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(Received 17 June 2025; revised manuscript received 11 July 2025; accepted manuscript online 30 July 2025)

Interfacial disorders in semiconductor quantum wells (QWs) determine material properties and device performance
and have attracted great research efforts using different experimental methods. However, so far, there has been no way to
quantify the lateral length distribution of the interfacial disorders in QWs. Since photoluminescence (PL) is sensitive to
exciton localization, the evolutions of PL energy and linewidth under external perpendicular magnetic fields have served as
effective measurement methods for QW analysis; however, the evolution of PL intensity has not played a matching role. In
this paper, we develop a theoretical model correlating the PL intensity with the interfacial disorders of type-I QWs under
an external perpendicular magnetic field. We verify the model’s rationality and functionality using InGa(N)As/GaAs single
QWs. In addition, we derive the Urbach energy and determine the lateral length distribution of interfacial disorders. The
results show that the magnetic field-dependent PL intensity, as described by our model, serves as a valid probe for quan-
tifying the interface flatness. The model also reveals that the mechanism of magnetic-field-induced intensity enhancement
is a joint effect of interfacial disorder-induced exciton localization and the transfer of excitons from dark to bright states.
These insights may benefit performance improvements of type-I QW materials and devices.

Keywords: photoluminescence, type-I quantum wells, interfacial disorders, magnetic field
PACS: 78.55.–m, 78.67.De, 79.60.–i, 79.60.Jv
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1. Introduction
Interfacial disorders inevitably occur in epitaxially grown

semiconductor quantum well (QW) structures due to well-
width variations on different lateral length scales at the mono-
layer (ML) level. Such disorders lead to exciton localization
in the potential minima associated with regions of enhanced
well thickness.[1] Interfacial disorders are a key factor in deter-
mining the properties of QWs[2] and impact the performance
of optoelectronic devices such as laser diodes,[3] quantum-
cascade detectors,[4] light-emitting diodes (LEDs),[5] and
quantum-cascade lasers (QCLs).[6] Taking the exciton Bohr
radius as a measure of lateral confinement, three statistical
disorders have been defined: those at the atomic scale, those
at the length scale of the exciton Bohr radius, and those at
the long-range scale.[7] To characterize interfacial disorders,

different techniques have been employed, e.g., x-ray scatter-
ing, cross-sectional scanning tunneling microscopy (XSTM),
atomic force microscopy (AFM), transport measurement, and
photoluminescence (PL) spectroscopy. X-ray scattering mea-
sures interfacial disorders in the growth direction on an atomic
scale. It has revealed that the distributions of As and Ga atoms
in the growth direction are about 2.7 and 1.6 MLs, respec-
tively, in InGaAs/InP QWs, though it did not detect step-like
interfacial disorders in the lateral direction.[8] XSTM reveals
interfacial disorder on an atomic scale in both the growth and
lateral directions. It identified that the As composition profile
in InGaAs/InP QWs has an exponential variation in the growth
direction and observed a reduction in the disorder amplitude to
0.45 nm and an increase in the lateral length to 27 nm due to
a growth interruption of 30 s.[9] AFM has been used to ob-
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serve interfacial disorders of ML islands with different sizes.
It revealed ordered steps with height variations of more than
1 ML separated by about 75 nm in GaAs/AlGaAs QWs.[10]

Transport measurement correlates interfacial disorders with
carrier mobility. It has been used to characterize interfacial
disorders by the height δ and the length ξ of Gaussian-like
fluctuations[11] and determined these dimensions to be 0.6 nm
and 63 nm, respectively, in InGaAs/InP superlattices (SLs).[12]

Nevertheless, so far, we do not have a quantitative method that
can statistically assess the lateral length distribution of inter-
facial disorders (also referred to as interface flatness) on the
millimeter scale in QWs.

PL spectroscopy provides abundant information about
crystalline quality and electronic structures [13–21] and has
found wide application, particularly when its functionality
was extended to wide infrared and micrometer-scale spatially
resolved scanning imaging.[22–28] Photoluminescence studies
have shown that, at low temperatures, excitons are predomi-
nantly localized. For example, in (Al,Ga)As/GaAs QWs, this
localization occurs due to fluctuations in the effective QW
thickness;[29] in GaAs/AlGaAs QWs, it results from inter-
face fluctuations on different length scales[30] or short-range
correlated interface disorder;[7] in CdTe/CdMnTe QWs, it is
caused by the heterointerface;[31] and in AlInAsSb digital al-
loys, by the InSb interface layer.[32] As an advanced PL tech-
nique, magneto-PL spectroscopy is based on the manipulation
of PL properties by external magnetic fields. Excitons in QWs
undergo a diamagnetic shift and in-plane shrinkage under a
perpendicular magnetic field.[33] Among several techniques,
such as temperature-dependent PL, PL energy as a function
of magnetic field provides the most information about exciton
binding energy Eb and reduced effective mass µ in QWs,[34]

with the aid of standard effective-mass theory for quasi-two-
dimensional magneto-excitons.[34] The PL linewidth has been
used to probe the length scales of interfacial disorders in QWs,
and the observations of either a monotonically increasing or
field-dependent decreasing linewidth in GaAs/AlGaAs QWs
and InAs/GaSb SLs have been explained by postulating the
existence of two lateral-length interfacial disorders.[35,36] The
PL intensity has also attracted interest, and intensity enhance-
ments have been observed in GaAs/AlGaAs QWs,[37] which
are considered to be the result of localization and/or interfa-
cial disorder effects. Similarly, magnetic-field enhancement of
lasing emission has been observed in GaAs/Al0.15Ga0.85As de-
vices and InGaAs/GaAsSb terahertz QCLs[38,39] and has been
recognized as a major impact of interface roughness scatter-
ing. Nevertheless, to date, we do not have a model that fits PL
intensity and quantifies the distribution of interfacial disorders.

In this study, a theoretical model is developed for the
magnetic-field-dependent PL intensity of type-I QWs in an
external perpendicular magnetic field, based on basic as-

sumptions about interfacial disorders caused by Gaussian-
distributed fluctuations in well thickness and magnetic-field-
induced transfer of dark excitons with a nonzero center-of-
mass (COM) momentum K around K = 0 to bright states.
For verification, three as-grown and rapid thermally annealed
(RTA) InGa(N)As/GaAs single QW (SQW) samples are em-
ployed. The amplitude distribution of interfacial disorders
caused by fluctuations in the well-layer thickness is checked
by excitation-power-dependent PL measurements. The Ur-
bach energy and the lateral-length distribution of the interfa-
cial disorders are derived from magnetic-field-dependent PL
experiments and compared to the values available in the lit-
erature, and the mechanism of the PL intensity enhancement
and the interfacial effects of N incorporation and rapid ther-
mal annealing are discussed. We draw the conclusion that the
PL enhancement originates from the field-induced transfer of
excitons from dark states to bright states and that our model
can serve as an effective probe for quantifying the Urbach en-
ergy and lateral-length distribution of the interfacial disorders
in type-I QWs.

