het-
erostructures are now well understood. The recently devel-
oped microscopic modeling of exciton states in QWs
[13—15] allows one to quantitatively analyze reflectance
spectra and to obtain valuable information about exci-
ton states in heterostructures studied experimentally. The
parameters of the exciton states obtained in such an anal-
ysis are unambiguously related to structural characteristics
of the samples studied. This provides a theoretical basis
for using excitons as a probe for a quantitative study of the
design and quality of real structures.

We have already used an excitonic probe to study the
spin dynamics of nonradiative excitons in a QW [30]. In
the present paper, we apply an excitonic probe to analyze
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FIG. 1. Heterostructures studied in the present work.

the peculiarities of the MBE process, which is vital for
the growth of high-quality structures. Using an example
of three significantly different heterostructures (see Fig. 1),
we demonstrate the universal capabilities of the exciton-
probe method. In particular, we focus on the criteria of high
optical quality and discuss technological methods that are
promising for obtaining further increase of that quality.

Optical examination, such as the use of reflectance spec-
troscopy, can detect only faults with sizes comparable to
the wavelength of light. Light, however, can create an exci-
ton with a wave function whose effective size is as small as
the diameter of the exciton (30 nm for GaAs). These exci-
tons, therefore, can detect tiny imperfections with a size
corresponding to that of the wave function. Only a photon
is needed to create an exciton probe, which makes exci-
tons a simple, yet powerful, tool for the examination of
nanostructures.

Here we consider three cases of the use of excitons
as a probe in the examination of planar heterostructures.
The structures are grown by MBE technology on 2-inch
GaAs substrates with a (001) orientation. When needed,
substrates are rotated during growth to reduce gradients in
the epitaxial layers. For this study, we have selected the
highest-quality structures. The optical characterization is
performed by focusing the incident light into a small spot
with a diameter of about 50 um on selected positions on
the sample surface.

The paper is organized as follows. Exploiting a stan-
dard theoretical model, we discuss a general case of narrow
QWs in Sec. IIl. Then we present the case of a sam-
ple designed to simplify the data treatment. Finally, we
apply our approach to wide QWs with multiple exciton
resonances in Sec. V. A conclusion section completes our
study.

II. STANDARD MODEL

The standard model was first developed for the ground
states of excitons in narrow QWs (see Refs. [31-36]

and the textbook by Ivchenko [24]). Later it was gener-
alized to wider QWs with multiple but distinct exciton
transitions [12]. The generalization also works well for
asymmetric QWs [14].

This model reduces the reflectance of a heterostructure
to the reflectance of multiple spatially separated surfaces.
Amplitude reflection coefficients are assigned to each sur-
face. For normal incidence, the amplitude reflectance of
the sample surface is

Rout — Nin(@)

ra(@) = Nout + Min (@) ’

(1)

where ny = 1 in our case. For the GaAs capping layer,
nin(w) = 3.6 near the band-gap photon energy, and r;(w)
is negative, as for any dielectric surface. As shown in
Ref. [24], a QW with an exciton resonance reflects light
like a surface at the center of the QW layer, with an
amplitude reflection coefficient

iTo
(@ —w)—i(To+T)

)

ry(w) =

Here @y = wy + dwy is the resonance frequency, where wg
is the frequency of a mechanical exciton and dwy is the fre-
quency shift induced by the exciton-light coupling [15,24].
The quantity 'y describes the decay of the exciton through
the radiative channel and I' accounts for all nonradia-
tive losses of the exciton, including the loss of exciton
coherency. These are the radiative and nonradiative decay
rates, respectively.

The intensity reflection coefficient can be obtained by
the use of a standard transfer matrix formalism [24]:

ro(w) + Z]m ry (w)e?

Rm (a)) = 1 1 ((,()) Z]m ryj (w)eiZ(]ﬁj

(€)

where ¢ is the phase shift acquired by the light prop-
agating from the sample surface to the middle of the
QW. Equation (3) assumes a sufficient energy separation
of the exciton resonances. Otherwise, the exciton-light-
induced coupling of exciton states should be taken into
account [15,37]. In Eq. (3), we also neglect for simplic-
ity a nonresonant reflection from the QW interfaces. It can
be taken into account as described in Ref. [38].

To quantify the standard model, we calculate the main
exciton parameters, namely, the exciton transition energy
hwy and the radiative broadening Al'g, by numerical solu-
tion of the three-dimensional Schrédinger equation for an
exciton in a QW, as described in Ref. [13]. Our approach
provides a solid foundation for the standard model. With-
out theoretical simulation, this model is just a large set
of unknown exciton parameters defining the resonant
reflectance response.
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III. STRUCTURES WITH MULTIPLE NARROW
QWS

First we demonstrate how our approach can be used
to determine the design of an actual heterostructure. A
structure, P340, containing four narrow QWs is studied. A
summary of the structure describing all layers is given in
Table I. The structure contains many technological layers
that prevent dislocations in the substrate growing through
the epitaxial layers. The technological parameters for each
layer are adjusted during growth.

We calculate the expected reflectance spectrum for the
heterostructure grown; see Fig. 2. The exciton wave func-
tions are obtained by numerical solution of the Schrédinger
equation for an exciton in the QW with the material param-
eters given in Refs. [13,39]. The eigenvalue obtained from
the solution is the exciton energy hwy. We neglect for
simplicity the energy shift hdw, because it is small for
narrow QWs [15]. The radiative constant is calculated
as [13,14,24]

2

; (4)

/ & (2)edz

1
hro = th(x)LTﬂ'(J%

where ¢ is the wave vector of the light, hwrt is the
longitudinal-transverse splitting, ag is the exciton Bohr
radius in the bulk GaAs, and ®(z) is the cross section of
the exciton wave function along the growth axis z for coin-
ciding electron and hole coordinates. The exciton energy
determines the energy position of the exciton resonance,
and the radiative constant determines its amplitude; see
Egs. (2) and (3).

