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Phonon-assisted radiative recombination of excitons confined in strongly anisotropic nanostructures
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The influence of acoustic phonons on the emission spectra of quantum dashes (QDashes), that are quasi-zero-
dimensional epitaxial nanostructures with significant shape anisotropy, is investigated both experimentally and
theoretically. Photoluminescence (PL) spectra of single InAs/InGaAlAs/InP (001) QDashes exhibit sidebands
of the main emission peak, clearly indicating the contribution of phonon-assisted emission to the exciton
luminescence, which dominates the PL line shape at higher temperatures (between 50 and 100 K, usually).
By utilizing the independent boson model we perform systematic and comprehensive studies of the influence
of the overall geometry of quantum confinement on this spectral feature in an uncommon quantum system. A
comparison of the experimental data and the results of modeling have confirmed the existence of two types
of states differing in the spatial confinement and symmetry within one sample, i.e., typical for large elongated
objects or characteristic for smaller and more symmetric structures. The latter are supposed to correspond to
local widenings or zigzag bends present in some of the dashes and acting as additional localization centers,
which confine excitons in a much smaller volume and decrease effectively the resulting in-plane anisotropy.
Those observations evidence a nontrivial spatial character of the quantum confinement in these structures. They
are consistent with our previous polarization-resolved study on the QDash ensemble and correlate well with
the exciton decay times, and the spectral-diffusion-dominated line broadenings at low temperatures reflecting
the effect of electric field fluctuations on the excitons of a different spatial extension. Finally, we demonstrate a
pronounced suppression of phonon-induced decoherence for such strongly elongated nanostructures.
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I. INTRODUCTION

Semiconductor quantum dashes (QDashes) are self-
assembled nanostructures similar to quantum dots (QDs), how-
ever strongly elongated in one of the in-plane directions [1–8].
The majority of the reports regarding such strongly asymmetric
objects concern the InAs-InP (001) material system, where
elongation can easily be achieved spontaneously during the
growth by molecular beam epitaxy [2–5]. The primary moti-
vation to fabricate and study this type of structures was their
proven application potential in optoelectronics. InAs dashes on
InP can emit light in the telecommunication window around
1.55 μm which, combined with unique properties of artificial-
atom-like structures, very high surface density, broad gain
function, and nearly instantaneous gain response, all providing
extraordinary spectral tunability and high-speed modulation,
makes them favorable as an active medium in lasers and
optical amplifiers [9–12]. The laser-related properties of the
QDash ensemble have already been extensively investigated
and many details have been understood and reported, as
for instance the influence of the growth parameters on the
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nanostructure geometry, QDash ensemble homogeneity and
emission energy, as well as the electronic structure [9,13–15].
In addition, polarization properties of emission along with
the spatial character and strength of the quantum confinement
have also been studied [16,17]. In contrast, only a few
theoretical and experimental reports have been published to
date concerning the optical properties of single InAs/InP (001)
QDashes focusing mainly on the exciton-biexciton cascade
and its characteristics [18–25]. Because of the enlarged size
and strong in-plane elongation of those structures, their optical
properties are difficult to infer from the experiments and cal-
culations performed for more common and almost symmetric
objects. Neither experimental nor theoretical reports regarding
the analysis of the influence of the exciton-phonon interaction
on the emission spectra of anisotropic dashlike nanostructures
are available. InAs/InP QDashes can be especially interesting
in that respect due to the possible coexistence of two types
of states differing intrinsically in the confinement regime,
predicted previously based on polarization-dependent studies
of the emission from QDash ensembles [26]. Local widenings,
zigzag corners, and other shape or composition fluctuations
within a quantum dash act as an additional localization
center so that the exciton can be confined in a much smaller
and less anisotropic space than in the case of a regular
dash where the wave function is delocalized over the entire
nanostructure volume [25,26]. These two types of objects:
(i) with a localization center resembling symmetric QDs
and (ii) without a localization center, i.e., uniform, strongly
anisotropic nanostructures, are expected to differ with respect
to interaction with phonons, which can be investigated via the
visibility of the phonon-related spectral features [27], which
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are confinement dependent. So far no watertight experimental
evidence of the existence of the two types of states nor a clear
distinction between them, indispensable for more detailed
study, have been reported for individual QDashes.

