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Lasers, light-emitting diodes, and other optoelectronic devices employing InAs/InP quantum dots (QDs)
instead of quantum wells (QWs) as their active parts benefit from the quasi-zero-dimensional (0D) density
of states while maintaining the emission at the communication-relevant range of 1.55 μm. However, for
certain application purposes, the substitution of QWs with QDs is advantageous only if QDs can either
be treated as isolated objects or exhibit quantum-mechanical coupling between deeply confined states.
Here, we compare two material systems of InAs/(In,Al,Ga)As/InP and InAs/(In,Al)As/InP elongated QDs
(quantum dashes, QDashes) of comparable surface densities and interdash distances. We investigate the
presence and type of coupling between QDashes, focusing on the direct tunnel coupling for both types
of carriers manifested already at low temperature. In the time-resolved photoluminescence (PL) experi-
ment, we observe a significant dispersion of the PL decay time for InAs/(In,Al,Ga)As QDashes, resulting
from the migration of carriers from high- to low-energy QDashes due to substantial tunnel coupling. In
the case of InAs/(In,Al)As QDashes, the dispersionless time dependence points toward the absence of
such coupling. We confirm this interpretation with multiband k·p calculations. We check that the pro-
posed coupling scenario is possible and show its much higher probability for InAs/(In,Al,Ga)As than for
InAs/(In,Al)As QDashes. Finally, in temperature-dependent PL, we observe the redistribution of holes
among QDashes via thermal excitation to wetting-layer states for both systems, constituting an additional
interdash coupling channel at elevated temperatures. Our results indicate that the InAs/(In,Al)As QDash
system is preferential for optoelectronic applications where QD isolation is highly sought after, whereas
InAs/(In,Al,Ga)As QDashes exhibit quantum-mechanical coupling between deeply confined states.

DOI: 10.1103/PhysRevApplied.17.054028

I. INTRODUCTION

Semiconductor InAs quantum dots (QDs) grown on the
conventional InP(001) substrate have been actively stud-
ied in recent years as prospective light emitters for the
telecommunication-relevant spectral range centered near
1.55 μm. The considered applications of these dots range
from nonclassical single-photon emitters for quantum
photonic circuits and quantum-secured optical data
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transmission lines [1–10] through a gain medium in lasers
and optical amplifiers for classical mid- and long-haul
optical-fiber networks [11–13] to more sophisticated appli-
cations, e.g., quantum cascade lasers [14–17] or light
detectors [18]. These application prospects stem from the
quasi-zero-dimensional (0D), atomic-like density of states
in a QD and relatively strong quantum confinement.

On the one hand, the standard Stranski-Krastanov (SK)
growth technique of InAs islands on InP allows one to
obtain high areal density of these objects reaching 1010

- 1011 cm−2, which is beneficial for lasers, amplifiers, or
detectors. On the other hand, the relatively small lattice
mismatch of approximately 3% between InAs and InP,
and the SK growth kinetics of the islands on InP substrate
can lead to their substantial elongation along the [110]
crystallographic direction. It additionally results in their
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broad size distribution. The length-to-width (L/W) aspect
ratio for the InAs material island typically exceeds 2.
Therefore, these structures are commonly called quantum
dashes (QDashes).

The InAs QDashes are often embedded in barriers lat-
tice matched to InP: (In,Al,Ga)As [11] or (In,Al)As [19],
providing relatively strong carrier confinement due to rea-
sonably deep confinement energy: ∼240 meV for electrons
and ∼110 meV for holes, and ∼500 meV and ∼190 meV -
for (In,Al,Ga)As and (In,Al)As, respectively. As discussed
in detail in Sec. III C, the InAs QDashes providing rel-
atively strong confinement and preventing the exchange
of As and P atoms during the epitaxial growth. The
InAs/(In,Al,Ga)As/InP(001) and InAs/(In,Al)As/InP(001)
QDashes have been extensively studied concerning their
band structure [20–22], polarization of emission [23], car-
rier and spin dynamics [24–28], and carrier confinement
regime [27,29]. Nevertheless, there is still an open question
on the extent to which QDashes can be treated as isolated
objects within their dense ensembles.

The answer is crucial for target-specific applications that
rely on a high-density QDash matrix. For classical QD or
QDash lasers, the lateral coupling between deeply con-
fined states of adjacent emitters raises doubts on preserving
truly 0D carrier confinement that is beneficial for the oper-
ation of the laser [30]. Such coupling can potentially open
a new carrier escape channel, affecting the spectral gain,
the emission wavelength, and the temperature stability of
the device parameters. However, the same coupling can
be beneficial by lowering the threshold current density,
improving the internal efficiency, and narrowing the laser
gain, which has been shown for laser devices with verti-
cally [31] and laterally coupled QDs [30] even at room
temperature [32]—provided that defect-assisted nonradia-
tive losses due to barrier states are not introduced [33].
The coupling is also an underlying operation principle of
recently proposed ultranarrow-line superradiant nanolasers
[34,35]. In contrast to classical QD and QDash lasers,
the presence of coupling is not acceptable for superlumi-
nescent light-emitting diodes, as it narrows the spectral
bandwidth [36]; however, it is indispensable for the oper-
ation of QD- or QDash-based quantum cascade lasers
[37]. In the case of QD-based detectors, the coupling can
increase the dark current, causing the overall performance
of the device to deteriorate [18]. Therefore, the presence
or absence of direct electronic coupling between QDs or
QDashes stands as a vital issue for device performance and
may cause the overall performance to deteriorate or, con-
versely, may enable the operation of a device, depending
on the specific application.

Within the QDash ensembles, three coupling schemes
are possible [38]: (i) direct coupling involving the tunnel-
ing of carriers between ground states or between ground
and excited states of adjacent QDashes; (ii) coupling
via higher discrete states (DSs); or (iii) coupling via

higher continuum states (CS). The DS may have different
origins involving, e.g., 0D wetting-layer (WL) states
induced by fluctuations in the WL width or chemical com-
position (so-called natural QDs), structural defects forming
a band tail energetically located below the WL mobility
edge [39,40], hybrid QD-WL states [41–46], or high-
energy 0D QD states. In the latter case, the states can
be spatially extended and in dense ensembles of nanos-
tructures form minibands [47,48], remotely resembling a
superlattice. These mechanisms of carrier exchange dif-
fer in some aspects. First, they involve different ranges
of carrier energy changes, which becomes apparent in the
different temperature ranges. Direct coupling is already
present at low temperature. In contrast, coupling via DSs
requires the promotion of carriers to the DSs, sometimes
via the excited states ladder, which are delocalized [38].
For the carrier redistribution via excitation to the con-
tinuum of two-dimensional (2D) WL states, even higher
temperatures are needed. Second, the requirements of a
dash-to-dash distance vary: the efficiency of the direct tun-
neling drops more significantly with the distance [49] than
the coupling through higher states (DSs and CSs). In the
case of DSs, carriers are less confined in QDashes than
in their ground states, so their wave functions are more
spread, which extends the range of coupling [50]. Finally,
coupling via the 2D WL states can also be present in low-
density structures with large dash-to-dash distances, as it
involves the movement of carriers in the WL plane [51].