2. Theoretical model
The motion of quasi-two-dimensional excitons in QWs

can be described in terms of uncorrelated relative and COM
motions. In conventional nonresonant-excitation PL measure-
ments, a pumping light (generally, a laser) is employed that
has a higher energy than the fundamental bandgap. The pump-
ing light excites valence-band electrons into the conduction
band and leaves holes behind. The electron–hole pairs relax,
first forming excitons with large COM momenta via scatter-
ing with acoustic phonons,[40] and then losing momentum via
exciton–exciton collisions to reach states where radiative re-
combination may take place.[41] The excitons are unstable;
some recombine by emitting photons (and contributing to PL)
and are known as bright-state excitons. Others are forbid-
den from radiating by selection rules due to their nonzero
in-plane COM momentum (K 6= 0)[42] or total angular mo-
mentum J = 2[43] and are known as dark-state excitons. It
has been shown that an external magnetic field applied in the
plane of the QW can tailor the radiative properties of excitons
in GaAs/AlGaAs coupled QWs by coupling the relative and
COM motions, shifting the ground state of the excitons from
K = 0 to states with finite K 6= 0 and transferring the excitons
from bright to dark states.[44] In this study, the effect of an
external magnetic field perpendicular to the QW plane is con-
sidered, and an inverse exciton transfer from dark to bright
states is demonstrated.

For a QW in a magnetic field (B) perpendicular to the
QW plane, the magnetic-field effect on exciton wave func-
tions depends on ζ = eh̄B/(2µEb): (i) in a low field of
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ζ � 1, the wave functions hardly change; (ii) in a high-
field limit of ζ � 1, electrons and holes undergo cyclotron
motion, and perturbation from Coulomb interaction generates
Landau states; and (iii) in a medium field of ζ ≈ 1, which
corresponds to about 4–6 T for InGa(N)As/GaAs QWs,[45] an
effective-mass equation for quasi-two-dimensional magneto-
exciton treats the Coulomb potential and the magnetic-field
energy in a balanced way,[34]{

− h̄2

2µ

[
1
ρ

∂

∂ρ

(
ρ

∂

∂ρ

)
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ρ2
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√

ρ2 +(ze− zh)2
dze dzh, (1)

where ρ is the in-plane distance between the electron and hole
of the exciton pair; m∗e,ρ and m∗h,ρ are the in-plane effective
masses of electrons and holes in the QW layer, respectively;
m is the angular momentum quantum number; m = 0 corre-
sponds to S-type and m =±1,±2 correspond to P- and D-type
exciton states, respectively; Ze(ze) and Zh(zh) are the confined-
state wave functions of electrons and holes, respectively; εrε0

is the dielectric constant of the well or the barrier, depending
on ze and zh; and Rn,m(ρ) is the excitonic envelope function.
Numerical solutions and fitting to the experimental diamag-
netic shift allow us to derive Eb, µ , and the zero-field exciton
Bohr radius aB = 4πε0εrh̄2/(µe2). Here, the effects of spin-
splitting and the P- and D-states are ignored, as they are not
detectable under low to medium fields.[37]

The interfacial disorders that occur in QWs are introduced
by the fluctuations of well-layer thickness and/or alloy compo-
sition and can be described by a phenomenological interface
model, as shown in Fig. 1(a).[30] The rough bottom and top in-
terfaces are equivalent to the combination of a smooth bottom
interface and a rough top interface with disorders of average,
wider, and narrower well-layer thicknesses of L0, L0 +δ , and
L0−δ , respectively; L0 is the mean thickness of the well layer,
and δ is the amplitude of the thickness fluctuation. A region of
the QW where the well layer is thicker, encircled by barriers,
forms a lateral perturbation potential and may act as a trap that
localizes excitons with Dex ≤ ξ , as illustrated by the (red) cir-
cled Dex. The lateral length follows a Gaussian distribution, as
indicated in Refs. [11,12], which will be confirmed by excita-
tion power- and magnetic-field-dependent PL analyses. Here,
ξ can be described by

gex(ξ )∼ e−ξ 2/2w2
, (2)

as depicted in Fig. 1(b), where the focus ξ̄ , i.e., the mean lat-
eral length of interfacial disorders, is at the zero point of the

abscissa for convenience; w2 is the variance; and 2
√

2ln2w is
the full-width at half-maximum (FWHM) of the Gaussian dis-
tribution. As is shown shortly, it can be seen that setting the
focus ξ̄ at zero affects neither the formula derivation nor the
estimation of the mean lateral length of the interfacial disor-
ders. In principle, all the interfacial disorders with well-layer
thicknesses L≥ (L0−δ ) may serve as traps that localize exci-
tons. The lateral perturbation potential is considered to mainly
affect the COM motion of excitons and to lead to the coupling
of the COM motion to the relative motion.[7]

(a)

(b) (c)

x

z

Well

Barrier

ξ ↼nm) δE (meV)

ξ

Dex

ξξ δE1

δE2

L⇁L- L

gex↼ξ↽∝e↩ξ/w

δ

g↼δE↽∝e↩δE/DE

Fig. 1. (a) Interfacial disorders in QWs. L0, L+, and L− denote the
average, wider, and narrower well-layer thicknesses; δ denotes the am-
plitude of the thickness fluctuation. The circled Dex represents an exci-
ton trapped by a lateral perturbation potential with well-layer thickness
of L+ and a lateral length of ξ ≥ Dex. (b) Real-space lateral-length
Gaussian distribution of interfacial disorders, and (c) the corresponding
lateral perturbation potential density of states.

The energy eigenvalue of the lateral perturbation poten-
tial, δE, can be approximated by a finite-depth square-well
model with a lateral length of ξ as the well width,[46] δE =

h̄2k2
‖/2µ , where k‖ is the in-plane wave vector along the inter-

face. This approach, together with the Fourier transform of the
real-space Gaussian distribution [Eq. (2)] to the k space,[47] re-
sults in (following the Urbach rule[48]) an exponential density
of states, as illustrated in Fig. 1(c):

g(δE)∼ e−δE/∆E , ∆E =
h̄2

µw2 , (3)

with a focus at zero. Here, ∆E is the interfacial Urbach en-
ergy quantifying the potential energy fluctuation of the interfa-
cial disorders. Urbach energy, as the key parameter of Urbach
rule, defines the exponential band tail states arising from the
Gaussian distribution of the local potential wells[49] or com-
positional and structural inhomogeneities.[50] Urbach energy
has attracted significant research effort,[47,51] mainly based
on PL at different temperatures and excitation powers,[52]

due to its importance in solar energy conversion,[53,54] LED
applications,[55] and photoluminescent upconversion.[56] To
date, however, we have not seen a magneto-PL description of
the interfacial Urbach energy in QWs.