Another feature making QDashes very interesting in view
of both fundamental research and applications is the confine-
ment regime. Domination of the spatial confinement effects
(strong confinement regime) is expected for nanostructures
where: (i) the quantization energy is much larger than the
exciton binding energy, i.e., the energy scale characteristic
for Coulomb interactions between the carriers confined in a
quantum dot, and (ii) the volume of the exciton (defined by
the exciton Bohr radius) is larger than the physical volume of
the nanostructure. In the case of weak confinement regime,
the Coulomb interactions start to prevail over the quantum
confinement effects on the single carriers. In this regime, the
oscillator strength of optical transitions is governed mainly by
the exciton coherence volume which increases with the QD
size. QDashes seem to belong to an intermediate regime [17],
and depending on their size can be tuned between the two
ultimate cases. This results from a combination of their small
cross-sectional size with pronounced elongation leading to an
enlarged nanostructure volume compared to more common
symmetric self-assembled quantum dots of the same material
system. However, the exciton volume (exciton Bohr radius
in InAs is more than 30 nm) is still slightly smaller than
the physical volume of a quantum dash, but on the other
hand, the energy level separation for electrons and holes is
on the order of 30 meV for less anisotropic dashlike structures
to significantly below 10 meV for more than 100 nm long
quantum dashes [17]. Our previous study indicated that it
might be possible to distinguish between the effect of the size
in the cross-sectional/strongest confinement directions and the
elongation direction on properties like Coulomb correlations or
carrier kinetics [17,23]. Such unusual properties of the dashes
make an unprecedented opportunity for the fundamental study
of different effects individually, and allow for independent
“tuning knobs” assuring additional flexibility required for
some of the nanophotonic applications.

The interaction of an exciton with phonons can be man-
ifested experimentally in the change of the line shape of
the optical response (either absorption or emission). In the
process of exciton generation or recombination accompanied
by phonon absorption or emission, the photon energy is shifted
by the energy of the involved phonons [28–30] and phonon
sidebands are observed in the optical spectra [31]. In the case
of emission lines, this effect has already been investigated
experimentally in symmetric QDs, where by analyzing the
exciton line shape at different temperatures a strong deviation
from the expected Lorentzian profile has been observed
expressed in the appearance of low-energy acoustic-phonon
sidebands [31–34]. In general, it is expected that an exciton
confined in a larger quantum object should exhibit a weaker
interaction with phonons [31,32,34,35]. This is due to the wave
vector cutoff, approximately at the inverse of the structure
size. The number of phonon modes that can effectively couple
to the exciton is reduced for larger nanostructures limiting
the width of the phonon sidebands [30,36]. It has not been
verified so far how this general rule is manifested in strongly
anisotropic nanostructures, such as QDashes. In particular,

the following issues are unexplored: (i) the importance of
the shape asymmetry and the role of the confinement in
different directions; (ii) the interplay between various carrier-
phonon coupling mechanisms; and (iii) the possible effect
of strain and Coulomb interactions. The existing reports are
limited to the influence of the base size of QDs preserving
the in-plane rotational symmetry and for nanostructures of
smaller volume [27,31,34,36–38] than the ones considered
here (by approximately one order of magnitude). QDashes
combine enlarged volume and strong shape anisotropy, which
makes them interesting from the point of view of phonon-
assisted exciton recombination. Understanding of the physics
governing this process is important not only for fundamental
research, but it is also crucial for futuristic and sophisticated
applications based on single quantum emitters, like single-
photon sources or nanolasers. These are required to operate in
the telecommunication spectral range [21,39,40] for which the
InAs/InP nanostructures are perfectly well suited.