Direct coupling has been observed for pairs of epitaxial
QDs in vertically arranged QD stacks [52,53] or in laterally
coupled QDs, so-called QD molecules [54–56], as well as
in QD chains [57,58]. Although the coupling between InAs
QDashes grown directly on InP(001) has been investigated
experimentally, with indications of transfer via discrete
and WL states [59], only theoretical considerations on
the direct-coupling mechanism [60] are available, lacking
experimental confirmation.

In this work, we study interdash coupling scenarios
in two telecom-application-relevant InAs/(In,Al,Ga)As/
(001)InP and InAs/(In,Al)As/(001)InP QDash ensembles
of high areal density employing time-resolved photolu-
minescence (TRPL) and time-integrated PL supported by
other spectroscopic methods: photoluminescence excita-
tion (PLE) and photoreflectance (�R/R). We show that
at elevated temperatures, both QDash systems exhibit the
presence of WL-mediated CS coupling. More importantly,
with low-temperature TRPL studies, we show the manifes-
tation of direct interdash coupling for InAs/(In,Al,Ga)As
QDashes. In this case, we interpret the coupling as car-
rier tunneling from the ground state in a QDash of high
emission energy into excited states of a QDash with a
lower emission energy. Subsequently, carriers relax to the
ground state, form an exciton, and recombine. Addition-
ally, we realistically model both types of QDashes and use
multiband k·p calculations to evaluate the likelihood
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of this coupling scenario. On the contrary, for the
InAs/(In,Al)As QDashes, we observe no indications of
direct coupling in TRPL, which makes the system more
interesting for applications in optoelectronics due to its
robust emitter isolation.

II. EXPERIMENTAL AND THEORETICAL
METHODOLOGY

In this section, we give details of epitaxial growth,
optical experiments, and the theoretical framework.

A. Epitaxial growth

Both types of InAs QDashes are grown in a molecular-
beam-epitaxy reactor on an InP:Fe(001) semi-insulating
substrate. Their growth is similar to that described in
Ref. [16] (for InAs/In0.53Ga0.23Al0.24As/InP) and in Ref.
[17] (for InAs/In0.52Al0.48As/InP). For both systems, we
use an As2 source and the growth sequence starts with
the deposition of a 400-nm-thick buffer of the barrier
material [(In,Al)As or (In,Al,Ga)As] on top of the InP
substrate, followed by nominally 6 monolayers (MLs)
of InAs, capped by 100-nm-thick barrier material. The
growth sequence is finished with an uncapped InAs QDash
layer, grown under the same conditions as the buried
ones for scanning-electron-microscopy (SEM) investiga-
tion. The samples differ in their V:III ratio and in the
growth temperature applied during the QDash growth: for
InAs/(In,Al,Ga)As, these parameters are 22 and 480 ◦C,
while for InAs/(In,Al)As we have 32 and 490 ◦C, respec-
tively.

B. Optical experiments

For the optical experiments, the structures are kept in a
helium-flow cryostat with temperature control in the range
of 5–300 K. In the case of time-integrated PL experiments
in a nonresonant pumping scheme, a continuous-wave
(cw) laser line at Eexc = 1.94 eV is employed, focused to
the laser spot diameter of approximately 140 μm. For non-
resonant excitation and TRPL experiments, the structures
are excited with Eexc = 1.54 eV photon energy by trains of
50-ps pulses with a 40-MHz repetition frequency, focused
to the spot diameter of approximately 5 μm, provided by
a pulsed laser diode. For both experiments, emitted pho-
tons are collected by a lens system and spectrally dispersed
in a 0.3-m-focal-length monochromator with two outputs.
One of the outputs is equipped with a single-channel InAs
detector measuring the time-integrated PL with the lock-
in technique. At the second output, photons are directed
to an optical fiber and sent to a superconducting NbN
single-photon detector for the TRPL measurement with
the time-correlated single-photon-counting technique. We
estimate the overall time resolution of the setup used for

the TRPL studies to be τS ≈ 80 ps. The PLE experi-
ment is performed using the same optical setup and the
PLE intensity is examined at the detection energy set
to the center of the peak while scanning the excitation
energy. In this case, the structures are excited by a train
of roughly 2-ps-long pulses coming from the optical para-
metric oscillator (OPO), which is synchronously pumped
by a Ti:sapphire oscillator operating at 76-MHz repeti-
tion frequency. The photon energy in the pulse is tuned
in a broad range of 0.86–1.1 eV. The OPO pulse source is
also employed for the quasiresonant excitation in PL and
in the TRPL experiments. Within this scheme, the OPO
energy is tuned to approximately 20 meV and approxi-
mately 34 meV above the high-energy edge of the PL spec-
trum for InAs/(In,Al)As and InAs/(In,Al,Ga)As QDashes,
respectively. Additionally, for the temperature-dependent
experiments, the laser line is red shifted according to the
expected Varshni trend to account for the thermal shift of
the band structure.

The �R/R experiment is performed in the PL setup.
The energy-band structure is perturbed at a carrier fre-
quency of fmod = 250 Hz by the cw laser beam at Eexc =
1.94 eV photon energy. The white light from a halogen
lamp reflected off the sample is analyzed in the monochro-
mator and detected by the InAs single-channel detector
using the lock-in technique.

C. Theoretical framework

The modeling of the WL electronic structure (single-
particle states) is performed with the commercially avail-
able NEXTNANO software [61]. For calculation of the
QDash and double-QDash states, we use a state-of-the art
implementation [62] of multiband k·p theory. The eight-
band (conduction, heavy-, light-, and spin-orbit split-off
hole bands) Hamiltonian (the explicit form is given in
Ref. [63]) is discretized on an axis-wise regular grid. The
nanostructures are modeled via position-dependent val-
ues of the material parameters. Diagonalization of the
resultant matrix yields electron and hole eigenstates in
the form of eight-component pseudospinors of discretized
envelope functions, as well as their energies. The calcu-
lation includes the structural strain obtained within the
continuum elasticity model by minimizing the elastic
energy (the Dirichlet boundary condition for the vanish-
ing of strain; 120 × 100 × 60 nm3 calculation domain), the
strain-induced piezoelectric field with terms up to second
order in strain components, as well as spin-orbit effects.
Hamiltonian diagonalization is performed on a subdo-
main found by converging the results, with the Dirichlet
boundary condition for a vanishing wave function. The
relevant material parameters are taken from Ref. [64].
Our approach does not take into account the Coulomb
interaction between carriers. However, it is sufficient to
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TABLE I. The structural parameters of the QDash ensembles:
MV, median value; σ , standard deviation.

Parameter InAs/(In,Al,Ga)As InAs/(In,Al)As

Surface density 7 × 1010 cm−2 1011 cm−2

Height H 2.4 ± 0.5 nm
Distance d MV 9 nm 12.5 nm

σ 2.7 nm 3.8 nm
Width W MV 15 nm 16 nm

σ 4.6 nm 5.8 nm

determine the band structure, calculate the WL energy lev-
els, and estimate the average dimensions of the QDashes
that contribute to the PL peak.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, we present the analysis of the QDash
geometry and the results of the comparative optical studies
of both structures. Moreover, we show the analysis of the
temperature-driven changes in the PL spectra supported
with the results from the WL and QDash electronic-band-
structure calculation realized in the eight-band k·p frame-
work. Finally, we show and discuss the dispersion of the
PL decay and rise times.