The exciton resonance profile is controlled also by the
phase shift and the nonradiative constant. On passing

TABLE 1.  Structural parameters of sample P340.
Function Content Thickness (nm)
Substrate GaAs (100)

Technological
Buffer GaAs 1116
Superlattice 3 x ((Al,Ga)As + GaAs) 24.4
Superlattice 11 x ((Al,Ga)As + GaAs) 52.8
Barrier A10A31G30A69AS 314
Superlattice 11 x (GaAs + AlAs) 55
Buffer GaAs 282.7

Heterostructure
Barrier A10,34Ga0_66As 49.5
Qw GaAs 19.8
Barrier Alg34Gag g6 As 49.5
QW GaAs 14.0
Barrier A10,34Ga0,6(,As 49.5
QW GaAs 9.3
Barrier A10‘34Ga0'66As 49.5
QW GaAs 5.6
Barrier A10A34G30A66AS 198.1
Cap layer GaAs 9.3
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FIG. 2. Expected reflectance spectrum for structure P340.
The spectrum is calculated from a microscopic solution of the
Schrédinger equation for an exciton in a QW.

through a layer of thickness L with refractive index n, the
light acquires a phase shift ¢ = kyLn, where ky = 27/X is
the wave vector of the light in vacuum. The quantity L’ =
Ln is the so-called optical length. For a heterostructure with
many layers, the phase shift is

LanQW

: 5)

¢ = koL’ x ko ZL]‘}’I]‘ +
J

The refractive indices of the GaAs and (Al, Ga)As layers
depend noticeably on the photon energy in the spectral
range of the exciton resonances under discussion. We
approximate these dependencies by a phenomenological
function,

n(E) = ng(Eg) + b(E — Eg) + a(E — Ep)*,  (6)

with the parameters given in Table II and E, = 1.519
eV. The phase shifts calculated with the use of Egs. (5)
and (6) and the layer thicknesses listed in Table I pre-
dict dispersionlike profiles of the exciton resonances; see
Fig. 2.

The nonradiative broadening of exciton resonances, hl,
cannot be theoretically calculated. In high-quality het-
erostructures, it is mainly controlled by the collisions of
excitons with other quasiparticles such as phonons, free
carriers, and nonradiative excitons [30,41]. In the calcu-
lations of spectra shown in Fig. 2, we take A" = 100 ueV,
a value that is typical of high-quality heterostructures
[12,14,30].

TABLEII. Refractive-index parameters for Eq. (6) [5,40].
no bV aevV?)

GaAs 3.6057 0.7601 1.2176

Alg34GaggeAs 3.3474 0.3574 0.1693
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FIG. 3. Reflectance spectrum of structure P340 measured
at point Pl (blue curve). Exciton resonances for three

GaAs/Al,Ga;_,As QWs with nominal thicknesses L = 19.8 nm,
14 nm, and 9.3 nm are clearly seen. The red curve is a fit obtained
with the standard model. The labels Xy, and X, mark the heavy-
hole and light-hole exciton resonances, respectively, Xy is the
exciton resonance in the GaAs buffer layer, and X, is presum-
ably the exciton resonance in the cap layer. The QW widths
obtained from the energy positions of the resonances are given
near each resonance. Sample temperature 7 = 10 K.

The experimentally obtained reflectance spectrum of
sample P340 is shown in Fig. 3 for a point P1 on the
sample. This point is close to the point where the growth
rate is measured during the MBE process using a reflec-
tion high-energy electron diffraction (RHEED) method.
The spectrum displays several exciton resonances for the
QWs under study, marked X, and Xj,. There are also reso-
nances at higher energies beyond the spectral range shown
in Fig. 3, which can be attributed to an exciton transition
in the 5-nm QW. These resonances are considerably broad-
ened, and we do not discuss them in the present paper. We
also do not discuss resonances related to exciton transitions
in the GaAs buffer layers and the thin capping layer.

Comparison of Figs. 2 and 3 shows a close similarity
of the experimental and theoretical spectra. In particular,
both the energy positions and the profiles of the exciton

resonances are well reproduced in the model. Hence, the
relatively simple expressions (1)—-6) take into account all
important characteristics of the heterostructure and the
exciton-light coupling.

Nevertheless, there is a quantitative difference between
these spectra, which provides a deeper insight into the
properties of the structure grown. To quantify these differ-
ences, we fit the experimental spectrum by Egs. (2) and (3),
considering all four parameters wy;, Ig;, I';, and ¢; for
each exciton resonance as fitting parameters. Figure 3
shows that the fitted curve almost perfectly reproduces
the experimental spectrum; therefore, the values of the fit-
ting parameters are obtained with good accuracy. They are
listed in Table III.

Here we discuss only the energies and phases of the
exciton resonances. The radiative broadening as a function
of the QW width is extensively discussed in Ref. [13]. The
nonradiative broadening is a phenomenological parameter.
For the structure under study, it is larger than the value for
the best-quality structures [12,30]. At the same time, it is
small enough to allow one to reliably determine the exciton
energies and the phase shifts.

First we discuss the energies of the exciton transitions,
Ex = hwy. The fitting with the standard model gives the
energies Ex with an accuracy of several tens of ueV. On
the other hand, the energy of an exciton in a QW can be
calculated numerically with high precision. By solving a
Schrodinger equation (see Ref. [13] for details), we obtain
the exciton energy as a function of the QW width [42]. The
material parameters used were the same as in Ref. [13].

Figure 4 shows the exciton energies obtained from the
fitting of the experimental data, and the dependencies
obtained numerically. As can be seen from the figure, the
experimentally obtained energies (open circles) are close
to the theoretical curves. There is, however, a systematic
deviation towards smaller QW widths. We assume that the
structure grown has a gradient in the layer thicknesses.
Such a gradient is typically present in MBE-grown struc-
tures when the substrate is not rotated during growth [17].
This is the case for our sample. A comparison of the ener-
gies obtained from the experiment and from the modeling

TABLE III.  Exciton parameters for structure P340.
LQW Type EX (eV) hT* 0/ hr (/LeV) 2¢exp 2¢calc

Pl 19.8 nm hh 1.52467 22/110 1.95 1.96 + 6

lh 1.52864 11/110 2.04 2.03 + 6m
14 nm hh 1.53444 31/150 —1.68 —1.48 + 67
lh 1.54160 13/225 —1.76 —1.42 + 67

9.3 nm hh 1.55513 33/340 1.67 1.75 + 4n

lh 1.56835 21/1150 2.09 1.89 +4n
P2 19.8 nm hh 1.53109 28/250 —1.54 —1.64 + 67
lh 1.53832 18/400 —1.60 —1.55+ 6w