In a zero magnetic field, interfacial disorders with ξ ≥
Dex localize, by an additional energy δE, excitons with COM
momenta K = 0 and slightly deviating from K = 0. In nonzero
low-to-medium (0≤ ζ ≈ 1) magnetic fields, excitons undergo
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a reduction in their diameter and an increase in energy due to
a diamagnetic shift. The shrinkage of the exciton Bohr radius
with magnetic field, aB(B), is described by[57]

aB(B) =
√

2aB

√1+
3
2

(
e2a4

BB2

h̄2

)
+1

−1/2

,

where aB is the zero-field exciton Bohr radius derived by
the numerical solution of Eq. (1) and fitting to experimental
observations of the diamagnetic shift. As an example, for
aB = 10.0 nm, magnetic fields of B = 5 T and 10 T shrink
aB(B) to about 9.2 nm and 8.0 nm, respectively. Interfacial
disorders with shorter lateral lengths of ξ and hence higher
energy levels of δE are now active traps that localize excitons
with COM momenta that deviate further from K = 0. Mean-
while, the change to the exciton energy Er can be approached
for simplicity by[7,58]

Er,B = Er,0 + γB2, (4)

where γ is the diamagnetic coefficient. Excitons are localized
by shorter ξ interfacial disorders when this diamagnetic shift
matches δE; this localization of the excitons results in the vi-
olation of the K = 0 selection rule and makes the radiative
transition of the dark excitons with K > 0 possible.[59]

In a low-excitation regime, the total number of generated
excitons is nG. Among these, some (n1) are in bright states
with degeneracy α1 and initially accumulate at the interfacial
disorders with lateral lengths of ξ1 (corresponding to an en-
ergy of E1) no smaller than the exciton diameter Dex; these
contribute to the photoluminescent intensity. The others (n2)
are in dark states with degeneracy α2, which may transfer to
a bright state via magnetic-field-induced localization[7,60] at
interfacial disorders with a lateral length of ξ2 (correspond-
ing to an energy of E2), such that ξ2 ≤ ξ1 and E2 = E1 + γB2.
Each exciton may be thought of as a complete system, and
the exciton–exciton correlations are negligible.[61] While nG

is considered to be a constant, n2 decreases and n1 increases
as the magnetic field strengthens, and the distribution follows

n2/n1 = (α2/α1)e−(E2−E1)/∆E = β e−γB2/∆E ,

n1 +n2 = nG,

where β is the ratio of the transferable dark states to the bright
states at B = 0 T. For a given radiative efficiency of the bright-
state excitons, the field enhancement of the integral PL inten-
sity is given by

IB/I0 = nB
1/n0

1 =
1+β

1+β e−γB2/∆E
, (5)

where n j
1 and I j represent the number of radiative excitons and

the integral PL intensity under zero ( j = 0) and B ( j = B) mag-
netic fields. The field enhancement is sensitive to β and γ/∆E.

In this regime, the enhancement of the integral PL intensity is a
natural result of the field-induced transfer of excitons from the
dark states to the bright states, which follows the Urbach rule
given in Eq. (3). Here, β and ∆E are the only fitting parameters
in the intensity analysis because γ can be derived by fitting the
PL energy with Eq. (4); w and hence the FWHM of the lateral-
length distribution can be derived using Eq. (3). Furthermore,
as the Gaussian distribution starts with a zero lateral length in
reality, the mean lateral length of the interfacial disorders ξ̄

can be estimated to be ξ̄ ' 3w, if exp(−ξ̄ 2/2w2) ∼ 10−2 is
taken as the starting point of the gex(ξ ) distribution. As the
photoluminescent intensity enhancement arises from the fill-
ing of smaller lateral-length interfacial disorders by excitons
with non-zero COM momenta, it makes smaller lateral-length
interfacial disorders visible via the transfer of excitons from
dark to bright states, and may hence serve as a probe that quan-
tifies the Urbach energy and the mean length of the interfacial
disorders.

To intuitively demonstrate the effect of ξ̄ , µ , and β on the
magnetic-field enhancement of integral PL intensity, specific
examples are illustrated in Fig. 2 with a basic set of parame-
ters β0 = 2.0, γ = 0.04 meV/T2, µ0 = 0.05m0, and ξ̄0 = 50 nm.
These values are then varied as follows: 1.5ξ̄0, ξ̄0, and 0.5ξ̄0

in Fig. 2(a); 1.5µ0, µ0, and 0.5µ0 in Fig. 2(b); and 1.5β0, β0,
and 0.5β0 in Fig. 2(c). The (black) solid lines are calculated
using the basic set of parameters, and the (red) dashed and
(blue) dotted lines are calculated for the specified parameter
with multipliers of 1.5 and 0.5, respectively.
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Fig. 2. Effects of ξ̄ , µ , and β on the magnetic-field enhancement of inte-
gral PL intensity. The calculations were performed using Eq. (5) and the
following basic parameters: β0 = 2.0, γ = 0.04 meV/T2, µ0 = 0.05m0, and
ξ̄0 = 50 nm. The parameters were varied for the figure parts as follows: (a)
1.5ξ̄0, ξ̄0, 0.5ξ̄0; (b) 1.5µ0, µ0, 0.5µ0; and (c) 1.5β0, β0, 0.5β0. Solid (black)
lines were calculated with the basic set of parameters, while dashed (red) and
dotted lines (blue) were calculated for the specified parameter with multipli-
ers of 1.5 and 0.5, respectively.
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It is clear that at a given magnetic field while changing
only one of the three parameters ξ̄ , µ , and β at a time: (i) a
larger value of any one of the three parameters clearly corre-
sponds to a more significant enhancement of the integral PL
intensity; (ii) for the same rate of change, ξ̄ has the most sig-
nificant effect on the enhancement, while β has the weakest
effect. This is consistent with expectations: from the perspec-
tive of the finite-depth square-well approximation, large values
of ξ̄ and µ correspond to small values of δE, so a relatively
low magnetic field is sufficient to provide a matching diamag-
netic shift, thereby achieving exciton localization.

Note that though the above theoretical model has not
been described previously, a similar treatment was developed
for temperature-dependent PL intensity in GaAs,[62] such that
I(T ) = I0/[1+C e−δE/kBT ]. This was achieved by taking the
electron–hole pair as a complete system and ignoring pair–pair
correlations. This approach deals with PL intensity quenching
due to the thermal activation of nonradiative, i.e., bright-to-
dark transitions and has been widely used for analyzing bulk
semiconductors[63–65] and the low-dimensional structures of
nanowires, QWs, and SLs,[66–68] together with or in addition
to PL energy[69] and linewidth[70] analyses. Analogously, as
the model established above deals with the inverse process of
integral PL intensity enhancement due to dark-to-bright transi-
tions, it is expected that it will serve as a new efficient vehicle
for quantitative magneto-PL analysis of type-I QWs.

3. Experimental details
Two compressively biaxially strained SQW structures of

In0.375Ga0.625NxAs1−x/GaAs (x = 0.012 and 0.0, denoted by
A and B) with a type-I band offset were selected as exam-
ples because (i) a previous study of similar SQW samples re-
vealed that the PL features originate in the QW portions with
slightly different well thicknesses and are dominated by exci-
ton localization and interfacial effects at temperatures below
100 K,[45,71] and (ii) the material system is important for 1.3–
1.55 µm GaAs-based telecom lasers and ultrahigh-efficiency
multijunction solar cells. They were grown by molecular beam
epitaxy on a (100) GaAs substrate, starting with a 200 nm
GaAs buffer layer and a 100 nm Al0.2Ga0.8As layer, followed
by a 7 nm thick In0.375Ga0.625NxAs1−x QW layer sandwiched
between two 100 nm GaAs barrier layers, another 100 nm
Al0.2Ga0.8As layer, and a 10 nm GaAs cap layer. Part of sam-
ple A was treated by post-growth RTA at 750 ◦C for 30 s and
is denoted by A-RTA.