A. Structural data and analysis

Figure 1 presents SEM images of QDashes grown
on the surface of the structure. They show high
and comparable QDash areal densities: 7 × 1010 cm−2

for InAs/(In,Al,Ga)As [Fig. 1(a)] and 1011 cm−2 for
InAs/(In,Al)As [Fig. 1(b)]. We assume that the geometry
of optically active buried QDashes studied in the optical
experiments is similar to that of the surface ones. The
SEM-image analysis provides averaged QDash parame-
ters, summarized in Table I (the interdash distance d and
QDash width W). The QDash height H is determined
based on transmission electron microscopy (TEM) [17,65].
The dash length is widely distributed in the range of
25–200 nm for InAs/(In,Al)As QDashes and 25–300 nm
for InAs/(In,Al,Ga)As QDashes, with median values of
approximately 40 nm and approximately 50 nm, respec-
tively. The interdash distance, presented in Fig. 1(c), is
defined as the distance between neighboring QDashes,
measured at 50% of their height. This definition allows for
the most accurate determination of the W and d from SEM
images. The distributions of d cover similar ranges for both
QDash ensembles so that the interdash distance is compa-
rable between both structures. Note that in both ensembles,
QDashes with d ≤ 6 nm can be found.

B. Optical emission and absorption spectra

The normalized PL spectra from ensembles of QDashes
taken at T = 12 K are presented in Fig. 2(a). Both PL
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FIG. 1. The 800 × 800 nm2 scanning-electron-microscopy
(SEM) images of the investigated structures: (a)
InAs/(In,Al,Ga)As and (b) InAs/(In,Al)As QDashes. (c)
An exemplary cross section of the SEM image taken along
the direction perpendicular to the elongation of four adjacent
QDashes. The signal maxima correspond to QDashes. The
QDash width (W) and interdash distance (d) are determined
for each QDash locally at 50% of the QDash height. (d) The
distributions of interdash distance d for InAs/(In,Al,Ga)As
and InAs/(In,Al)As QDashes. The boxes mark the one-
standard-deviation range, while the whiskers define the
outliers (1.5× the standard deviation). The curves are normal-
distribution profiles fitted to the histograms. The inset shows
a schematic cross section of two adjacent semiellipsoid
QDashes.

bands share the emission energy range, between roughly
0.76 eV and 0.83 eV. However, the spectral broaden-
ing for InAs/(In,Al)As QDashes (approximately 55 meV)
is twice as large as for the InAs/(In,Al,Ga)As QDashes
(approximately 27 meV) and, as a result, the emission
range for the former extends up to approximately 0.9 eV.
Commonly, the spectral broadening originates from inho-
mogeneities of size, shape, and chemical composition in
the ensemble. We also check the evolution of the spec-
tra under varying excitation power to confirm that the
observed emission peak is related to the recombination of
excitons in their QDash ground states. Figures 2(c) and
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FIG. 2. (a) Normalized PL spectra taken at T = 12 K for
InAs/(In,Al,Ga)As (solid line) and InAs/(In,Al)As (dashed line)
QDashes. (b) The photoreflectance (�R/R, lines) and photolumi-
nescence excitation (PLE, points) signals for InAs/(In,Al,Ga)As
(top) and InAs/(In,Al)As (bottom) QDashes. PLE is taken at
0.8 eV and 0.84 eV emission energy, respectively, at T = 5 K.
(c),(d) Power-dependent PL spectra for (c) InAs/(In,Al,Ga)As
and (d) InAs/(In,Al)As QDashes, taken at T = 12 K. The red
lines mark the spectra taken at the same excitation power as used
for the temperature-dependent PL investigations. (e) The inte-
grated PL intensity for the spectra in panels (c) and (d), with
power-law fits.

2(d) present the PL spectra for both QDash ensembles,
with the excitation power varying by 4 orders of magni-
tude. No additional high-energy peaks emerge even at high
excitation power, which can be traced back to the very
high excitation power needed to fill the ground states of
QDashes due to their high surface density. We plot the PL
intensity I versus the excitation power P dependencies in
Fig. 2(e) and we fit them with the power function I(P) =

aI b. The exponents obtained prove the linear behav-
ior, with values of b = 1.001 ± 0.017 and b = 0.971 ±
0.014 for InAs/(In,Al,Ga)As and InAs/(In,Al)As QDashes,
respectively. Notably, the temperature-dependent and
time-resolved PL studies are conducted in the regime of
low excitation power to focus on the QDash ground-state
properties.

Before discussing the carrier redistribution processes
and carrier coupling schemes between QDashes, we need
to establish information on the relevant energy scales that
define the carrier confinement in the structures. Figure 2(b)
shows the �R/R traces combined with the PLE signal
intensity for the structures in question. The �R/R traces
show spectral features at energies corresponding to the
absorption edges of (In,Al)As (approximately 1.523 eV)
and (In,Al,Ga)As (approximately 1.150 eV) barriers and
the InP substrate (approximately 1.418 eV), in agreement
with previous reports for similar structures [20,21]. More-
over, the �R/R signal for InAs/(In,Al)As QDashes shows
a feature at approximately 1.03 eV, which overlaps with
the absorption edge identified in the PLE spectrum. We
attribute it to the optical transition in the WL. The WL-
related optical transition for the InAs/(In,Al,Ga)As struc-
ture is clearly revealed only in the PLE spectrum at approx-
imately 1.0 eV (which is consistent with other reports
[21]), while in the �R/R trace, only a slight modulation
is observable. The average energy distance between the
PL peak of QDash emission and the WL absorption edge
(�EQDash−WL) is similar for both structures and reaches
roughly 200 meV. However, the energy difference between
the barrier and the WL absorption edge (�EWL−barrier) is
more than three times larger for the structure with the
(In,Al)As barrier than for the one with (In,Al,Ga)As. All
the derived parameters are summarized in Table II.

C. Temperature-dependent photoluminescence

The temperature-induced changes in the PL spectra for
the two examined structures are compared in Fig. 3. A
correlation can be observed in the integrated PL intensity

TABLE II. The characteristic energies for both material systems determined from the PL, PLE, and �R/R traces (“Experiment”) and
calculated within the eight-band k·p approach (“Calculations”): EWL, the energy of the wetting-layer (WL) absorption edge; EQDash,
the energy of the PL peak center of mass for QDashes. �EQDash−WL = EWL − EQDash, �EWL−barrier = Ebarrier − EWL.