In this paper we investigate the phonon-assisted recombina-
tion process of excitons confined in InAs QDashes grown epi-
taxially on InP substrates. Our goal is to determine whether the
increased size and the asymmetry of a quantum object makes
these nanostructures more robust against the phonon-induced
effects and hence the related exciton state decoherence. To
this end, the temperature dependent linewidth of single QDash
emission peaks observed in microphotoluminescence (μPL)
experiment was measured and confronted with the results of
theoretical modeling confirming the existence of two types
of states of a different confinement. We investigated also
which exciton-phonon coupling mechanism dominates the
system properties and analyzed the changes of the exciton
line broadening as a function of phonon mode occupations
(temperature) for different QDash geometries and initial (low-
temperature) inhomogeneous broadenings of the exciton peak
mimicking the spectral diffusion effects.

The paper is organized as follows. In Sec. II the in-
vestigated structures and experimental setup are described.
The results are discussed in the following Sec. III. First,
there is presented an example of experimental results of
temperature-dependent microphotoluminescence spectra with
clearly resolved phonon-related features (Sec. III A). Then
the theoretical approach is described (Sec. III B), followed
by the results of simulations of the influence of geometry
on the emission line shape (Sec. III C). And finally a direct
comparison of the results of modeling and the measurements
is made (Sec. III D). Section IV concludes the paper.

II. SAMPLES AND EXPERIMENTAL SETUP

The investigated structures are InAs quantum dashes grown
by molecular beam epitaxy on InP (001) substrates. The QDash
layer is surrounded by In0.53Ga0.23Al0.24As barriers, lattice
matched to InP. Due to the diffusion coefficient anisotropy, the
epitaxially formed nanostructures are significantly elongated
in one of the in-plane directions (preferentially [1−10]). The
lateral dimensions are approximately 10–25 nm nanometers
in width and 50 up to several hundreds of nanometers
in length. The height is typically on the order of a few
nanometers. It has been shown that the cross-sectional di-
mensions of the QDash can be controlled in a wide range
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by a single technological parameter—the nominal thickness
of the deposited InAs material [4]. In this paper we focus
on structures fabricated with a nominal thickness of 1.05
nm InAs. This leads to the formation of nanostructures with
typically triangular or lens-shaped cross sections of the size
16 × 3.0 nm2, and average length of the dashes equal to around
100 nm resulting in room temperature emission centered at
1.55 μm. The surface density of the dashes is very high,
exceeding significantly 1010 cm−2, therefore for single dash
spectroscopy the sample was patterned with submicron-size
mesas obtained by combining electron beam lithography and
reactive ion etching. Some fundamental optical properties
of the considered InAs/InGaAlAs/InP QDashes have already
been investigated for single nanostructures [22–24] as well
as for whole ensembles [26,41]. Among others, the problem
of luminescence polarization was addressed in case of an
ensemble of QDashes [27] where a nontrivial behavior of the
temperature dependence of the degree of linear polarization
was observed and modeled by assuming the existence of
confinement potential fluctuations able to trap the excitons
in a smaller volume of effectively lower asymmetry.

For the optical spectroscopy experiments the samples were
kept in a liquid helium continuous-flow cryostat, which allows
one to vary the temperature between 5 and 300 K. Micropho-
toluminescence (μPL) measurements were performed in a far
field free space configuration using a microscope objective
(NA = 0.4) giving a laser excitation spot size on the sample
surface of about 2 μm (diffraction limit), providing high
enough spatial resolution to investigate one mesa at a time.
The samples were excited nonresonantly with the 660-nm
line (1.88 eV) of a semiconductor continuous-wave laser. The
emission intensity was detected by an enhanced sensitivity
liquid-nitrogen-cooled InGaAs linear array detector combined
with a 1.0 m focal length single-grating monochromator. The
spectral resolution in this case was around 30 μeV. Good
spectral separation of the emission lines has been obtained for
550 × 275 nm2 sized mesas. In order to probe excitons only,
and exclude other exciton complexes, the line identification
was performed by power- and polarization-resolved μPL
measurements [23,24]. Since most of the excitonic lines show
a fine structure splitting on the order of 50 to 200 μeV, the
temperature dependent emission spectra have been collected
at selected linear polarization, so that only one split excitonic
bright state was effectively detected. This has ensured that
the exciton fine structure splitting causes no artificial emission
line broadening. In addition, time-resolved photoluminescence
experiments have been performed for the chosen lines, allow-
ing determination of the characteristic decay times. Details of
these studies can be found elsewhere [24].