PL measurements were conducted using the 514.5 nm
line of an Ar+-laser as the pumping light and a Fourier
transform infrared spectrometer running in continuous-scan
mode.[22] The laser beam was loosely focused to a diameter
of about 0.5 mm on the sample surface to provide good cov-
erage of the real-space lateral-length Gaussian distribution of

interfacial disorders, as illustrated in Fig. 1(b), and the laser
power stability was controlled with a laser power controller. A
closed-cycle cryostat was used for excitation power-dependent
PL measurements at 11 K,[66] and an optical superconducting
magnet was employed for magneto-PL measurements at a low
temperature of about 4.5 K with the magnetic field perpendic-
ular to the QW plane in the range of 0–10 T.

4. Results and discussion
4.1. Excitation power-dependent PL: amplitude of well-

layer thickness fluctuation

Figures 3(a) and 3(b) depict excitation-power-dependent
PL spectra in the range of 2–512 mW for the InGaNAs/GaAs
SQW samples A and A-RTA. Vertical dashed-dotted lines
mark the PL peak positions at an excitation power of 2 mW.
Magnifications are applied to the lower-excitation spectra for
direct comparison. The PL lineshape is asymmetric, featur-
ing a noticeable low-energy tail at low excitation levels, espe-
cially in sample A. This behavior is characteristic of localized
state recombination, which has an exponentially distributed
density of states[72] and dominates the radiative recombination
processes.[73]

The PL spectrum gets stronger and broader as the exci-
tation power rises and can be fitted to two PL components,
marked by S and M, for the spectrum of excitation at a power
of 32 mW. It has been shown that the splitting of the PL spec-
trum into two main lines indicates an additional variation in
QW mean thickness, here represented by L0± δ , on a lateral
length scale larger than the exciton Bohr radius.[30] At an ex-
citation power of 512 mW, the PL peak uncharacteristically
shifts to a lower energy, especially for the sample A-RTA, due
to the effect of laser heating. The integral intensity (ln I), en-
ergy (E), and linewidth (W ) of the two samples, A and A-RTA,
manifest similar trends when plotted versus excitation power.
The data for the S and M components of sample A are plotted
against excitation power using stars and squares, respectively,
in Figs. 3(c)–3(e).

The integral PL intensity is reproducible by I = I0Pki as
depicted by the solid line in Fig. 3(c), with ki = 1.01 for the
two PL components. The blueshift manifests a linear charac-
teristic when plotted against lnP, i.e.,

P ∝ eE/ke , P2/P1 ∝ e−(E1−E2)/ke , (6)

which is an exponential distribution similar in form to Eq. (3).
A fit to the experimental energy with E = ke lnP is shown in
Fig. 3(d), with ke ∼ 0.19 meV and 5.24 meV per unit lnP
(mW) for the S and M components, respectively. The broaden-
ing also has a linear relation to lnP, W = kw lnP, as shown by
the fit plotted in Fig. 3(e), where kw∼ 1.97 meV and 6.76 meV
per unit lnP (mW) for the S and M components, respectively.
Similar phenomena are also observed for sample B.
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Fig. 3. PL spectra of InGaNAs/GaAs SQW samples A (a) and A-RTA (b) at
excitation powers from 2 mW to 512 mW. Vertical dashed-dotted lines mark
the peak positions at an excitation power of 2 mW. Magnifications are ap-
plied to lower-excitation spectra to make the line shapes visible. Dashed and
dashed-dotted lines correspond to two component fits, S and M, at 32 mW.
(c) Integral intensity (ln I), (d) energy (E), and (e) linewidth (W ) versus exci-
tation power (lnP) for the S and M components of sample A.

It can be seen that, at least in an excitation power range
of up to 256 mW, the evolution of integral intensity, energy,
and linewidth has a constant rate for each of the PL com-
ponents and samples. This means that no Mott transition is
detectable up to the high-end power of 256 mW,[74] indicat-
ing the low-excitation nature of the measurement. The exci-
tonic nature of the PL transitions will be verified by magnetic-
field-dependent PL analysis. The results suggest that the well-
layer thickness fluctuation follows a Gaussian distribution, and
excitation-power-dependent PL analysis can be used to de-
tect such a distribution. As each of the SQW samples con-
tains only one QW layer, the well-layer thickness fluctuation
can only exist among different QW regions and appears in
the form of interfacial disorders (also known as roughness in,
e.g., Refs. [29,30,75]). Given this backdrop, our results pro-
vide direct support for the assumption of the height fluctuation
of interfacial disorders in transport analyses of GaAs/AlGaAs
and InGaAs/InP heterostructures.[11] Coupled with the inter-
facial disorders shown in Fig. 1(a), one may infer that: (i) the
S component shows an inconspicuous blueshift (with ke ∼
0.19 meV per unit lnP (mW)) and weak broadening (with
kw ∼ 1.97 meV per unit lnP (mW)) originating from excitonic
transitions in most regions with a QW thickness of around L0;
(ii) the M component originates from excitonic transitions in
minor regions where the QW thickness clearly deviates from
L0, which manifests as exciton filling first in the L+ and grad-
ually in the L− QW portions as the excitation power increases

(and consequently, the nearly 27-fold enlargement of ke and
threefold enlargement of kw relative to those of the S compo-
nent); and (iii) the PL peak shows an obvious blueshift as soon
as the blueshift of the M component becomes significant, and
this situation occurs when the excitation power rises to 32 mW
or more.

The amplitude δ of the well-layer thickness fluctuation in
different QW regions can be estimated using the blueshift of
the M-component to be about 0.55 nm for sample A, 0.15 nm
for sample A-RTA, and 0.41 nm for sample B, respectively,
with a square well assumption and a solid model method that
includes the dilute-N effect.[45] These values are very close to
the reported values of 0.45 nm for InGaAs/InP QWs[9] and
0.6 nm for InGaAs/InP SLs.[12] The origin of the well-layer
thickness fluctuation is related to indium segregation and ni-
trogen enhancement. Nonuniform In segregation results in a
well-layer thickness fluctuation amplitude of about 0.41 nm in
InGaAs/GaAs QW sample B due to a change in the In gra-
dient near the InGaAs/GaAs interface. N incorporation en-
hances the In segregation and leads to the enlarged amplitude
of about 0.55 nm observed in the InGaNAs/GaAs QW sam-
ple A.[71] To avoid possible confusion, in the following, the
expression interfacial disorders is used uniformly, and the am-
plitude of the well-layer thickness fluctuation is expressed in
terms of the height of the interfacial disorders.