InAs/(In,Al,Ga)As QDash system InAs/(In,Al)As QDash system

Experiment Calculations Experiment Calculations

EQDash ∼ 0.80 eV 0.809 eV ∼ 0.84 eV 0.848 eV
EWL ∼ 1.00 eV 0.984 eV ∼ 1.03 eV 1.020 eV
Ebarrier ∼ 1.150 eV 1.154 eVa ∼ 1.523 eV 1.528 eVa

Esubstrate ∼ 1.418 eV 1.423 eVa ∼ 1.418 eV 1.423 eVa

�EQDash-WL ∼ 200 meV 175 meV ∼ 190 meV 172 meV
�EWL-barrier ∼ 150 meV 170 meV ∼ 493 meV 508 meV

aDerived directly from literature parameters [64].
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(top row), the peak energy (center), and the spectral broad-
ening of the emission peak (bottom). The time-integrated
spectra are recorded under a constant laser-power density
of approximately 0.65 W/cm2 for InAs/(In,Al,Ga)As and
approximately 2.6 W/cm2 for InAs/(In,Al)As QDashes,
which is in the low-power excitation limit for both ensem-
bles [see Fig. 2(e)]. We note that the PL emission for
InAs/(In,Al,Ga)As QDashes can be tracked up to approxi-
mately 130 K for nonresonant excitation and up to approx-
imately 100 K for the quasiresonant one. On the contrary,
the emission from the InAs/(In,Al)As QDashes is observed
up to nearly room temperature under the nonresonant exci-
tation case and up to approximately 240 K for the quasires-
onant one. These results may be explained by the stronger
carrier confinement in InAs/(In,Al)As QDashes, as already
stated in Table II. Carriers excited from QDashes to the
WL can most likely be redistributed back between them
without much loss among the WL states. Although the
WL for the InAs/(In,Al,Ga)As QDashes is at a similar
energy distance from the QDash ground state as for the
InAs/(In,Al)As QDashes, the energy distance from the WL
to the barrier is much smaller, allowing for the depletion of
the WL reservoir through barrier states. Interestingly, for
the InAs/(In,Al)As QDashes, we observe a qualitatively
different dependence of the PL intensity on the temper-
ature for non- and quasiresonant excitation. We attribute
the slight increase of the PL intensity under nonresonant
excitation to thermal activation of carriers from shallow
traps (in the WL or in the barrier), effectively providing
additional carriers to QDashes. Therefore, in this case, the
interpretation of the temperature-dependent PL evolution
is more complex, so we also analyze the results obtained
under quasiresonant excitation. In this excitation scheme,
the carriers are injected directly into QDash excited states
and, as a result, no increase of the PL intensity at elevated
temperatures is observed [see Fig. 3(d)].

To identify the most efficient carrier-excitation chan-
nels, the temperature-dependent PL intensity is fitted with
a standard formula assuming two activation processes [66]:

I(T) = I0

1 + B1 exp(−Ea,1/kBT) + B2 exp(−Ea,2/kBT)
,

(1)

where I0 is the PL intensity for T → 0, Ea,1 and Ea,2
are activation energies, and B1 and B2 are relative rates
corresponding to the efficiency of the processes involved.

The fitting curves are displayed as solid red lines in Figs.
3(a) and 3(d), and the relevant PL quenching parameters
are summarized in Table III. To interpret the quenching
energies, we calculate the energy levels within the eight-
band k·p approach. First, we calculate the electron and
hole ground-state energies in the WL as a function of its
thickness. For simplicity, we assume the WL to be pure
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FIG. 3. The temperature dependence of PL emission from
InAs/(In,Al,Ga)As (left-hand panel) and InAs/(In,Al)As (right-
hand panel) QDashes. Top, the normalized PL intensity under
nonresonant (full symbols) and quasiresonant (open symbols)
pumping with fitted Arrhenius curves. The points and curves are
shifted vertically for clarity. Center, the thermal shift of the PL
peak emission energy (points) with Varshni trends (dashed lines).
Bottom, the temperature-dependent width of the PL peak. The
inset in (e) shows an enlargement of data for the low-temperature
range. The shaded areas mark the low-temperature range as
defined in the text. The experiment is performed using a power
density of approximately 0.65 W/cm2 for InAs/(In,Al,Ga)As and
of approximately 2.6 W/cm2 for InAs/(In,Al)As QDashes.

InAs, ignoring the intermixing at interfaces and the possi-
ble quasicontinuous change of the effective WL thickness.
We approximate the energy of the WL transition by the
difference between the electron and hole ground states and
we plot it in Fig. 4(a). We mark the WL absorption edge
estimated from the �R/R signal (Table II) using horizon-
tal lines. Assuming that the WL thickness varies by InAs
monolayers (1ML ≈ 0.3 nm), we establish that in both
cases, the WL thickness is 3 MLs (approximately 0.9 nm).
This finding is in agreement with TEM studies of similar
structures [65] and with previous estimations of the WL
thickness for InAs/(In,Al,Ga)As QDashes [67], as well as
for InAs/InP QDs [68].

Taking the WL thicknesses of 0.9 nm for both material
systems, we calculate the electronic structure of a QDash
on the WL. We assume a semiellipsoid shape and we take
height H = 2.4 nm (from the WL top edge to the top of a
QDash), base width W = 14.4 nm, and length L = 40 nm,
as this geometry explains the observed QDash PL energies
in both cases well. The modeling of QDashes is described
in detail in Sec. IV A, where the choice of such dimensions
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the (b) InAs/(In,Al,Ga)As and (c) InAs/(In,Al)As systems. Zero on the vertical axis corresponds to a WL or QDash bottom edge.

is justified. Figures 4(b) and 4(c) show the band structures
of simulated QDashes (embedded in the barrier material,
red lines) and of the 0.9 nm-thick WL (surrounded by
barriers and InP, black lines) for the InAs/(In,Al,Ga)As
[Fig. 4(b)] and InAs/(In,Al)As [Fig. 4(c)] systems. We also
calculate the energy differences between the conduction-
and valence-band edges for the barriers and InP and com-
pare them with experimental values in Table II. The uncer-
tainties in the parameters are determined by the experimen-
tal technique used. For EQDash, known from PL experiment,
the uncertainty is approximately 1 meV, while for all other
energies, the accuracy is lower (estimated to be 20 meV),
as they are obtained solely from PLE and �R/R absorption
experiments. The experimental and calculated values agree
very well within the experimental uncertainties (the slight
discrepancy in the EQDash values originates from the inac-
curacy of the QDash geometry estimation based on SEM
images). Therefore, we can determine the energy distances
for carriers between their QDash ground states and the
WL continuum of states. We denote them by δe and δh for

TABLE III. A summary of the PL quenching parameters
for both QDash structures and the calculated energy distances
between the QDash and WL ground states.

InAs/(In,Al,Ga)As InAs/(In,Al)As

Parameter Nonresonant Quasiresonant Quasiresonant

Ea,1 59 ± 11 meV 50.0 ± 7.7 meV 110 ± 20 meV
B1 (10.6 ± 0.5) (14.2 ± 0.7) (13.3 ± 0.6)

×103 ×103 ×103

Ea,2 9.6 ± 2.3 meV 5.6 ± 2.2 meV 19.9 ± 1.3 meV
B2 3.4 ± 0.4 1.4 ± 0.2 8.1 ± 0.6
δe (Calc.) 124 meV 100 meV
δh (Calc.) 51 meV 72 meV

electrons and holes, respectively, and give their values for
both systems in Table III.