14 nm hh 1.54470 38/400 1.80 1.86+4w
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FIG. 4. Heavy-hole (blue) and light-hole (red) exciton energies
vs QW width. The solid lines show microscopic calculations of
the exciton energies. The open symbols correspond to the mea-
sured exciton energies assuming the nominal widths of the QWs.
The filled symbols show the exciton energies in QWs with the
real widths, calculated as 1.07L; for point P1 and 0.83L; for point
P2 (see text for details). The arrows show the shift of the experi-
mental data when the nominal width is replaced by the real QW
width.

allows us to determine the real QW widths at the point
P1 studied. They are given in Fig. 3. On average, the real
widths are larger by a factor of Kqw = 1.07 than the nomi-
nal widths given in Table 1. By multiplying the QW widths
by this factor, we can move the experimental data almost
exactly onto the theoretical curves; see the filled circles in
Fig. 4.

The presence of a gradient in this structure is easily veri-
fied by studying a reflectance spectrum at another point on
the sample. An example of a spectrum measured at a point
P2 is shown in Fig. 5. This point is at a distance of 10 mm
from point P1 along the direction of the maximum gra-
dient of the GaAs layer thickness in the structure grown.
As can be seen from the figure, the observed resonances
for the nominally 19.8-nm and 14-nm QWs are blueshifted
relative to those observed at point P1. This fact means that
the real QW widths at point P2 are considerably smaller
than the nominal widths. By multiplying the nominal QW
widths by a factor of Kqw = 0.83, we again obtain good
correspondence with the theoretical calculations; see the
diamond symbols in Fig. 4. The exciton energies obtained
for points P1 and P2 allow us to estimate the gradient
of the QW width, (1/L)(dL/dx) ~ 0.024 mm~!. This is
determined by the gradient of the growth rate of the GaAs
layers, which is mainly governed by the gradient of the Ga
BEP.

Let us now discuss the phases of the exciton resonances,
which determine their profile. The phases are very sen-
sitive to the total optical thickness of the layers through
which the light propagates to the QW containing the exci-
ton. The phases obtained experimentally can be compared
with those calculated from Eq. (5). The gradient for the
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FIG. 5. Reflectance spectrum of structure P340 measured at

point P2 (blue curve). The red dashed curve is a fit by Egs. (2)
and (3). A strong blueshift of all exciton resonances is clearly
seen (compare with Fig. 3). Sample temperature 7= 10 K.

Al,Ga|_,As barrier layers may differ from that for the
GaAs QW layers. Besides, the aluminum content x may
also vary from point to point on the sample, which changes
the height of the barrier and its refractive index. To sim-
plify the problem, we use only one free parameter, Kp,
scaling the optical thickness of the barrier layers. The
best correspondence of the calculated phases with those
obtained from the experiment is achieved when K; = 1.00
for point P1 and K, = 0.83 for point P2. The results are
given in Table III. The calculated phase in this table is
presented as a sum, 2¢cac = 2 Adcalc + m27m, because the
experiment gives the value of the phase only up to a
natural-number multiple of 27.

A visual illustration of the phase shifts is shown in
Fig. 6. The green areas show the optical thicknesses of
the QWs, Lownow, whose positions are determined by
the total optical thickness of all preceding layers from the
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FIG. 6. Optical lengths restored from the phases ¢.x, for point
P1. The dashed lines show the nominal positions of the QW
interfaces. The green areas show the real QW layer positions. The
blue bars correspond to the optical length for the X, excitons and
the red bars correspond to that for the X, excitons.
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top of the sample. The nominal positions of the QWs are
shown by the dashed lines. The nominal and real positions
depend on the photon energy via the refractive index. The
horizontal stripes show the experimentally obtained opti-
cal path for each exciton resonance, L} = (pexp + mm)/ ko,
where m = 2 for the 9.3-nm QW and m = 3 for the 14-nm
and 19.8-nm QWs.

Figure 6, while consistent in general, gives a sense of the
accuracy of the phase determination. In fact, the optical
lengths for heavy-hole and light-hole excitons created in
the same QW should coincide up to the refractive-index
dependence (6). As one can see in Fig. 6, this relation is
not exactly fulfilled.

Finally, we would like to emphasize that the phase is
sensitive to small changes in the layer thickness. For exam-
ple, a change in the thickness of 2 nm gives rise to a
0.1-radian phase change, which is easily observable in
high-quality structures. This sensitivity, together with pre-
cise experimental determination of the exciton energies,
can be used for further verification of the theoretical model
and the structural parameters.

IV. 0 AND = PHASE CASES

Phase control paves the way to designing heterostruc-
tures with easily interpreted reflectance spectra. In the case
of a phase 2¢p = 0, the exciton resonance reveals itself in
the spectrum as a peak. This is simply due to constructive
interference of the light waves reflected from the sample
surface and from the QW. In the case of a phase 2¢p = +,
the interference is destructive and the exciton resonance is
shown by a dip.

Figure 7 shows a reflectance spectrum of a structure,
T798, with 20-nm and 14-nm QWs. The design of this
structure is presented in Table IV. A thin AlAs layer in the

0.7
Xin e Experiment
0.6 20 nm — Fit
05F X,
[ AE
é 04 D 20 nm
ot
= 03¢
o
02
AE X
0.1p i 14 lgm
. . 14 nm .
1.52 1.524 1.528 1.532
Photon energy (eV)
FIG. 7. Reflectance spectrum of sample T798 with 20-nm and

14-nm GaAs/Aly08Gago72As QWs (solid line). The dashed line
shows fits by Egs. (2) and (3). The labels Xy, and Xj, mark
the heavy-hole and light-hole exciton resonances, respectively.
Sample temperature 7 = 10 K.

TABLE IV. Structural parameters of sample T798.

Function Content Thickness (nm)
Substrate GaAs (100)
Techn.
Buffer GaAs 450
Barrier AlAs 10
Thick buffer GaAs 600
Heterostructure
Barrier Al(),()j; 1 Gao<969AS 50
QW GaAs 20
Barrier A10A031 Ga(),969AS 50
QW GaAs 14
Barrier A10'031 Gao'969AS 50
Barrier AlAs 2.5
Barrier Al(),()j; 1 Gao<969AS 200
Barrier AlAs 2.5
Cap layer GaAs 40

technological part of the structure prevents dislocations in
the layers under study. The barrier layers contain a small
aluminum fraction of 2.8%, which is found to improve the
quality of the structure. Thin AlAs insets in the top barrier
layer are grown to increase the PL yield from the layer; this
is not discussed in this paper.