4.2. Magneto-PL: interface flatness

Figures 4(a) and 4(b) show representative magneto-PL
spectra of the InGaNAs/GaAs SQW samples A and A-RTA
at 4.5 K. The excitation power for the magneto-PL measure-
ment was set to 50 mW (or equivalently, a power density of
∼ 25 W/cm2) to reflect the distribution of the well-layer thick-
ness fluctuation and cover the real-space lateral-length Gaus-
sian distribution of interfacial disorders. The PL spectra be-
come stronger and move to higher energy as the magnetic field
increases. The lineshapes are asymmetric and can be fitted us-
ing a two-component assumption, as plotted in dashes (I) and
a dashed-dotted line (II) for the PL spectra obtained under a
zero magnetic field. Note that while the notations S and M
were used in the above excitation power-dependent PL anal-
ysis, here we use I and II, as it is not relevant whether I cor-
responds to S or M. The separation between the two PL com-
ponents is about 12 meV for sample A and narrows due to the
RTA treatment to about 1.5 meV for sample A-RTA. This is in
accordance with the aforementioned difference in the height δ

of the interfacial disorders. Under a zero magnetic field, the
PL peak of sample A-RTA appears at 1.13 eV, a higher value
than that of sample A at 1.07 eV; its linewidth is, as depicted
in Fig. 4(d), about 11.1 meV, narrower than that (17.6 meV)
of sample A, as shown in Fig. 4(c). These are the effects of
annealing, and the narrowing of the PL peak is also attributed
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to the shrinkage of the two-component separation.[45,71]
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Fig. 4. PL spectra and linewidths of InGaNAs/GaAs SQW samples
A (a), (c) and A-RTA (b), (d) in a magnetic field of 0–10 T, ex-
cited by a laser power of 50 mW (or equivalently, a power density of
∼ 25 W/cm2). Dashes (I) and dashed-dotted lines (II) in (a) and (b) de-
note the two-component PL fittings under a zero magnetic field; open
circles in (c) and (d) represent the linewidths of the PL peaks.

According to a previous linewidth analysis,[36] the PL
linewidth of sample A-RTA, which first narrows by about
0.3 meV and then broadens by 0.7 meV, should be a signature
of the coexistence of interfacial disorders with lateral lengths
similar to and smaller than the exciton size and the effect of
smaller lateral-length interfacial disorders participating in the
PL process under a higher magnetic field. The tiny (about
0.2 meV) linewidth narrowing of sample A, on the other hand,
might suggest the presence of interfacial disorders with lateral
lengths similar to (and larger than) the exciton size.[35] This
will be reviewed later as a criterion when the interface flatness
is derived.

The energies of the two PL components and the PL
peak are depicted in Figs. 5(a) and 5(b) versus magnetic field
strength as dots, triangles, and open circles for the two sam-
ples A and A-RTA. Fits to the experimental PL energies are
made using Eq. (4) and shown as a dashed-dotted line. The
derived diamagnetic coefficient γ values from the PL compo-
nents (I, II) and PL peaks (I+II) are also shown in Figs. 5(a)
and 5(b). The γI+II values from the PL peaks are listed in
Table 1, where the standard uncertainties are represented by
numbers in parentheses. For sample A, γI+II is nearly the
same as γII, while for sample A-RTA, γI+II is the average of γI

and γII. This is understandable since, for sample A, PL com-
ponent II dominates the PL intensity (it is about four times
stronger than component I) and energetically nearly coincides
with the PL peak, while for sample A-RTA, PL component II
plays a similar role to component I, and the PL peak is sand-
wiched energetically between components I and II, as shown
in Fig. 5(b).

It is noteworthy that near the zero field, the fitting devi-
ates from the experimental data. This is because, unlike the
excitation- and temperature-dependent PL analyses,[66] here
the PL lineshape does not change significantly with the mag-
netic field strength, making the two-component PL fitting of

a slightly asymmetric PL line rather uncertain. For this rea-
son, and in a similar manner to the treatment conducted in a
magnetic-field-dependent PL linewidth analysis of the interfa-
cial disorders in Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As QWs,[35] a
quantitative comparison will be made based on an analysis of
the PL peak as a composite entity, and the results will repre-
sent the averaged effect of the filled states in the QW growth
direction at a particular excitation power.

Fittings to the experimental PL energies are also made
(shown as solid lines in Figs. 5(a) and 5(b)) by numerical cal-
culations based on Eq. (1). The good fits reveal the similar
excitonic natures of the two PL components. This, in com-
bination with the composite PL peak, leads to the determina-
tion of Eb, µ , and Dex as listed in Table 1 for the PL peaks
of samples A and A-RTA (with the standard uncertainty rep-
resented by the numbers in parentheses). These figures pro-
vide solid support for the above excitation-power-dependent
analysis that the two PL components originate from excitonic
transitions in QWs with slightly different layer thicknesses.
The RTA process reduces Eb and µ while increasing Dex from
26.0±0.3 nm in sample A to 30.2±0.2 nm.

The integral PL intensities are plotted against the mag-
netic field strength in Figs. 5(c) and 5(d) as dots, triangles,
and open circles for the two PL components and the PL peaks
of samples A and A-RTA. The maximal field enhancements
of the PL peaks occur at B = 10 T as I10/I0 ≈ 1.5 and 1.2, re-
spectively. The enhancements are nonlinear and are accurately
reproduced by Eq. (5) (denoted by solid lines) with the γ de-
rived above and taking β and ∆E as fitting parameters. Based
on Eq. (3) and µ , the mean lateral length ξ̄ and the FWHM of
the lateral-length Gaussian distribution of the interfacial disor-
ders are derived from the PL peaks and also listed in Table 1.
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Fig. 5. Energies and intensities of PL components (I, II) and PL peaks
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SQW samples A (a), (c) and A-RTA (b), (d) under magnetic fields from
0 to 10 T. The solid lines in (a) and (b) are calculated using Eq. (1), and
the dashed-dotted lines are calculated using Eq. (4); the solid lines in
(c) and (d) are calculated using Eq. (5).
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Table 1. Exciton binding energy Eb (meV), reduced effective mass µ (m0), diameter Dex (nm), diamagnetic coefficient γ (meV/T2), enhance-
ment of integral PL intensity I10/I0 at 10 T, ratio of the transferable dark states to the bright states (at B = 0 T) β , interfacial Urbach energy
∆E (meV), mean lateral length ξ̄ (nm) and FWHM (nm) of lateral-length Gaussian distribution of interfacial disorders, derived by magneto-PL
analysis for the as-grown and post-growth rapid thermally annealed InGaNAs/GaAs SQW samples A and A-RTA, and as-grown InGaAs/GaAs
SQW sample B. Numbers in parentheses represent the standard uncertainties of the derived data.

Sample Eb µ Dex I10/I0 γ β ∆E ξ̄ FWHM
A 9.70(6) 0.0560(5) 26.0(3) 1.5 3.6(1)×10−2 1.4(1) 4.0(3) 55.5(23) 43.6(18)

A-RTA 8.70(6) 0.0480(5) 30.2(2) 1.2 4.2(2)×10−2 2.0(3) 12.1(12) 34.5(17) 27.1(13)
B 8.20(7) 0.0450(5) 32.3(2) 1.6 5.2(2)×10−2 1.1(1) 3.5(3) 66.2(32) 52.0(25)

The values of I10/I0, β , ∆E, and ξ̄ change with post-
growth RTA and N incorporation, similarly to Eb, µ , and Dex.
Sample A-RTA shows obviously enlarged β and ∆E and re-
duced I10/I0 and ξ̄ . Turning to ξ̄ and Dex, while the ξ̄ value
of sample A is twice as large as the corresponding Dex, that of
sample A-RTA is only 0.1 times greater than the correspond-
ing Dex. Both figures are in good agreement with the predicted
relation between the exciton diameter and the lateral length of
interfacial disorders based on the evolution of the PL linewidth
shown in Figs. 4(c) and 4(d). This result therefore supports the
correlation between the PL process and interfacial disorders.