To compare these values with respective Ea,1 activation
energies, we need to account for electron-hole Coulomb
interaction �C ∼ 10 meV, as the exciton binding needs
to be broken for one of the carriers to escape. Bearing
this in mind, we note that for InAs/(In,Al,Ga)As QDashes,
the activation process leading to the PL quenching can be
interpreted as the activation of holes from their QDash
ground states to the WL continuum of states, as δh =
51 meV together with �C are close to the experimental
value of Ea,1 ≈ 50–60 meV. We need to note here that
this does not exclude the escape of electrons (character-
ized by twice larger activation energy δe = 124 meV).
Unless it is much stronger, such a process is impercep-
tible compared to the lower-energy one, as its presence
only manifests itself at high temperatures, where the sig-
nal is too weak. Subsequently, carriers activated to the
WL relax nonradiatively (via carrier-phonon interaction).
They can be either redistributed between QDashes, as we
show later, or trapped by structural defects, and do not con-
tribute to the PL intensity. For InAs/(In,Al)As QDashes,
we have Ea,1 = 110 ± 20 meV, which fits the theoretical
value for the escape of electrons, δe = 100 meV plus �C.
However, we have to consider the substantial fitting uncer-
tainty and the fact that for these QDashes, δh is relatively
close to δe. Two processes with such similar energies may
be impossible to separate in the fitting. Thus, most proba-
bly, activation of both carrier types coexists, with electron
escape being dominant, which is reflected in the observed
Ea,1 value. This seems unusual since, given that δh < δe, it
should be easier to excite a hole. However, the time scales
of subsequent dynamics within WL, relaxation, and trap-
ping in a QDash also play a role here. If these are faster for
electrons, they have more free states available to be excited
to or from a QDash, which may explain the observed result.
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Considering calculated electronic structures, the sec-
ond activation process with activation energies Ea,2 ≈ 5 −
9 meV and Ea,2 ≈ 20 meV, respectively, cannot be related
to excitation to the WL. The calculated energy difference
between the first excited hole state for InAs/(In,Al,Ga)As
QDash and the ground state is 7.5 meV (with a few mil-
lielectronvolts variation depending on geometry) which
is in good agreement with the energy Ea,2. The analo-
gous difference for electron states is 19.0 meV. There-
fore, we can ascribe the Ea,2 activation energy to the
activation of holes from their QDash ground states to
the first excited states. On the other hand, correspond-
ing energy differences for InAs/(In,Al)As QDashes are
8.4 meV for holes and 20.3 meV for electrons. The
value Ea,2 ≈ 20 meV is twice as large as the hole level
splitting but it fits very well to the value calculated for
the electron. However, it seems unexpected that the PL
intensity is affected more by the promotion of carriers
with higher activation energies. It is thus not straightfor-
ward to determine the specific process responsible for the
PL quenching. Similar activation energies in the range
of 20–25 meV have been observed for three structures
with a varying nominal thickness of the InAs/(In,Al)As
QDash layer in Ref. [59]. The associated activation pro-
cess has been attributed to the activation of carriers to
their excited QDash states and subsequent DS coupling
(thermally assisted redistribution of carriers from small to
large QDashes). Following this interpretation, we conjec-
ture that dissipative redistribution via DS coupling is more
robust for electrons, most probably due to stronger phonon
coupling.

Here, the amplitudes B1 and B2 are very different, vary-
ing by 4 orders of magnitude in both material systems.
Therefore, the second activation process is much weaker
than the first and, as a result, it is of minor importance
for the interpretation of the experimental data. However,
in principle, we cannot exclude the presence of DS cou-
pling between QDashes for the two material systems. Such
a process would start with the promotion of carriers to
excited states that are in turn coupled to states confined in
adjacent QDashes, as in Ref. [59]. Many processes can be
involved in the formation of DS coupling. This coupling
should be manifested in narrowing the PL peak at moder-
ate temperatures, which is considered to be its fingerprint
[41,42,54]. However, this is not the case for the studied
structures, as neither in Fig. 3(c) nor in Fig. 3(f) is an
additional narrowing observable. Here, the only narrowing
that is present stems from the WL-assisted redistribution
of carriers.

The different widths of the emission from InAs/
(In,Al)As QDashes under non- and quasiresonant excita-
tion schemes may be connected with different occupations
of QDashes at low temperatures, as the PL broadening
reaches similar values of approximately 70 meV at high
temperatures.

Finally, the peak emission energies are compared with
the trends expected from the Varshni relation [dashed lines
in Figs. 3(b) and 3(e)] [69]:

Eg(T) = Eg(0) − αT2

T + β
, (2)

where Eg is the band-gap energy and we adopt the fol-
lowing parameters for InAs: α = 2.76 × 10−4 eV2 and
β = 93 K. As the formula takes into account only the ther-
mal change of the semiconductor band gap, any additional
effects exhibit as deviations from this trend. A pronounced
deviation is observable in the same temperature range as
the narrowing of the PL width: both are seen, at T ≈ 35 K
for InAs/(In,Al,Ga)As and T ≈ 75 K for InAs/(In,Al)As
QDashes. Therefore, we connect these observations with
the activation of carriers to the WL and their subsequent
redistribution, constituting the CS coupling. It is mani-
fested in the emission of the high-energy tail of the QDash
ensemble, which is inactive at low temperatures and under
weak excitation.

To sum up the results of the temperature-dependent
studies, we find that for both material systems, the quench-
ing of the PL emission is characterized by two activation
processes. We connect the higher-energy one with the exci-
tation of carriers [mainly holes for InAs/(In,Al,Ga)As and
electrons for InAs/(In,Al)As] to WL states. Part of the
carriers is redistributed back among the QDash ensem-
ble (CS coupling of QDashes), which causes the observed
PL narrowing and deviation from the Varshni relation.
Some of the carriers are lost in the WL. The lower-energy
activation process is much weaker and most probably
connected with activation of the carriers to their excited
states in QDashes. Excited exciton states in QDashes typi-
cally have lower oscillator strength [29], which effectively
decreases the PL intensity. Carriers in such excited states
could couple within the DS mechanism. However, we
do not observe an additional characteristic PL narrow-
ing to support this possibility. Finally, in Fig. 3, we mark
with the shaded areas the low-temperature ranges, which
we define as the temperatures for which, roughly, the
PL intensity and peak width stay unchanged and the PL
energy follows the Varshni trend. The ranges are T < 25 K
for InAs/(In,Al,Ga)As and T < 35 K for InAs/(In,Al)As
QDashes.

D. Time-resolved PL

The TRPL measurements are performed at T = 4.2 K to
evaluate the presence of direct interdash coupling in both
structures. The low-temperature condition excludes both
the CS and DS coupling, with their signatures expected to
lie well outside the shaded area in Fig. 3. Moreover, the
excitation power is sufficiently low to exclude the impact
of excited states (3.5 W/cm2), even though no signs of
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their emission are seen even at high powers [see Figs. 2(c)
and 2(d)]. Therefore, it is safe to assume that the TRPL
experiment largely probes the ground-state transition in
QDashes.