III. RESULTS

A. Experimental observations

In Fig. 1 we present the μPL spectra of single InAs/InP
QDashes with a nominal cross-sectional size of 16 × 3 nm2

from 500 × 275 nm2 mesa measured at temperatures from 5
up to 75 K. As can partly be seen in Fig. 1 (and also in the inset
to Fig. 2), the low-temperature emission lines are influenced by
spectral diffusion effects. Based on measurements performed

FIG. 1. Temperature dependence of the μPL spectra of single
InAs/InP QDashes originating from the sample with a nominal dash
size of 100 × 20 × 3.5 nm3 in the range of 5–90 K.

on several mesas and for many investigated dashes the low-
temperature full widths at half maximum (FWHM) of the
emission lines have been obtained to vary from dash to dash
within a range of 0.1–0.2 meV. The recorded linewidths are
almost two orders of magnitude larger than the lifetime-
limited homogenous broadening corresponding to 1–2 ns
exciton lifetime, typical for InAs/InP QDashes [17,24], and
a few times larger than the instrumental resolution. Moreover,
the PL peaks show a Gaussian line shape, indicating the
inhomogeneous environmental impact on the quantum dash
emission [42]. The spread of the low-temperature linewidths

FIG. 2. (Color online) Temperature dependence of the FWHM of
two representative lines from the spectra in Fig. 1. Dashed lines are a
guide to the eye. Inset: μPL spectra of line 1 for selected temperatures,
normalized to the integrated intensity.
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can be explained by either various QDash positions with
respect to the mesa sidewalls, where most of the possible
carrier traps are located and form an important source of
the local electric environment fluctuations or, more likely,
by the QDash size distribution, which is effectively strongly
enhanced due to the aforementioned effect of the additional
trapping/localization centers within some of the dashes. The
larger effective confining volume makes such excitons more
vulnerable to quantum confined Stark effect [43], which leads
to an enhancement of the linewidth in a fluctuating local field.
As we show below, we can find evidence for the correlation
between the linewidth and other confinement-related effects,
which confirms the latter hypothesis.

As the temperature increases, the emission lines redshift
and their intensity quenches. For all QDashes, the emission
line shapes can be well characterized by a single Gaussian peak
up to temperatures of 50–60 K, with a slight rise of its width
(FWHM) with temperature. Above this temperature, sideband
emission starts to be visible at the bottom of the single dash
PL lines, and its contribution to the overall emission intensity
rises abruptly with temperature. Above about 60–80 K the
emission becomes dominated mainly by these sidebands. In
order to perform a more quantitative analysis of the line
shape changes with temperature, the FWHM is plotted as a
function of temperature for two lines identified as excitons
in two different dashes (marked as X1 and X2 in Fig. 1).
Up to 40–50 K, the FWHM increases very slowly, then at
temperatures exceeding around 60 K the increase becomes
more abrupt. The analysis at temperatures above 90–100 K
was usually not possible due to the thermal quenching and the
drop of the signal to noise ratio below the detection limit.