Because of the special design of this structure, namely,
an appropriate choice of thickness of the barrier lay-
ers, the exciton resonances reveal themselves as peaks or
dips. We attribute the peaks to exciton transitions in the
20-nm QW and the dips to exciton transitions in the 14-
nm QW. The small spectral width of the resonances and
their Lorentzlike shape indicate the high quality of this
structure.

The exciton resonances are well fitted by the standard
model, Egs. (2) and (3). The fitting parameters are listed in
Table V. The nonradiative broadening of the resonances
does not exceed 0.1 meV. In particular, it is close to
the radiative broadening of the Xy, exciton in the 20-nm
QW. The phases of the peaklike exciton resonances are
relatively small. For the dips, they are close to —.

The full width at half maximum (FWHM) of the reso-
nances, denoted by AF in Fig. 7, differs for peaks and dips.
In particular, AE for the Xy, peak for the 20-nm QW is
larger than that for the Xy, dip for the 14-nm QW, although
the sums of the radiative and nonradiative broadenings

TABLE V. Exciton parameters for structure T798.

Low ATy KT
(nm) Type Ex (V) (neV)  (ueV)  2¢c, (rad)
20nm  hh  1.52214 42 50 0.34
lh  1.52516 18 74 0.42
l4nm  hh 152663 35 66 -3.10
Ih  1.53071 16 100 -3.13
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of these resonances are almost equal; see Table V. The
origin of this difference is the background reflection
from the sample surface. The reflectance at the peak is
described by

| @+ Tyry — T

=l mam—n ?

This expression follows from Egs. (2) and (3) assuming
w = @y and ¢ = 0. Introducing variables

A=[To+)ry—To],

(®)
B=[Ty+TI)—rT],

we can write an equation for the half-maximum frequency,

dwp,
TN e
=s+§(§—s>~ ©)

Here 72 is the background reflection and (4%/B? —r?) is
the peak amplitude. It is easy to see that this equation is
satisfied when dw, = B.

Owing to the negative r;, the FWHM of a peaklike

exciton resonance is

Swyry —iAd
dw, — iB

AE, =2h[(Ty+T) + |rs|To], (10)

which is larger than the sum of the radiative and nonradia-
tive broadenings, 2A(T"y + I').

In the case of a diplike resonance, the phase ¢ is equal
to 77 /2 and the reflectance at the dip is described by
_ | o+ Dy + T

" [Ty +T) 4~y (1

d

This expression resembles Eq. (7) within a sign. Sim-
ilar mathematical transformations give rise to the final
expression for the FWHM of the dip,

AE; =2R[(T'o+T') — |rs|To]. (12)

This value is obviously smaller than the sum 2A(g + T).
For the resonances shown in Fig. 7, we obtain AE, =
227 ueV and AE; = 141 ueV. Here we use the value
|rs| = 0.516 obtained from the fit of the experimental
spectrum. So, the ratio AE, /AE; = 1.6 is mainly related
to the background reflection from the surface of the
structure.

The peaklike or diplike exciton resonances in the
reflectance spectra of specially designed heterostructures
can be fitted by Lorentzians if the inhomogeneous broad-
ening is negligible. The exciton parameters can be recov-
ered from the Lorentz FWHM with Egs. (10) and (12). This
further simplifies the processing of the experimental data.

The standard model can also be reduced to Lorentzian
fittings if one measures the reflectance at the Brewster
angle [11]. This approach is discussed in the next section.

V. HETEROSTRUCTURES WITH WIDE
QUANTUM WELLS

The reflectance spectra of wide QWs show multiple
resonances if the quality of the heterostructure is high
enough [15,43—45]. These resonances correspond to opti-
cal transitions to excited quantum-confined exciton states.
The exciton-light coupling increases with the QW width,
so that the high-energy states become clearly visible.
Simultaneously, the energy separation between neighbor-
ing states decreases, and several low-lying states are mixed
by light and cannot be separated [15,37].

Reflectance spectra at the Brewster angle provide exci-
ton resonances in the form of Lorentz peaks independent of
the design of the structure [11]. This simplification, how-
ever, comes with several drawbacks. First, the Brewster
angle can only be achieved for a single wavelength, due
to the dependence of the refractive index on the photon
energy. Second, the inclined light beam can, in principle,
excite so-called longitudinal excitons [24]. These are exci-
tons propagating in the QW plane with the vector of the
exciton polarization perpendicular to the plane. Finally,
a significant beam inclination decreases the exciton-light
coupling by a factor of cosf, where 6 is the inclination
angle inside the structure.

However, longitudinal heavy-hole excitons are absent
in GaAs QWs. In addition, due to the high refractive
index of GaAs, the internal inclination angle 6 is approx-
imately equal to 15°, which follows from Snell’s law,
sin @ = sin B /n(GaAs), where 6.y is the external inci-
dence angle. Therefore the difference in reflectance spectra
measured at the Brewster angle and at normal incidence is
not so dramatic.

Figure 8 shows a reflectance spectrum of a heterostruc-
ture with a 200-nm GaAs/(Al, Ga)As QW measured at
the Brewster angle [46]. Despite the fine tuning of the
incidence angle of the light, we still observe a small
background reflectance of nearly 0.5%. It grows with the
photon energy, so that the high-energy exciton resonances
are revealed as peaks and dips. The peaks are the even
exciton states, while the dips are the odd states, as veri-
fied by the microscopic modeling described below. Note
that the exciton-light coupling constants for the even and
odd exciton states in the 200-nm QW are comparable [15].

We associate the presence of many clearly visible high-
energy exciton resonances with the high quality of the QW
interfaces. The exciton-light coupling for the high-energy
states is largely determined by the near-interface layers,
with a thickness of about the exciton Bohr radius, as a
theoretical analysis in Ref. [15] shows. This makes the
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FIG. 8. Reflectance spectrum of structure T683 with a 200-nm
GaAs/(Al, Ga)As QW measured at the Brewster angle, Oy =
05 =~ 75°. The red line shows a fit by Egs. (2) and (3).

high-energy exciton resonances a very sensitive tool for
probing the interface quality.