The TRPL is recorded at various emission energies
across the PL band to probe the emission dynamics for dif-
ferent QDash subensembles (Fig. 5). To take into account
the two-component character of decays and the varying
signal rise time, we fit TRPL traces with

I(t) =
∫ t

0
dt′Ẋ

(
t′
)

D
(
t − t′

)
, (3)

where D(t) = A1 exp
(−t/τD,1

) + A2 exp
(−t/τD,2

)
is the

two-component exponential decay convoluted with the
effective pumping rate of the exciton ground-state occu-
pation X (t). The latter is obtained by solving a simple set
of two kinetic equations describing the pumping of some

auxiliary excited state with a Gaussian pulse and subse-
quent relaxation to the ground state, which is responsible
for the variable rise time of the signal. We subtract the con-
stant level of background counts from the registered time
trace and fit Eq. (3) to the TRPL data using the standard
method of least squares.

We plot the normalized time traces in Figs. 5(a) and
5(b), stacked for easier comparison, and find a single rise
time, τR [see Fig. 5(b)] and two decay times, τD,1 and τD,2
[Fig. 5(a)]. The extracted PL decay times are compared
in Fig. 5(c), while the rise times are plotted in Fig. 5(d).
In both panels, these time constants are presented on top
of steady-state PL emission bands to highlight possible
correlations. The figures show a pronounced difference
in the spectral dependencies of the decay and rise times
between the two structures. First, for the InAs/(In,Al)As
QDashes, there is no clear dispersion of the PL decay
times, with τD,1 ≈ 1.2–1.3 ns and τD,1 ≈ 5–6 ns. Second,
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(two-component exponential decay). (f) The tunneling times τT calculated according to Eq. (4).
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there is no spectral dependence of the rise time with val-
ues oscillating around the setup temporal resolution τS ≈
80 ps, represented by the dashed black line in Fig. 5(d).
Conversely, for the InAs/(In,Al,Ga)As QDashes, the PL
decay times exhibit a strong dispersion across the PL
band, which decreases rapidly with an increasing emission
energy. Moreover, it correlates with the dispersion of the
PL rise times, with τR clearly larger than τS for the low end
of the band (with a peak of τR ≈ 150 ps near the PL peak
center of mass) and fit results falling below τS for the high
end. Although the uncertainties of the TRPL curve-fitting
procedure are considerable, the qualitative change between
the rise times at the low- and high-energy tails of the PL
band can be observed directly in the traces presented in
Fig. 5(b).

Let us discuss the PL lifetime of InAs/(In,Al)As
QDashes first. In Fig. 5(e), we show the shorter time,
τD,1, superposed on a background of results from the lit-
erature. It is within the range of experimental values for
InAs/InP QDs and QDashes [26,68,72,73] and close to
the theoretical values for the exciton radiative lifetime
along with a characteristic nearly flat dispersion [68,71,
73]. Therefore, one can interpret τD,1 for InAs/(In,Al)As
QDashes as the radiative lifetime of excitons confined in
the QDash ground state. Since the confinement is simi-
lar in both QDash systems, as shown by the calculations,
we expect comparable properties of the exciton radia-
tive lifetime in InAs/(In,Al,Ga)As and InAs/(In,Al)As
QDashes. This is confirmed by the extracted τD,1 values
for InAs/(In,Al,Ga)As QDashes in the low- to medium-
energy range. Here, the PL decay times are similar to those
of InAs/(In,Al)As QDashes. Unexpectedly, the PL decay
times for InAs/(In,Al,Ga)As QDashes decrease abruptly
for the emission energy above the PL peak center of mass.
This suggests that for this spectral range, some nonradia-
tive or carrier-transfer processes occur. Assuming a single
process of this type, its contribution to the extracted PL
decay time τPL is

1
τPL

= 1
τrad

+ 1
τT

, (4)

where τrad is the radiative lifetime and τT is the charac-
teristic time of the additional process. As a result, most
probably τrad is nearly emission-energy independent, as
discussed previously, but τT has a strong dispersion. We
state a tentative hypothesis in which τT describes the inter-
dash direct coupling supporting carrier-transfer phenom-
ena from higher- to lower-energy states confined in adja-
cent InAs/(In,Al,Ga)As QDashes. Such a process should
lead to both observed features: a decrease of the observed
PL lifetime in high-energy QDs that lose carriers and
an extension of the PL buildup time in low-energy QDs
that gain them, provided that both types of carriers are
transferred.

The lateral coupling between QDs has been studied in
dense ensembles (QD superlattices) of epitaxial GaAs-
based QDs, showing a mobility edge [47,48]. In QD
chains [46,57,58,74], the direct coupling is an indication
of a quantum-wire-like character of confinement [57]. A
direct coupling in the form of Förster energy transfer has
been studied in monodisperse CdSe nanocrystal QDs [75].
However, according to the literature, such a coupling has
not been observed for the investigated InAs/(In,Al,Ga)As
QDashes.

In previous theoretical works, the direct coupling
between electron states, and their transfer between adja-
cent InAs/(In,Al,Ga)As QDashes, has been considered
[49,60], although hole migration is also possible. In the
TRPL experiment, we cannot distinguish between the elec-
tron or hole transfer. Most probably, both occur at possibly
unequal rates. Thus, in our further theoretical consider-
ations we evaluate the strength of direct coupling for
both types of carriers, while from the experiment we
may extract only a single effective value indicating car-
rier migration. The strong dispersion of τPL, manifested in
the high-energy tail of the PL band, suggests that the trans-
fer occurs from the ground state of a high-energy QDash
to a ground or excited state of an adjacent larger one. The
proposed coupling mechanism is different from the Förster
energy transfer caused by the incoherent long-range dipo-
lar interaction [75] or from the coupling via minibands
formed in regular QD superlattices [47,48,54].

Thus, we identify the nonradiative process observed for
high-energy InAs/(In,Al,Ga)As QDashes as a charge trans-
fer. Equation (4) allows for the estimation of the effective
carrier-transfer time τT. For this, τPL is the extracted PL
lifetime and for τrad, we use the nearly energy-independent
radiative recombination time estimated by averaging τD,1
over the nondispersive range of energy values. Calculated
charge transfer times are presented in Fig. 5(f); τT increases
significantly with a decreasing emission energy.

The dispersion of the PL rise times for the InAs/
(In,Al,Ga)As QDashes presented in Fig. 5(d) is more puz-
zling. For InAs/InP QDs or QDashes, one could expect
the carrier relaxation to the ground state to occur in
8–40 ps [25,76]. Despite the temporal resolution of the
TRPL setup, the rise time is substantially longer, indicating
either a delayed carrier capture process or slow relaxation
among QDash confined states. Since τR dispersion seems
to be correlated with the dispersion of the decay time, the
slow QDash ground-state feeding process can be related
to a slow carrier transfer between adjacent QDashes. A
similar relaxation bottleneck has been observed for the
InAs/(In,Al,Ga)As QDs coupled to an (In,Al)As quantum
well through a thin (In,Al,Ga)As barrier [76]. The relax-
ation bottleneck has been attributed to the weak coupling
of carriers to phonons caused either by a specific transition
energy or differing symmetry of the carrier states involved.
The interdash charge transfer mechanism discussed here
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for InAs/(In,Al,Ga)As QDashes is also phonon mediated
and we may be dealing with a similar bottleneck.