To check the universality of the established model and the
analytical formula for type-I QWs, magneto-PL analysis was
also performed on the as-grown InGaAs/GaAs SQW sample
B. The spectra are illustrated in Fig. 6(a), together with rep-
resentative two-component fittings (I and II) for the spectrum
taken at a zero field. The PL peak appears at 1.133 eV at a
zero field, i.e., near the peak of sample A-RTA at 1.132 eV.
The linewidth of the PL peak as a composite entity is depicted
in Fig. 6(b) by open circles. It is only about 7.2 meV under
a zero magnetic field, i.e., much narrower than that of sam-
ple A-RTA. The linewidth decreases by about 0.5 meV as the
magnetic field strength increases, a behavior similar to that of
sample A but with a slightly larger magnitude. Again, this
might hint at the presence of interfacial disorders with lateral
lengths similar to (and larger than) the exciton size,[35] which
will be checked shortly.
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the spectrum measured at B = 0 T. (b) Linewidth of the PL peak (open
circles) of InGaAs/GaAs SQW sample B under magnetic fields ranging
from 0 to 10 T, excited with a laser power of 50 mW (or equivalently, a
power density of ∼ 25 W/cm2).

The energies of the two PL components and the PL
peak are also depicted as dots, triangles, and open circles in

Fig. 7(a), which manifest clearly nonlinear evolution and are
reproduced using Eq. (1) in solid lines. The derived values of
Eb, µ , and Dex are listed in Table 1 for the PL peak, with the
standard uncertainties represented by the numbers in parenthe-
ses. Fits to Eq. (4), as depicted by dashed-dotted lines give a
reasonable match. Using the derived γ’s, the integral intensi-
ties of the two PL components and the PL peak are also de-
picted by dots, triangles, and open circles in Fig. 7(b). These
are a good fit for the results obtained using Eq. (5), shown as
solid lines. The fitting parameters β and ∆E, as well as the ξ̄

and FWHM of the lateral-length Gaussian distribution of the
interfacial disorders are also listed in Table 1 for the PL peak,
together with the maximum enhancement of I10/I0 ≈ 1.6 at
B = 10 T.
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in (a) represent the numerical solution of Eq. (1), while dashed-dotted
lines were obtained using Eq. (4); solid lines in (b) were calculated us-
ing Eq. (5).

The derived ξ̄ is similar to that of sample A, i.e., twice
as large as the corresponding Dex, again in good agreement
with the prediction based on the evolution of the PL linewidth
shown in Fig. 6(b). This result supports the correlation be-
tween the PL process and the interfacial disorders. Compared
to the as-grown InGaNAs/GaAs SQW sample A, the as-grown
InGaAs/GaAs SQW sample B manifests smaller Eb, µ , β , and
∆E, and larger Dex, I10/I0, and ξ̄ , indicating significant N ef-
fects. Considering the field enhancement I10/I0, it is obvious
that: (i) sample B shows the maximal value of 1.6, along with
the maximal ξ̄ and minimal ∆E values; and (ii) sample A-
RTA shows the minimal value of 1.2, along with minimal ξ̄

and maximal ∆E values. This reflects the fact that the field
enhancement is positively correlated with ξ̄ but inversely cor-
related with ∆E.
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The value of ξ̄ is similar to the lateral lengths of 26.2 nm
for the GaAs/InGaAs interface derived by XSTM[76] and
63 nm for the InGaAs/InP interface derived from transport
measurements.[12] The ∆E values fall within the range of re-
ported Urbach energies. For example, an Urbach energy of
8 meV has been measured for (GaIn)(NAs) QWs by analyzing
the thermal quenching of PL intensity, specifically considering
excitons that are thermally emitted from the localized states
to delocalized states above the mobility edge before under-
going nonradiative recombination.[52] Additionally, a value of
20 meV has been determined for InGaN/GaN multiple QWs
using biased photocurrent spectroscopy, where the analysis
also accounted for fluctuations in well width.[55] These results
indicate that the theoretical model correlates the magnetic field
enhancement of integral PL intensity with interfacial disorders
and effectively reveals the changes in Urbach energy and lat-
eral length distribution of the interfacial disorders from N in-
corporation to post-growth RTA treatment. The model pre-
dicts that, in the application of magnetic-field enhancement
to optoelectronic devices,[38,39] smaller Urbach energies ∆E
and larger mean lateral lengths ξ̄ of interfacial disorders would
yield greater enhancement under limited magnetic fields.

4.3. PL enhancement: contribution of energy transfer
from excitonic COM motion to electronic degrees of
freedom

In reaching a solid conclusion, it is necessary to further
examine the rationality of the assumption that the magnetic
field causes, via exciton localization to interfacial disorders
and breakdown of the K = 0 selection rule, the transfer of ex-
citons from dark states to bright states.

As the magnetic field increases, the exciton diameter
shrinks. Interfacial disorders with shorter lateral lengths there-
fore become active in localizing the dark excitons with K 6= 0
and kinetic energy h̄2K2/2M (M =m∗e,ρ +m∗h,ρ is the COM). A
momentum-dependent interaction between the COM motion
and relative motion is induced, and energy is transferred from
the COM motion to the electronic degrees of freedom.[77,78]

Consequently, PL intensity enhancement should be observed
on the higher-energy side of the PL peak.[61]

For a clear judgment and direct comparison, the magneto-
PL spectra of the three InGa(N)As/GaAs SQW samples A, A-
RTA, and B are plotted together in Fig. 8 in natural logarithmic
intensity, with the shifts of the PL peak and the low- and high-
energy edges of the PL peak schematically marked by ∆ , ∆1,
and ∆2, respectively. The vertical bars, horizontal arrows, and
dashes are provided to guide the eyes.

The variables ∆ , ∆1, and ∆2 take values of 3.4 meV,
1.6 meV, and 5.5 meV, respectively, for sample A; 4.2 meV,
3.0 meV, and 5.2 meV, respectively, for sample A-RTA; and
5.2 meV, 4.4 meV, and 6.6 meV, respectively, for sample B.

It is clear that regardless of whether the PL linewidth (de-
fined by the FWHM) decreases or increases with the magnetic
field, the low-energy edge experiences a smaller blueshift, i.e.,
∆1 < ∆ , while the high-energy edge experiences a more sig-
nificant blueshift, i.e., ∆2 > ∆ and ∆2 ≥ ∆1 + 2.2 meV. This
means that as the magnetic field increases, in addition to the
overall diamagnetic shift of the PL peak with a constant inte-
gral intensity, an additional contribution to the higher-energy
part beyond the diamagnetic shift appears, which excludes the
possible contribution of band tails which would otherwise be
seen on the low-energy side. This confirms the prediction
above about the magnetic-field-induced localization of K 6= 0
excitons and energy transfer from the excitonic COM motion
to the electronic degrees of freedom, and hence supports the
basic assumption of the magneto-PL intensity model.
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Fig. 8. PL spectra in natural logarithmic intensity for the In-
GaNAs/GaAs SQW samples A (a), A-RTA (b), and InGaAs/GaAs SQW
sample B (c) excited with a laser power of 50 mW (or equivalently, a
power density of ∼ 25 W/cm2). ∆1 and ∆2 show (marked by horizontal
arrows) the shifts of the low- and high-energy edges of the PL peak;
vertical bars mark peak positions, and ∆ indicates the peak diamagnetic
shift in a magnetic field range from 0 to 10 T; horizontal dashes are
provided to guide the eyes.