In the heterostructure under study, two different techno-
logical methods are used to increase the interface quality.
The bottom QW barrier is grown as a short-period super-
lattice; see Table VI. This allows us to eliminate the
influence of dislocations on the quality of the crystal struc-
ture. Besides, short growth interruption intervals of 1 s are
used after the growth of each superlattice layer. This inter-
ruption provokes migration of atoms on the surface, thus
smoothing the interface before growing the QW layer.

The growth of the top QW interface is preceded by a
long interruption time of 60 s to smooth the interface. This
time interval is chosen according to the restoration dynam-
ics of the RHEED pattern. This pattern is observed with
blocked gallium and aluminum beams and an opened As
beam. We should emphasize that the growth interruptions
require a high-vacuum environment, which is achieved in
our case by a combination of turbomolecular, ion, and
cryogenic vacuum pumps.

TABLE VI. Structural parameters of sample T683.
Function Content Thickness (nm)
Substrate GaAs (100)

Techn.
Buffer GaAs 600
Superlattice 10 x (AlAs + GaAs) 26.5
Heterostructure
QW GaAs 200
Barrier Alo<035Gao_965AS 50
QW GaAs 14
Barrier A10A035G3.0A965AS 50
Barrier AlAs 3
Barrier A10'035Gao'9(,5AS 200
Barrier AlAs 3
Cap layer GaAs 50

The standard model described above can be easily mod-
ified for the case of an inclined incident light beam [24].
Equation (2) for the amplitude reflectance of the isolated
exciton resonance requires a replacement of I'g by ['g cos 6
and an additional frequency shift,

il'gcos®
(&0 + Swiin — @) —i(Tgcos@ + T’

(13)

ry(w) =

The frequency shift, dwyin, = hqf /(2M), is due to exciton
propagation in the QW plane. Here M is the exciton mass
and g, is the in-plane component of the exciton wave vec-
tor. Because of momentum conservation, g, coincides with
the in-plane wave vector of the light. In Eq. (13), we ignore
longitudinal excitons and also consider only p-polarized
incident light. A full treatment can be found in Ref. [24].

Equation (3) must also be modified to take into account
the incidence angle:

B @) + X 1 (@)
B 1+ (Qexta a)) Z]m rx;j (a))eiijoj

Ry (w) (14)

The phase shift ¢y for the incidence of light on the sample
surface at the angle . is easy to express in terms of the
phase shift ¢ for normal incidence: ¢9 = ¢ cos 6, which
is the thin-film-interference phase delay.

Although Egs. (13) and (14) differ from Egs. (2) and (3),
this difference does not affect the accuracy of the phe-
nomenological fit. Obviously, the sets of fitting parameters
in the two pairs of the equations are equivalent. In the fit-
ting of the experimental spectrum shown in Fig. 8, a linear
approximation for the frequency dependence of 7;(Ocxt, @)
in the energy range 1.516—1.523 eV is used. The low-lying
exciton resonances are not fitted, because of their strong
light-induced mixing [15,37]. We also ignore some pecu-
liarities in the spectrum, assuming that they are related to
the light-hole excitons.

To analyze the low-energy part of Fig. 8 and, in par-
ticular, to attribute the observed resonances to particular
exciton states, we find wave functions numerically for the
heavy-hole exciton in a 200-nm QW and recover the spec-
trum using Egs. (13) and (14). Furthermore, we take the
light-induced coupling of the exciton states into account.
The details of the numerical procedure are described in
Ref. [15].

Figure 9 compares the experimental data with the results
obtained numerically. There is overall agreement between
the experimental and theoretical spectra. As seen, consid-
eration of the light-induced coupling of the exciton states
improves the agreement. However, some details of the
experimental spectrum are not reproduced in the model-
ing. We assume that this is due to contributions from the
light-hole excitons. In fact, the ground states of the Xy,
and Xp, excitons are almost degenerate in a wide QW
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FIG.9. Microscopic modeling of the reflectance spectrum mea-

sured at the Brewster angle for structure T683 with a 200-nm
GaAs/(Al, Ga)As QW. The blue curve shows the spectrum cal-
culated with allowance for the light-induced coupling of exciton
states (model by Voronov ef al. [37]). The red curve is obtained
from a simplified calculation with no coupling. The experimental
spectrum is shown by the gray shaded area. The numbers indicate
the even quantum-confined exciton states.

and, as a result, the electron-hole Coulomb interaction
couples them efficiently. Modeling of the coupled exciton
states requires a numerical solution of a four-dimensional
Schrodinger equation, which includes a 4 x 4 Luttinger
Hamiltonian [47]. Such a complex problem has not been
solved yet.

Nevertheless, the microscopic modeling allows one to
identify separate exciton resonances and to describe their
profiles reasonably well for photon energies £ > 1.516 eV.
This somewhat unexpected good agreement between the
experiment and the theory may possibly be explained by
the exciton-light coupling constant for the light-hole exci-
ton being three times smaller than that for the heavy-hole
exciton. Besides, the spectrum of the X}, exciton states is
sparse relative to that of the Xy, excitons due to the smaller
effective mass.

VI. CONCLUDING REMARKS

In this paper, we demonstrate that an excitonic probe is
an efficient tool to quantitatively study both the parameters
and the structural quality of a heterostructure. Reflectance
spectroscopy allows one to obtain a full set of all four
parameters for each exciton resonance. Numerical solution
of the three-dimensional Schrodinger equation provides
the exciton energies hwg and the exciton-light coupling
constants Al'g; with no approximations. The model relies
on the material parameters, which are published in the
literature. So, a comparison of the experimental exciton
energies with the results of modeling is sufficient to extract
the thickness of the QW layers.

The constants hI'g; are useful for determining the qual-
ity of a structure. In particular, the quality is high when the

radiative broadening is a significant part of the total broad-
ening of the exciton resonances. The radiative constants
for the high-energy exciton states in wide QWs charac-
terize the quality of the QW interfaces. When the quality
is not high enough, the experimentally obtained constants
become smaller than the theoretical values, and the excited
exciton states become invisible in low-quality structures.