The last unresolved issue is related to τD,2. Four-wave
mixing experiments suggest the presence of the two-
exponential decays in InAs/(In,Al,Ga)As/InP QDashes
[77,78] that have been attributed to strain [78]. Such two-
component decays have indeed been observed [26,73]
and have been explained by light-hole admixture to the
nominally heavy-hole excitons, resulting from the QDash
asymmetry. However, the long-time components in these
reports are τH = 1.4 ± 0.1 ns [26] and τH < 3.5 ns [73],
much shorter than observed here. Thus, the origin of the
τD,2 decay component is unknown and requires further
investigation.

IV. CALCULATIONS

We perform extensive theoretical modeling of the
QDash electronic structure, utilizing the eight-band k·p
method to show the possibility of direct interdash car-
rier tunneling. As already stated, we adopt a WL thick-
ness of 0.9 nm (3 MLs) in both cases. For calculations
of the electronic structure, we take the geometry of a
lens-shaped (semiellipsoid) QDash, with the base width-
to-height ratio of W/H = 6, which we keep fixed for all
QDashes, according to Ref. [79].

A. Single-QDash modeling

We change the QDash height in steps of 1 ML in
the range of 1.2–3.6 nm, adjusting the width proportion-
ally. We keep the length equal to the determined median
value of L = 40 nm. Figure 6(a) presents the calculated
transition energies as a function of QDash height for
the InAs/(In,Al,Ga)As and InAs/(In,Al)As systems. The
shaded areas correspond to the observed emission ener-
gies: the boxes are centered at the PL peak-emission
energy at low temperature and their heights are equal
to the full width at half maximum (FWHM) of the PL
peaks (27 meV and 55 meV, for InAs/(In,Al,Ga)As and
InAs/(In,Al)As QDashes, respectively). Based on this, we
can trace back the ranges of QDash widths that corre-
spond to central parts of the respective emission peaks:
14.1–16.4 nm and 13.1–16.9 nm, for InAs/(In,Al,Ga)As
and InAs/(In,Al)As QDashes, respectively, as marked by
dashed lines in Fig. 6(a). We also estimate the impact of
the QDash length in the range of L = 20–60 nm on the
transition energy for selected QDash heights. The results
are plotted in Fig. 6(a) using triangles and diamonds. As
expected, varying the QDash length changes the emission
energy by only a few millielectronvolts, which is irrelevant
for this study.

It is interesting to compare calculated geometries of
QDashes with their actual size distributions. Here, we
focus on the width, which is more accurately determined
than the height. Figure 6(b) presents histograms of QDash

widths together with normal distributions that correspond
to the calculated width ranges. At this point, we trans-
late the QDash base width into the width taken at 50% of
its height [as defined in Fig. 1(c)] by simple geometrical
considerations and we shift calculated Gaussian profiles
in Fig. 6(b) accordingly. For both QDash ensembles, we
obtain good agreement concerning the median width val-
ues, 15 nm for InAs/(In,Al,Ga)As QDashes and 16 nm
for InAs/(In,Al)As ones. In the latter case, the tails of the
determined and calculated distributions for low W values
agree with each other, while there are more large QDashes
(W > 20 nm) than predicted by the calculation. They pos-
sibly remain optically inactive because of structural defects
in large QDashes due to the onset of strain relaxation,
resulting in dislocations [80].

A similar observation can be made for large InAs/
(In,Al,Ga)As QDashes. Interestingly, in their case, a sig-
nificant discrepancy is also present at the low-W end of the
statistics. Thus, many small QDashes from the ensemble
do not contribute to the PL, possibly due to efficient out-
tunneling of carriers. This observation, which is absent for
InAs/(In,Al)As QDashes, can be seen as a manifestation of
the direct coupling in the InAs/(In,Al,Ga)As ensemble.

B. Tunnel coupling in QDash pairs

On the basis of the calculated emission energies for sin-
gle QDashes [Fig. 6(a)], for further calculation we assume
that for both QDash ensembles, the high- and low-energy
parts of the spectrum can be approximately represented
by two QDash models: H = 2.4 nm and W = 14.4 nm
(low dash, LD) and H = 2.7 nm, W = 16.2 nm (high dash,
HD). With these geometries, the observed interdash direct
coupling may be explained as carrier tunneling from the
ground state in a LD into the ground state or any of the
excited states of a HD. However, we need to check whether
this is feasible and whether there really is an expected
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FIG. 6. (a) The calculated transition energies for
InAs/(In,Al,Ga)As and InAs/(In,Al)As QDashes as a func-
tion of the QDash height. The shaded areas correspond to the PL
peak energies. (b) A comparison of the observed QDash width
distribution and the calculated QDash widths.
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difference in its probability between the two considered
material systems.

To this end, we model identical pairs formed by LDs and
HDs separated by a distance d in both the InAs/(In,Al)As
and InAs/(In,Al,Ga)As material systems. The strength of
the tunnel coupling t may be revealed by the width of an
anticrossing of energy levels in the two QDashes as the
carrier is pushed from one to the other using an electric
field directed along their displacement [81]. Assuming no
coupling to other levels, the two states localized in dif-
ferent QDashes and subject to the electric field E ‖ d are
described by the Hamiltonian

H(E) =
(−�

2 + αE t
t �

2 − αE
)

, (5)

where � is the splitting of levels without the field and
α is the proportionality constant, including fundamental
and material constants as well as QDash separation. At
resonance, i.e., when αE = �/2, the splitting of levels
is minimal and equal to 2t, which allows the determina-
tion of t from this anticrossing width. We utilize this in
the theoretical calculation to evaluate the strength of direct
coupling for carriers. Note that in our calculation, the elec-
tric field is just an auxiliary theoretical parameter to drive
the two energy levels to resonance and read the minimal
splitting. The tunnel coupling t leads to the mixing of
states in two QDashes, the size of which is approximately
t/� for t 	 � without any external field. In Fig. 7, we
show the calculated six lowest-energy levels for the elec-
tron (top) and the hole (bottom) in a double QDash with
d = 6 nm as a function of the electric field. The left-hand
panels show the results for the InAs/(In,Al)As system and
the right-hand panels for the InAs/(In,Al,Ga)As one. The
dashed vertical lines mark the positions of the main anti-
crossings, where same-shell tunnel couplings are revealed.
Let us begin by noting that for holes, the width of these
tunnel resonances is similar. On the other hand, we deal
with a significant difference in tunnel couplings for elec-
trons. As expected, on the basis of our experimental results,
in the InAs/(In,Al,Ga)As system, we deal with signifi-
cantly stronger coupling. Apart from main resonances, we
may evaluate the strength of the s-p shell tunnel cou-
plings marked with arrows on one side of each spectrum.
For now, we deal with an aligned double QDash, i.e., the
dash centers lie on one line. Thus, nominally, the tun-
nel coupling for states of different parity (along a QDash)
is forbidden. This is the case for the electron, where no
splitting is present for InAs/(In,Al)As QDashes and a
very small amount of splitting for the InAs/(In,Al,Ga)As
system. However, for the hole, we deal with significant
anticrossings caused by subband mixing due to strain and
spin-orbit effects. These are slightly more pronounced in
the InAs/(In,Al,Ga)As system.