The measurements have been performed on many other
excitonic lines and actually all of them exhibit qualitatively
similar line shape changes with temperature, differing only
in the initial low-temperature broadening, slopes of the slow
and fast FWHM buildups with temperature, and the critical
“bending” temperature. Those differences are visible for
lines X1 and X2 (Fig. 2). The observed line shape changes
with temperature can be explained based on the effect of
exciton coupling with acoustic phonons, manifested in the
emission spectra as an appearance of phonon sidebands,
which results from exciton recombination accompanied by
a phonon absorption or emission, so that the photon energy
is shifted by the energy of the involved phonons. More
profound insight into the understanding of this phonon-
assisted exciton recombination cannot be achieved without a
theoretical modeling, which would allow us to evaluate the
influence of parameters, crucial in the case of anisotropic
objects, like size, geometry, or the wave-function (probability
density distribution) symmetry. Analysis of the PL spectra for
QDashes differing in geometry and initial low-temperature
broadenings of exciton line will be presented in Sec. III D
after describing the theoretical approach towards modeling the
acoustic phonon-assisted exciton recombination in QDashes,
followed by simulation results.

B. Theory

In order to reflect their significant anisotropy, the confining
potential of QDashes is approximated by a wide and infinite

barrier quantum well in the direction of the elongation, whereas
the dynamics in the cross-sectional directions is restricted
to the ground state and a two-dimensional (2D) harmonic
potential is assumed. This model has been developed to study
asymmetric nanostructures and it assumes that the electron and
hole wave functions take a form of Gaussians (solutions of the
2D-harmonic oscillator) for the cross sectional directions, and
the sine function (solution of an infinite quantum well) in
the direction of the elongation. Distinction of the elongation
axis, connected with the much weaker confinement direction,
allowed us to restrict the dynamics to one dimension, which
reduces the single particle basis and significantly simplifies
calculations of the exciton states. This limits the applicability-
of the model to objects with at least some size anisotropy in
the plane to fulfill the mentioned assumptions.

In that case, single-carrier, electron (e) and hole (h) states
can be described by the wave functions

ψ (e/h)
n (r) =

√
2

πlzlylx
exp

(
− y2

2l2
y

− z2

2l2
z

)
sin

(
nπx

lx

)
, (1)

where ly , lz are localization widths in the cross section, lx
is the well width in the direction of the elongation, and n is
the quantum number corresponding to the one-dimensional
dynamics in the x direction. The parameters ly , lz, lx are
related to the QDash width D, height H , and length L. In
order to get a better insight how the model parameters scale
up with the real physical QDash dimensions and for the sake
of comparison with the experiment, values for ly , lz, and lx are
taken from more realistic wave function calculations using
an eight-band k · p model [44,45] and fitting the obtained
electron and heavy-hole ground state probability densities with
the density corresponding to the wave function from Eq. (1).
The results are shown in Fig. 3. The obtained wave function
extensions have been averaged arithmetically over electron
and hole states (as no significant difference appeared between
the dimensions obtained from the k · p calculations), which
yields ψ (e)

n (r) = ψ (h)
n (r) in the model. For instance, a typical

FIG. 3. (Color online) Wave-function localization length lx de-
pendence on the physical length of the QDash based on the eight-band
k · p calculations.
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QDash under consideration with its physical dimensions of
100 × 16 × 3.0 nm3 turns out to correspond to a wave function
with the effective spatial extensions lx × ly × lz equal to
45 × 5.3 × 1.7 nm3. The scaling between the real size of the
QDash and the wave-function extension for width and height
occurred to be almost exactly linear with ly = D/3.0 and
lz = H/1.8, while in the case of the length lx it exhibits a weak
cubic dependence (Fig. 3). Based on the single-particle wave
functions one can construct the product basis for the excitonic
states and diagonalize the Hamiltonian of the system, which
has the form

H0 =
∑

i

E
(e)
i a

†
i ai +

∑
i

E
(h)
i h

†
i hi +

∑
ijkl

Vijkla
†
i h

†
jhkal, (2)

where a
†
i , ai and h

†
i , hi are electron and hole creation

and annihilation operators, respectively. The first two terms
describe the free carrier Hamiltonian, where E

(e/h)
n are electron

(hole) energies equal to

E(e/h)
n = E

(e/h)
0 + �

2π2n2

m∗
e/h2l2

x

,

expressed by the sum of the 2D harmonic oscillator ground
state energy E

(e/h)
0 and the energy of quantized levels in a

one-dimensional infinite well. The third term in Eq. (2) is
the interaction part of the Hamiltonian, in which Vijkl are the
matrix elements of the electron-hole interaction