The phase shifts of the exciton resonances, ¢;, contain
valuable information about the layer thicknesses. Several
examples discussed in this paper clearly show that the total
thickness of the layers from the sample surface to the QW
under study may be obtained with an accuracy of a few
nanometers.

The last parameter of an exciton resonance is the nonra-
diative broadening AI';. This is governed by the quality of
the heterostructure. The nonradiative broadening, in gen-
eral, consists of homogeneous and inhomogeneous contri-
butions [48]. The latter arises when the exciton “feels” a
static fluctuating potential in the heterostructure. The pres-
ence of this broadening is a clear sign of low quality of the
heterostructure. If the statistics of the fluctuations is Gaus-
sian, the wings of the exciton resonances decay faster with
energy (Gaussianlike wings) than in the case of homoge-
neous broadening (Lorentzianlike wings). This difference,
in principle, allows one to separate the homogeneous and
inhomogeneous contributions. Equations (2) and (3) do
not include effects related to inhomogeneity of the exciton
ensemble. Therefore they are applicable only in the case of
high-quality heterostructures, in which the inhomogeneous
exciton line broadening is negligible.

The homogeneous broadening may, in turn, consist of
several contributions, some of which are of fundamen-
tal nature. These are the exciton-exciton, exciton-phonon,
and exciton-carrier interactions extensively discussed in
the literature. An experimental study of this broadening
contains information about the dynamics of interacting
systems [11,12,30,41]. This broadening can be minimized
by an appropriate choice of experimental conditions. These
conditions may be the use of a low sample temperature
(suppression of exciton-phonon interactions), resonant and
nonperturbative optical excitation (suppression of free-
carrier generation), etc. For high-quality heterostructures,
the broadening can be minimized down to the radiative
broadening. On the other hand, in low-quality heterostruc-
tures, homogeneous broadening can be caused by strong
nonradiative channels for exciton disappearance due to
electron-hole relaxation via deep centers. In this case, the
broadening remains large under all experimental condi-
tions.

In summary, the exciton parameters allow one to deter-
mine the layer thicknesses in a QW and the thicknesses
of the barrier layers. An excitonic probe is, therefore,
an excellent tool for the characterization of epitaxial
heterostructures, providing full information on structural
parameters as well as on crystal-structure quality.

034034-9



P. YU. SHAPOCHKIN et al.

PHYS. REV. APPLIED 12, 034034 (2019)

ACKNOWLEDGMENTS

The authors thank V. S. Zapasskii for fruitful dis-
cussions of this paper and the SPbU Resource Center
“Nanophotonics” [49] for the heterostructures stud-
ied in this work. Financial support from the Rus-
sian Science Foundation, Grant No. 19-72-20039, is
acknowledged.

[1] Molecular Beam Epitaxy: From Research to Mass Produc-
tion, edited by Mohamed Henini (Elsevier Inc., Amster-
dam, 2013).

[2] J. Faist, Quantum Cascade Lasers (Oxford University,
Oxford, 2013).

[3] Q. Lu and M. Razeghi, Recent advances in room tem-
perature, high-power terahertz quantum cascade laser
sources based on difference-frequency generation (review),
Photonics 3, 42 (2016).

[4] M. Piccardo, P. Chevalier, T. S. Mansuripur, D. Kazakov,
Y. Wang, N. A. Rubin, L. Meadowcroft, A. Belyanin, and
F. Capasso, The harmonic state of quantum cascade lasers:
Origin, control, and prospective applications [Invited], Opt.
Express 26, 9464 (2018).

[5] A. V. Kavokin, J. J. Baumberg, G. Malpuech, and F. P.
Laussy, Microcavities (Oxford University Press, Oxford,
2017), 2nd ed.

[6] L. H. Li, J. X. Zhu, L. Chen, A. G. Davies, and E. H.
Linfield, The MBE growth and optimization of high per-
formance terahertz frequency quantum cascade lasers, Opt.
Express 23, 2720 (2015).

[7] Y. Sun, P. Wen, Y. Yoon, G. Liu, M. Steger, L. N. Pfeiffer,
K. West, D. W. Snoke, and K. A. Nelson, Bose-Einstein
Condensation of Long-Lifetime Polaritons in Thermal
Equilibrium, Phys. Rev. Lett. 118, 016602 (2017); Erratum:
[Phys. Rev. Lett. 118, 016602 (2017)].

[8] K.S. Zhuravlev, A. 1. Toropov, T. S. Shamirzaev, and A. K.
Bakarov, Photoluminescence of high-quality AlGaAs lay-
ers grown by molecular-beam epitaxy, Appl. Phys. Lett. 76,
1131 (2000).

[9] A. Jasik, A. Wnuk, J. Gaca, M. Wojcik, A. Wojcik-
Jedlinska, J. Muszalski, and W. Strupinski, The influence
of the growth rate and V/III ratio on the crystal quality of
InGaAs/GaAs QW structures grown by MBE and MOCVD
methods, J. Cryst. Growth 311, 4423 (2009).

[10] V. Srinivas, Y. J. Chen, and C. E. C. Wood, Reflectivity of
two-dimensional polaritons in GaAs quantum wells, Phys.
Rev. B 48, 12300 (1993).

[11] S. V. Poltavtsev, Yu. P. Efimov, Yu. K. Dolgikh, S. A.
Eliseev, V. V. Petrov, and V. V. Ovsyankin, Extremely
low inhomogeneous broadening of exciton lines in shallow
(In, Ga)As/GaAs quantum wells, Sol. St. Commun. 199, 47
(2014).

[12] A. V. Trifonov, S. N. Korotan, A. S. Kurdyubov, 1. Ya.
Gerlovin, 1. V. Ignatiev, Yu. P. Efimov, S. A. Eliseev, V.
V. Petrov, Yu. K. Dolgikh, V. V. Ovsyankin, and A. V.
Kavokin, Nontrivial relaxation dynamics of excitons in
high-quality InGaAs/GaAs quantum wells, Phys. Rev. B
91, 115307 (2015).

[13] E.S. Khramtsov, P. A. Belov, P. S. Grigoryev, . V. Ignatiev,
S. Yu. Verbin, Yu. P. Efimov, S. A. Eliseev, V. A. Lovt-
cius, V. V. Petrov, and S. L. Yakovlev, Radiative decay
rate of excitons in square quantum wells: Microscopic
modeling and experiment, J. Appl. Phys. 119, 184301
(2016).