The value of ∆2 is only slightly different, especially for
the two as-grown InGaNAs/GaAs and InGaAs/GaAs SQW
samples A and B, for which the enhancements in integral PL
intensity I10/I0 happen to be nearly the same. The ξ̄ and
∆E values of the lateral length distribution are more sensi-
tive to RTA but less sensitive to N incorporation: while the
ξ̄ of the as-grown InGaNAs/GaAs SQW sample A is slightly
smaller than that of the InGaAs/GaAs SQW sample B, RTA
drastically reduces the ξ̄ of the InGaNAs/GaAs SQW sam-
ple A-RTA. This is in agreement with previous cross sectional
transmission electron microscopy (TEM) analysis of similar
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InGa(N)As/GaAs SQW samples, which shows similar nonuni-
form strain and less sharp interfaces in as-grown samples. An-
nealing at 750 ◦C for 30 s obviously improves the unifor-
mity and interface sharpness.[71] The results may suggest that:
(i) an indium compositional gradient change and indium
segregation are the main origins of the interfacial disorders
in InGaAs/GaAs SQWs; the incorporation of N reduces the
overall strain and hence ξ̄ due to N strain compensation, and
(ii) post-growth RTA at 750 ◦C for 30 s promotes In/N inter-
diffusion and hence reduces ξ̄ and δ .

Before concluding, it would be meaningful to provide a
brief overview of the reported research relevant to the mag-
netic field effects on PL intensity in QWs and SLs. As
mentioned above, the integral magneto-PL intensity in QWs
has also attracted interest. In a magneto-PL study of type-II
(GaP)n/(AlP)n short-period SLs, a slight intensity enhance-
ment was observed when an increasing magnetic field was
applied parallel to the SL layers, while a dramatic decrease
was observed when an increasing perpendicular magnetic field
was applied. This anisotropy was explained by assuming
a crossover between two closely located conduction bands
with different cyclotron masses.[79] In another study, a simi-
lar decrease in intensity was observed with an increasing per-
pendicular magnetic field, but this was considered to be a
consequence of bound excitons trapped at the GaP/AlP in-
terface: a defect trapped an excited electron in a conduc-
tion band of the AlP layer, and a bound exciton was formed
between the trapped electron and a hole in a valence band
of the GaP layer.[80] Type-II ultrathin GaAs/AlAs QWs also
showed decreasing PL intensity as an increasing perpendicu-
lar magnetic field was applied, but the phenomenon was inter-
preted as the magnetic-field-induced redistribution of indirect
excitons between their bright and dark states.[81] In type-
I GaAs/AlxGa1−xAs heterostructures, integral PL intensity
manifested a striking increase with the applied perpendicular
magnetic field, which was explained as a consequence of hole
localization caused by an inhomogeneous distribution of back-
ground impurities. The contribution from interface roughness
was considered negligible here because of the much wider
layer thickness of the heterostructures compared to that of
the QWs.[82] In GaAs/Al0.28Ga0.72As multiple quantum wells
(MQWs) under an excitation power density of ∼ 2.5 W/cm2,
asymmetric PL lineshapes were observed and were decom-
posed into two PL features, of which the low-energy one, asso-
ciated with the localized energy states, manifested decreasing
integral intensity with increasing applied perpendicular mag-
netic field, while the enhancement of the high-energy feature
was considered to be caused by free-exciton transitions.[83]

The excitation power density was rather low (only one-tenth
of the value used in this study, ∼ 25 W/cm2), which would
make band tails apparent; the diamagnetic shifts of the two

fitting PL features were not analyzed, and the assumed differ-
ence in the nature of the transition (i.e., localized excitons vs.
free excitons) was not based on solid experimental analysis.
It is obvious that, in general: (i) in type-I QWs and SLs, the
integral PL intensity is enhanced as the applied perpendicular
magnetic field increases; (ii) in type-II QWs and SLs, the inte-
gral PL intensity is reduced as the applied perpendicular mag-
netic field increases, which is mainly due to the spatial sepa-
ration of the exciton’s electron and hole into different layers;
and (iii) although the concept of the magnetic-field-induced
redistribution of indirect excitons between bright and dark
states was invoked in the type-II QW study, to date, there has
been no report correlating the perpendicular magnetic-field-
induced enhancement of integral PL intensity in type-I QWs
with interface flatness, let alone the derivation of a quantita-
tive theoretical description similar to Eq. (5) presented in this
paper.

Meanwhile, it should be valuable to make a brief com-
parison with the low-temperature absorption of type-I QWs in
a similar magnetic field. Experimentally, it has been shown
that the enhancement of exciton optical absorption resonance
in In0.53Ga0.47As/InP QWs at a temperature of 2 K depends
on the strength of the magnetic field applied perpendicular
to the QW plane[84] and takes a value of about 50% in a
magnetic field range of 0–7 T in a series of QW samples
with different QW-layer thicknesses of 6.3 nm, 10.0 nm, and
13.6 nm, though the values of Eb and µ differ from sample to
sample.[85] Theoretically, an oscillator strength model[86] was
employed to explain the enhancement as a result of magnetic-
field-induced shrinkage of well-plane exciton relative-motion
wave functions and enhancement of the oscillator strength, and
calculations showed that the enhancement in a given range
of magnetic field is independent of µ .[84] These results are
clearly different from the PL data established in this work,
which indicate that the PL enhancement is relevant to Eb and
µ , and is different even for an identical QW structure just
before and after RTA treatment. The reason for this differ-
ence lies in the fact that the low-temperature absorption spec-
tra reveal the free exciton process, and the free-exciton na-
ture can be directly confirmed by the appearance of a negative
absorption dip (localized exciton PL) on the low-energy side
of the 1e–1h exciton absorption peak in the absorption spec-
tra of similar In1−xGaxAs/InP QWs under similar tempera-
ture and magnetic field conditions;[46,87] the oscillator strength
model is based on the assumption that electron–hole pairs
move freely within the QW plane.[84,86] Meanwhile, the low-
temperature PL spectrum originates from localized exciton ra-
diative transitions, where electron–hole pairs (excitons) are lo-
calized and cannot move freely within the whole QW plane.
The oscillator strength model is therefore not applicable and
cannot explain the differences in PL enhancement in QW sam-
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ples with the same material and structure.