Vijkl = −
∫

d3re

∫
d3rhψ

(e)∗
i (re)ψ (h)∗

j (rh)

×
(

e2

4πεsε0

1

|re − rh|
)

ψ
(h)
k (rh)ψ (e)

l (re),

where ε0 is the vacuum permittivity and εS is the static relative
dielectric constant. Upon diagonalization of the Hamiltonian
we derived the coefficients Cnm for the expansion of the exciton
ground state |X〉 in the single particle states basis

|X〉 =
∑
ij

Cij a
†
i h

†
j |0〉, (3)

where |0〉 is the crystal ground state. This expression is then
used for the calculations of phonon spectral densities and
phonon-assisted exciton emission spectra as a function of
temperature.

At this point, the coupling between electrons and acoustic
phonons is included in the Hamiltonian of the system

H = H0 + Hph + Hint,

where Hph is the free phonon Hamiltonian

Hph =
∑
k,s

�ωk,sb
†
k,sbk,s ,

where b
†
k,s , bk,s are creation and annihilation operators for a

phonon in the mode s with the wave vector k and frequency
ωk,s (s = l,t denotes the longitudinal and transverse acoustic
phonon branches, respectively). The last term corresponds to
the exciton-phonon interaction Hint = H

(e)
int + H

(h)
int , with the

electron part

H
(e)
int =

∑
nn′,k,s

F
(e)
nn′,k,s(b

†
k,s + b−k,s)a

†
nan′

and analogous for holes, where Fnn′,k,s = F ∗
nn′,−k,s are the

coupling constants. Since only long-wavelength phonons are
effectively coupled to carriers confined in a QDash [32] we
will always assume linear and isotropic dispersion for acoustic
phonons ωk,s = csk, where cs is the speed of sound. Since the
exciton coupling with optical phonons is manifested in the
emission by the presence of phonon replicas at energies ��0

(36 meV for InAs) below the zero-phonon line [42], it does
not contribute to the exciton line shape, and is thus neglected
in our model.

In our study we are interested in the phonon sidebands
that reflect phonon-assisted radiative recombination processes.
We neglect the effect of real transitions between different
exciton states, thus reducing our carrier-phonon coupling to
the independent boson model [28–30], in which exciton states
are only diagonally coupled to phonons, while phonon-induced
transition terms are discarded. In fact, since only the ground
exciton state contributes to the PL signal under the conditions
of our experiment, only this state is relevant. Thus, the physics
to be discussed is described by the Hamiltonian Hint projected
on the ground exciton state, as defined in Eq. (3),

H
(X)
int = 〈X|Hint|X〉|X〉〈X| = |X〉〈X|

∑
k,s

F
(X)
k,s (b†k,s + b−k,s),

where F
(X)
k,s is the exciton-phonon coupling constant

F
(X)
k,s =

∑
ijk

C∗
ikCjkF

(e)
ij,k,s +

∑
ijk

C∗
kiCkjF

(h)
ij,k,s ,

F
(e/h)
ij,k,s = F

(e/h)DP
ij,k + F

(e/h)PE
ij,k,s .

The electron and hole coupling includes the deformation
potential (DP) and piezoelectric (PE) mechanisms with the
respective coupling constants:

F
(e/h)DP
nn′,k = ±σe/h

√
�k

2ρV cl

F (e/h)
nn′ (k),

F
(e/h)PE
nn′,k,s = ∓i

√
�

2ρV csk

(
dpe

εε0

)
Ms(k̂)F (e/h)

nn′ (k),

where ρ is the crystal density, V is the normalization volume of
phonon modes, dp is the piezoelectric constant, and F (e/h)

nn′ (k)
is the form factor defined for electrons as

F (e)
nn′ (k) =

∫
d3reψ

(e)∗
n (re)eik·reψ

(e)
n′ (re),

and analogously for holes. The function Ms(k̂) is a
polarization-dependent geometrical factor (which depends
only on phonon wave vector orientation),