[14] P. S. Grigoryev, A. S. Kurdyubov, M. S. Kuznetsova, 1. V.
Ignatiev, Yu. P. Efimov, S. A. Eliseev, V. V. Petrov, V. A.
Lovtcius, and P. Yu. Shapochkin, Excitons in asymmetric
quantum wells, Superlatt. Microstruct. 97, 452 (2016).

[15] E. S. Khramtsov, P. S. Grigoryev, D. K. Loginov, 1. V.
Ignatiev, Yu. P. Efimov, S. A. Eliseev, P. Yu. Shapochkin, E.
L. Ivchenko, and M. Bayer, Exciton spectroscopy of opti-
cal reflection from wide quantum wells, Phys. Rev. B 99,
035431 (2019).

[16] Molecular Beam Epitaxy and Heterostructures, edited by
L. L. Chang and K. Ploog, NATO ASI Series Vol. 87
(1985).

[17] Marian A. Herman, W. Richter, and Helmut Sitter, Epi-
taxy: Physical Principles and Technical Implementation
(Springer, Berlin Heidelberg, 2004), 525 p.

[18] P. Frigeri, L. Seravalli, G. Trevisi, and S. Franchi, Molecu-
lar beam epitaxy: An overview, Comprehensive Semicond.
Sci. Techn. 3, 480 (2011).

[19] J. W. Orton and T. Foxon, Molecular Beam Epitaxy: A Short
History (Oxford University Press, Oxford, 2015).

[20] G. Bastard, E. E. Mendez, L. L. Chang, and L. Esaki, Exci-
ton binding energy in quantum wells, Phys. Rev. B 26, 1974
(1982).

[21] A. M. Fox, D. A. B. Miller, G. Livescu, J. E. Cunningham,
and W. Y. Jan, Excitonic effects in coupled quantum wells,
Phys. Rev. B 44, 6231 (1991).

[22] B. Gerlach, J. Wuesthoff, M. O. Dzero, and M. A.
Smondyrev, Exciton binding energy in a quantum well,
Phys. Rev. B 58, 10568 (1998).

[23] J. P. Prineas, C. Ell, E. S. Lee, G. Khitrova, H.
M. Gibbs, and S. W. Koch, Exciton-polariton eigen-
modes in light-coupled Ing ¢4Gag9sAs/GaAs semiconduc-
tor multiple-quantum-well periodic structures, Phys. Rev.
B 61, 13863 (2000).

[24] E. L. Ivchenko, Optical Spectroscopy of Semiconduc-
tor Nanostructures (Springer-Verlag, Berlin Heidelberg,
2004).

[25] D. Schiumarini, N. Tomassini, L. Pilozzi, and A. D’ Andrea,
Polariton propagation in weak-confinement quantum wells,
Phys. Rev. B 82, 075303 (2010).

[26] H. M. Gibbs, G. Khitrova, and S. W. Koch, Exciton-
polariton light-semiconductor coupling effects, Nat. Pho-
tonics 5, 273 (2011).

[27] K. Sivalertporn, L. Mouchliadis, A. L. Ivanov, R. Philp, and
E. A. Muljarov, Direct and indirect excitons in semiconduc-
tor coupled quantum wells in an applied electric field, Phys.
Rev. B 85, 045207 (2012).

[28] B. Jusserand, A. N. Poddubny, A. V. Poshakinskiy, A.
Fainstein, and A. Lemaitre, Polariton Resonances for Ultra-
strong Coupling Cavity Optomechanics in GaAs/AlAs
Multiple Quantum Wells, Phys. Rev. Lett. 115, 267402
(2015).

[29] S. 1. Tsintzos, A. Tzimis, G. Stavrinidis, A. Tri-
fonov, Z. Hatzopoulos, J. J. Baumberg, H. Ohadi, and
P. G. Savvidis, Electrical Tuning of Nonlinearities in

034034-10


https://doi.org/10.3390/photonics3030042
https://doi.org/10.1364/OE.26.009464
https://doi.org/10.1364/OE.23.002720
https://doi.org/10.1103/PhysRevLett.118.016602
https://doi.org/10.1063/1.125960
https://doi.org/10.1016/j.jcrysgro.2009.07.032
https://doi.org/10.1103/PhysRevB.48.12300
https://doi.org/10.1016/j.ssc.2014.09.005
https://doi.org/10.1103/PhysRevB.91.115307
https://doi.org/10.1063/1.4948664
https://doi.org/10.1016/j.spmi.2016.07.008
https://doi.org/10.1103/PhysRevB.99.035431
https://doi.org/10.1103/PhysRevB.26.1974
https://doi.org/10.1103/PhysRevB.44.6231
https://doi.org/10.1103/PhysRevB.58.10568
https://doi.org/10.1103/PhysRevB.61.13863
https://doi.org/10.1103/PhysRevB.82.075303
https://doi.org/10.1038/nphoton.2011.15
https://doi.org/10.1103/PhysRevB.85.045207
https://doi.org/10.1103/PhysRevLett.115.267402

EXCITONIC PROBE FOR HIGH-QUALITY QWS...

PHYS. REV. APPLIED 12, 034034 (2019)

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Exciton-Polariton Condensates, Phys. Rev. Lett. 121,
037401 (2018).

A. V. Trifonov, E. S. Khramtsov, K. V. Kavokin, I. V.
Ignatiev, A. V. Kavokin, Y. P. Efimov, S. A. Eliseev, P. Yu.
Shapochkin, and M. Bayer, Nanosecond Spin Coherence
Time of Nonradiative Excitons in GaAs/AlGaAs Quantum
Wells, Phys. Rev. Lett. 122, 147401 (2019).

L. C. Andreani and A. Pasquarello, Accurate theory of exci-
tons in GaAs — Ga;_,Al,As quantum wells, Phys. Rev. B
42, 8928 (1990).

L. C. Andreani, Radiative lifetime of free excitons in
quantum wells, Sol. St. Commun. 77, 641 (1991).

B. Deveaud, F. Clerot, N. Roy, K. Satzke, B. Sermage, and
D. S. Katzer, Enhanced Radiative Recombination of Free
Excitons in GaAs Quantum Wells, Phys. Rev. Lett. 67,2355
(1991).