5. Conclusions
To conclude, in this paper, a theoretical model together

with an analytical formula is developed to quantitatively ac-
count for the evolution of the integral PL intensity in type-I
QWs under an external perpendicular magnetic field. The PL
transition at low temperature is excitonic and correlates with
the QW’s interfacial disorders. The lateral length of the in-
terfacial disorders follows a Gaussian distribution and corre-
sponds to an exponential density of states like the Urbach rule.
An external magnetic field perpendicular to the QW plane
shifts the exciton energy diamagnetically while shrinking its
in-plane wave function, so that the excitons in dark states with
nonzero COM momentum around K = 0 become localized in
interfacial disorders with shorter lateral lengths, transfer to
bright states, and hence contribute to the PL intensity. Fit-
ting the analytical formula to the experimental integral PL in-
tensity of InGa(N)As/GaAs SQWs allows us to determine the
Urbach energy and the lateral-length distribution of the inter-
facial disorders. The results demonstrate that the model and
the formula clarify that the mechanism of the PL intensity
enhancement is a joint effect of interfacial disorder-induced
exciton localization and a transfer of excitons from dark to
bright states. Our results advance the function of magneto-
PL experiments from conventional energy and linewidth anal-
yses to also include quantitative integral intensity analysis and
provide an avenue for quantitatively characterizing the lateral-
length distribution and Urbach energy of the interfacial dis-
orders in type-I QWs. This model may also help improve
the performance of magnetic-field-assisted optoelectronic de-
vices.
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[72] Ishikawa F, Álvaro Guzmán, Brandt O, Trampert A and Ploog K H

2008 J. Appl. Phys. 104 115302
[73] Hong Y G, Nishikawa A and Tu C W 2003 Appl. Phys. Lett. 83 5446
[74] Kappei L, Szczytko J, Morier-Genoud F and Deveaud B 2005 Phys.

Rev. B 94 147403
[75] Semtsiv M P, Flores Y, Chashnikova M, Monastyrskyi G and Masselink

W T 2012 Appl. Phys. Lett. 100 163502
[76] Chao K J, Liu N, Shih C K, Gotthold D W and Streetman B G 1999

Appl. Phys. Lett. 75 1703
[77] Schmelcher P and Cederbaum L S 1995 Phys. Rev. Lett. 74 662
[78] Getter A and Perakis I E 1999 Phys. Rev. B 60 16027
[79] Uchida K, Miura N, Kitamura J and Kukimoto H 1996 Phys. Rev. B 53

4809
[80] Kobayashi Y, Kouzu K and Kamimura H 1999 Solid State Commun.

109 583
[81] Shamirzaev T S, Debus J, Yakovlev D R, Glazov M M, Ivchenko E L

and Bayer M 2016 Phys. Rev. B 94 045411
[82] Zhao Q X, Monemar B, Holtz P O, Lundström T, Sundaram M, Merz J

L and Gossard A C 1994 Phys. Rev. B 50 7514
[83] Haldar S, Dixit V K, Vashisht G, Porwal S and Sharma T K 2017 J.

Phys. D: Appl. Phys. 50 335107
[84] Sugawara M 1992 Phys. Rev. B 45 11423
[85] Sugawara M, Okazaki N, Fujii T and Yamazaki S 1993 Phys. Rev. B 48

8848
[86] Ferreira R, Soucail B, Voisin P and Bastard G 1990 Phys. Rev. B 42

11404
[87] Shao J, Haase D, Dörnen A, Härle V and Scholz F 2000 J. Appl. Phys.

87 4303

107802-12

http://dx.doi.org/10.1103/PhysRevLett.101.146402
http://dx.doi.org/10.1103/PhysRevLett.101.146402
http://dx.doi.org/10.1103/PhysRevB.63.153307
http://dx.doi.org/10.1063/1.4934523
http://dx.doi.org/10.1063/1.1527709
http://dx.doi.org/10.1063/1.1527709
http://dx.doi.org/10.1063/1.5008521
https://doi.org/10.1103/PhysRev.92.1324
http://dx.doi.org/10.1063/1.119797
http://dx.doi.org/10.1063/1.119797
http://dx.doi.org/10.1063/1.1355014
http://dx.doi.org/10.1103/PhysRevLett.100.206403
http://dx.doi.org/10.1103/PhysRevLett.100.206403
https://doi.org/10.1002/pssc.200668066
http://dx.doi.org/10.1103/PhysRevB.102.195205
http://dx.doi.org/10.1103/PhysRevB.102.195205
http://dx.doi.org/10.1038/s41467-021-24202-9
http://dx.doi.org/10.1103/PhysRevB.95.144205
http://dx.doi.org/10.1103/PhysRevLett.87.207401
http://dx.doi.org/10.1103/PhysRevB.91.195302
http://dx.doi.org/10.1103/PhysRevB.108.035416
http://dx.doi.org/10.1103/PhysRevB.108.035416
http://dx.doi.org/10.1103/PhysRevLett.95.216802
http://dx.doi.org/10.1103/PhysRevLett.95.216802
http://dx.doi.org/10.1103/PhysRevLett.105.067403
http://dx.doi.org/10.1103/PhysRevB.46.9873
http://dx.doi.org/10.1103/PhysRevB.4.3451
http://dx.doi.org/10.1103/PhysRevB.86.075207
http://dx.doi.org/10.1063/1.4975586
http://dx.doi.org/10.1063/1.4975586
http://dx.doi.org/10.1103/PhysRevB.108.205204
http://dx.doi.org/10.1063/1.4752869
http://dx.doi.org/10.1063/1.4752869
http://dx.doi.org/10.7567/JJAP.53.082201
http://dx.doi.org/10.1021/acs.nanolett.6b04629
http://dx.doi.org/10.1016/0031-8914(67)90062-6
http://dx.doi.org/10.1103/PhysRevB.82.165435
http://dx.doi.org/10.1103/PhysRevB.82.165435
http://dx.doi.org/10.1088/0268-1242/23/12/125002
https://doi.org/10.1063/1.3031652
http://dx.doi.org/10.1063/1.1637148
https://doi.org/10.1103/PhysRevLett.94.147403
https://doi.org/10.1103/PhysRevLett.94.147403
http://dx.doi.org/10.1063/1.3701824
http://dx.doi.org/10.1063/1.124795
http://dx.doi.org/10.1063/1.124795
http://dx.doi.org/10.1103/PhysRevLett.74.662
http://dx.doi.org/10.1103/PhysRevB.60.16027
http://dx.doi.org/10.1103/PhysRevB.53.4809
http://dx.doi.org/10.1103/PhysRevB.53.4809
http://dx.doi.org/10.1016/S0038-1098(98)00611-5
http://dx.doi.org/10.1016/S0038-1098(98)00611-5
http://dx.doi.org/10.1103/PhysRevB.94.045411
http://dx.doi.org/10.1103/PhysRevB.50.7514
http://dx.doi.org/10.1088/1361-6463/aa7781
http://dx.doi.org/10.1088/1361-6463/aa7781
http://dx.doi.org/10.1103/PhysRevB.45.11423
http://dx.doi.org/10.1103/PhysRevB.48.8848
http://dx.doi.org/10.1103/PhysRevB.48.8848
http://dx.doi.org/10.1103/PhysRevB.42.11404
http://dx.doi.org/10.1103/PhysRevB.42.11404
http://dx.doi.org/10.1063/1.373069
http://dx.doi.org/10.1063/1.373069

	1. Introduction
	2. Theoretical model
	3. Experimental details
	4. Results and discussion
	4.1. Excitation power-dependent PL: amplitude of well-layer thickness fluctuation
	4.2. Magneto-PL: interface flatness
	4.3. PL enhancement: contribution of energy transfer from excitonic COM motion to electronic degrees of freedom

	5. Conclusions
	References