From these results, we may judge that at identical QDash
separations, the overall tunneling probability is signifi-
cantly larger in the InAs/(In,Al,Ga)As system. While the
same-shell tunnel coupling for holes is similar in both sys-
tems, that for s-p is much stronger, which also applies to
the same-shell coupling for electrons. Most importantly,
for the transfer of luminescence from the high-energy end
of the PL spectrum to the low-energy one, both carrier
types have to tunnel efficiently. This condition holds for the
InAs/(In,Al,Ga)As system only, while for InAs/(In,Al)As
QDashes, we deal mainly with the possibility of hole
tunneling.

Next, we repeat the above calculation for d varying
from 2 to 12 nm. From each spectrum, we extract the s
and p same-shell anticrossing widths and hence t, which
are presented in Fig. 8 as a function of the distance d.
Using two types of symbols, we compare the values for
the two material systems. The results for the s (left-hand
panels) and p (right-hand panels) shells are similar. At
the top, we see that the difference in the electron-tunnel
coupling between the two material systems increases with
d. For holes, the values are similar over the entire range,
with stronger decay with d in the case of InAs/(In,Al)As
QDashes.
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FIG. 7. The calculated energy of the six lowest conduction
(top panels) and valence (bottom panels) states for a pair of
InAs/(In,Al)As (left-hand panels) and InAs/(In,Al,Ga)As (right-
hand panels) QDashes with d = 6 nm, as a function of the
in-plane electric field. The energy-axis units are common for the
left- and right-hand panels. The vertical dotted lines mark the
main same-shell tunnel anticrossings, while the arrows mark s-p
ones on one side of each spectrum.

054028-12



INTERDASH COUPLING WITHIN DENSE ENSEMBLES... PHYS. REV. APPLIED 17, 054028 (2022)

0.1

1

10
s shell

1

10

p shell

0.01

0.1

1

10

2 4 6 8 10 12

T
un

ne
l c

ou
pl

in
g 

t(
m

eV
)

Distance d (nm)
2 4 6 8 10 12

1

10

R
at

io

Distance d (nm)

~ 50× ~ 37×

~ 4.5×~ 5.5×

electron electron

holehole

(In,Al,Ga)As

(In,Al)As

FIG. 8. The calculated tunnel coupling for electrons (top pan-
els) and holes (bottom panels) in orbital s (left-hand panels)
and p (right-hand panels) shells for InAs/(In,Al)As (circles)
and InAs/(In,Al,Ga)As (squares) QDashes as a function of the
distance d. The dotted lines associated with the right-hand
axes show the ratio of values for the InAs/(In,Al,Ga)As and
InAs/(In,Al)As systems.

In addition to comparing the values at equal distances,
we need to make a comparison conforming to the actual
samples that we investigate experimentally. On the plots in
Fig. 8, we mark the differences between tunnel couplings
at d = 9 nm for the InAs/(In,Al,Ga)As system and d =
12.5 nm for the InAs/(In,Al)As system, which reflects the
average morphological data. While even at equal distance,
carrier tunneling is less probable in the InAs/(In,Al)As sys-
tem, the slightly larger separation of QDashes makes them
much more isolated, with significantly weaker coupling for
both carrier types than for InAs/(In,Al,Ga)As QDashes.

In reality, QDashes are never ideally aligned, so we
perform another series of calculations for a pair with a
misalignment (a difference in the positions of the centers
in the elongation direction) varying up to L/2 while keep-
ing d = 6 nm fixed. In Fig. 9, we show the widths of the
different-shell (s-p) anticrossings for both carrier types.
Again, we use two types of symbols to show results for
InAs/(In,Al)As and InAs/(In,Al,Ga)As QDashes. As the
symmetry is broken, we observe an initial abrupt appear-
ance (for electrons) and enhancement (for holes) of the s-p
coupling. Then, at approximately L/4, all dependencies
have maxima and the couplings become weaker when the
displacement is increased further. This reversal of trends
results from the increasing separation of the QDash cen-
ters. Over the whole range of displacements, we observe
similar results as previously: comparable coupling for
holes and a much stronger coupling for electrons in the
InAs/(In,Al,Ga)As system.
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FIG. 9. The calculated s-p shell tunnel coupling for electrons
(left-hand panel) and holes (right-hand panel) for InAs/(In,Al)As
(circles) and InAs/(In,Al,Ga)As (squares) QDashes as a function
of their misalignment along the elongation axis.

The results of modeling the QDash pairs confirm that the
interdash coupling is much more probable in the case of
InAs/(In,Al,Ga)As QDashes, which is in agreement with
our TRPL data. In particular, only the InAs/(In,Al,Ga)As
system allows for tunneling of both electrons and holes,
which is needed for the transfer of luminescence.

V. SUMMARY AND CONCLUSIONS

In conclusion, we compare systems of InAs/
(In,Al,Ga)As/InP and InAs/(In,Al)As/InP QDashes emit-
ting at the telecommunication-relevant range around
1.55 μm in systematic optical studies and model their
electronic structure within the multiband k·p approach.
We focus on the isolation of emitters and identify the
direct (tunnel) and indirect (excitation) channels of cou-
pling and evaluate their strength in each type of QDash.
On the basis of analysis of the SEM images, we estab-
lish that the QDash widths and interdash distances in the
two QDash ensembles are comparable. In the results of
temperature-dependent PL, we observe the redistribution
of carriers among QDashes via WL states for both sys-
tems, which is an additional indirect channel of interdash
coupling at elevated temperatures. Most importantly, in the
case of InAs/(In,Al,Ga)As QDashes, we obtain an indica-
tion of direct interdash coupling at low temperature, as we
observe a substantial dispersion of decay and rise times
for the PL signal in the time-resolved PL experiment. We
interpret the decrease of decay times from 1.2–1.3 ns to
approximately 250 ps as originating from carrier tunnel-
ing from high-energy QDashes into the low-energy, i.e.,
larger, QDashes. We show that the coupling is possible
between the ground state in the high-energy QDash and a
ground or excited state in the low-energy one. On the con-
trary, in the case of InAs/(In,Al)As QDashes, we observe
comparable PL decays across the entire emission peak,
with no indications of coupling. To support our inter-
pretations, we evaluate the probability of such coupling
in multiband k·p modeling of the electronic structure of
neighboring QDashes. We find that the coupling probabil-
ity is much higher for InAs/(In,Al,Ga)As QDashes than for
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InAs/(In,Al)As ones for both carrier types in the realistic
range of interdash distances. Therefore, our results indi-
cate that the studied system of InAs/(In,Al)As QDashes
offers significantly enhanced emitter isolation, which can
be potentially beneficial for optoelectronic devices where
the coupling causes the device performance to deteriorate,
e.g., for QDash-based superluminescent diodes or pho-
ton detectors. Conversely, the InAs/(In,Al,Ga)As QDashes
show the presence of quantum-mechanical coupling at
a similar QDash density as for the InAs/(In,Al)As sys-
tem, which can be beneficial for those optoelectronic
applications where the coupling is of primary importance
for the operation of the device (quantum cascade lasers,
low-threshold current density lasers, or ultranarrow-line
nanolasers).
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