D. S. Citrin, Radiative lifetimes of excitons in quantum
wells: Localization and phase-coherence effects, Phys. Rev.
B 47,3832 (1993).

R. C. Jotti and L. C. Andreani, Crossover from
strong to weak confinement for excitons in shallow
or narrow quantum wells, Phys. Rev. B 56, 3922
(1997).

A.D’Andrea, N. Tomassini, L. Ferrari, M. Righini, S. Selci,
M. R. Bruni, D. Schiumarini, and M. G. Simeone, Optical
properties of stepped In,Ga;_,As/GaAs quantum wells, J.
Appl. Phys. 83, 7920 (1998).

M. M. Voronov, E. L. Ivchenko, V. A. Kosobukin, and A. N.
Poddubnyi, Specific features in reflectance and absorbance
spectra of one-dimensional resonant photonic crystals, Fiz.
Tverd. Tela 49, 1709 (2007). [Phys. Solid State 49, 1792
(2007)].

E. L. Ivchenko, V. P. Kochereshko, A. V. Platonov, D. R.
Yakovlev, A. Wang, B. Ossau, and G. Landwehr, Resonant
optical spectroscopy of long-period quantum-well struc-
tures, Fiz. Tverd. Tela 39, 2072 (1997). [Phys. Solid State
39, 1852 (1997)].

I. Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, Band
parameters for I[II-V compound semiconductors and their
alloys, J. Appl. Phys. 89, 5815 (2001).

A. Askitopoulos, H. Ohadi, A. V. Kavokin, Z. Hatzopoulos,
P. G. Savvidis, and P. G. Lagoudakis, Polariton conden-
sation in an optically induced two-dimensional potential,
Phys. Rev. B 88, 041308(R) (2013).

[41]

[42]

[43]

[45]

[46]

[47]

[48]

[49]

034034-11

A. V. Trifonov, Yu. P. Efimov, S. A. Eliseev, V. A. Lovtcius,
P. Yu. Shapochkin, and I. V. Ignatiev, Exciton scattering
in heterostructures with (In, Ga)As/GaAs quantum wells,
Bull. Russ. Acad. Sci.: Phys. 81, 1481 (2017).

The energies of the Xy, and Xj, excitons are calculated for
separate QW widths, Low = (8 4 3j) nm, with integer j =
1,2, .... The dependencies obtained are then approximated
by a phenomenological function, Ex (L) = a/L* + b, with
parameters a = 1.62290 eV, b = 1.51085 eV, o = 1.5678
for the Xy, exciton, and a = 1.73131 eV, b = 1.50829 eV,
o = 1.5422 for the Xj, exciton.

A. Tredicucci, Y. Chen, F. Bassani, J. Massies, C. Deparis,
and G. Neu, Center-of-mass quantization of excitons and
polariton interference in GaAs thin layers, Phys. Rev. B 47,
10348 (1993).

E. V. Ubyivovk, Yu. K. Dolgikh, Yu. P. Efimov, S. A.
Eliseev, I. Ya. Gerlovin, I. V. Ignatiev, V. V. Petrov, and V.
V. Ovsyankin, Spectroscopy of high-energy excitonic states
in ultra-thick GaAs quantum wells with a perfect crystal
structure, J. Lumin. 102, 751 (2003).

J. J. Davies, D. Wolverson, V. P. Kochereshko, A. V.
Platonov, R. T. Cox, J. Cibert, H. Mariette, C. Bodin, C.
Gourgon, I. V. Ignatiev, E. V. Ubylvovk, Yu. P. Efimov, and
S. A. Eliseev, Motional Enhancement of Exciton Magnetic
Moments in Zinc-blende Semiconductors, Phys. Rev. Lett.
97, 187403 (20006).

The heterostructure T683 also contains a narrow 14-nm
QW; see Table VI. The respective exciton resonance is not
shown in Fig. 8, because a similar exciton resonance is
already discussed for the structure T798. It is useful, how-
ever, to present here the basic parameters of this resonance:
Exy = 1.52645 eV, hil'g =29 ueV, Al =48 ueV. The
small nonradiative broadening indicates the high quality of
this structure.

P. S. Grigoryev, O. A. Yugov, S. A. Eliseev, Yu. P. Efimov,
V. A. Lovtcius, V. V. Petrov, V. F. Sapega, and I. V. Ignatiev,
Inversion of Zeeman splitting of exciton states in InGaAs
quantum wells, Phys. Rev. B 93, 205425 (2016).

A. D. Bristow, T. Zhang, M. E. Siemens, S. T. Cundiff, and
R. P. Mirin, Separating homogeneous and inhomogeneous
line widths of heavy- and light-hole excitons in weakly dis-
ordered semiconductor quantum wells, J. Phys. Chem. B
115, 5365 (2011).

www.photon.spbu.ru


https://doi.org/10.1103/PhysRevLett.121.037401
https://doi.org/10.1103/PhysRevLett.122.147401
https://doi.org/10.1103/PhysRevB.42.8928
https://doi.org/10.1016/0038-1098(91)90761-J
https://doi.org/10.1103/PhysRevLett.67.2355
https://doi.org/10.1103/PhysRevB.47.3832
https://doi.org/10.1103/PhysRevB.56.3922
https://doi.org/10.1063/1.367971
https://doi.org/10.1134/S1063783407090302
https://doi.org/10.1134/1.1130188
https://doi.org/10.1063/1.1368156
https://doi.org/10.1103/PhysRevB.88.041308
https://doi.org/10.3103/S1062873817120292
https://doi.org/10.1103/PhysRevB.47.10348
https://doi.org/10.1016/S0022-2313(02)00649-X
https://doi.org/10.1103/PhysRevLett.97.187403
https://doi.org/10.1103/PhysRevB.93.205425
https://doi.org/10.1021/jp109408s
http://www.photon.spbu.ru

	I. INTRODUCTION
	II. STANDARD MODEL
	III. STRUCTURES WITH MULTIPLE NARROW QWS
	IV. 0 AND  PHASE CASES
	V. HETEROSTRUCTURES WITH WIDE QUANTUM WELLS
	VI. CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