Ms(k̂) = 2[k̂1k̂2(ês,k̂′)3 + k̂2k̂3(ês,k̂′ )1 + k̂3k̂1(ês,k̂′ )2],

where ê
s,k̂

′ is a unit polarization vector, and k̂
′ = (k̂1,k̂2,k̂3)

and k̂ = (k̂x,k̂y,k̂z) are wave vectors oriented along the
crystallographic and QDash axis (elongation along the [1−10]
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direction), respectively,

k̂
′ =

(
k̂x − k̂y√

2
,
k̂x + k̂y√

2
,k̂z

)
,

k̂ = (cos θ,sin θ cos φ,sin θ sin φ).

We choose phonon polarizations ê
s,k̂

′ as follows:

ê
l,k̂

′ = k′=
(

cosθ − sinθ cosφ√
2

,
cosθ + sinθ cosφ√

2
,sinθ sinφ

)
,

ê
t1,k̂

′ =
(

sinφ√
2

,
−sinθ√

2
,cosφ

)
,

ê
t2,k̂

′ =
(−sinθ − cosθ cosφ√

2
,
−sinθ + cosθ cosφ√

2
,cosθ sinφ

)
,

for which the functions Ms(k̂) read

Ml(k̂) = 3sinθ sinφ(cos2θ − sin2θcos2φ),

Mt1(k̂) = cosφ(3sin2φsin2θ − 2sin2θ + 1),

Mt2(k̂) = −sinφ cosθ (3cos2φsin2θ + 2sin2θ − cos2θ ).

The properties of the crystal lattice are characterized by
the spectral densities, which we define in the temperature-
dependent way,

R(ω) =
∑
k,s

∣∣∣∣∣F
(X)
k,s

�csk

∣∣∣∣∣
2

[nB(−ω)δ(ω + csk)

+ (nB(ω) + 1)δ(ω − csk)]

= 1

(2π )3

∑
s

∫
d3k

∣∣∣∣∣F
(X)
k,s

�csk

∣∣∣∣∣
2

[nB(−ω)δ(ω + csk)

+ (nB(ω) + 1)δ(ω − csk)],

where nB(ω) is Bose distribution function describing the
influence of temperature on the phonon modes occupation.

Based on the standard results for the independent boson
model [28–30], the emission spectrum for the spontaneous
recombination of a confined exciton is expressed as

f̃ (ω) = eR∞δ(ω) + 1

2π
eR∞

∫
dteiωt [eR̃(t) − 1],

where R∞ = −R(0), and R̃(t) is the Fourier transform of
R(ω). By introducing Gaussian profile of a central exciton
line with the initial (low-temperature) width σ we get the
inhomogenously broadened emission spectrum

f (ω) =
∫

dω′ 1

σ
√

2π
e

1
2

(w−w′)2
σ2 f̃ (ω′),

f (ω) = 1√
2πσ

e
R∞− 1

2 ( ω2

σ2 ) + 1

2π

∫
dteiωt e− 1

2 σ 2t2
[eR̃(t) − 1].

(4)

One has to notice that exciton-related emission line should
in general have a Lorentzian-like shape. In an experiment,
however, the spectral diffusion effects [42] lead to fluctuations
of the exciton emission energy. This means that, when the
time-integrated spectra are collected, a Gaussian profile is
observed effectively, due to a much shorter time scale of these

fluctuations in comparison to the typical data acquisition time.
In our modeling we assume that this initial inhomogeneous
broadening is primarily caused by spectral diffusion (SD), thus
the initial linewidth (in the sense of a FWHM) will be later on
denoted as σ SD (σ = σ SD/2

√
2 ln 2). It should be mentioned

also that we do not include the carrier losses with temperature,
which is the main PL quenching mechanism observed in
the experiment. This narrows the temperature range of the
performed experiments down to 90–100 K.

C. Numerical results

In this section we present results of theoretical model-
ing of the exciton-acoustic-phonon coupling effect on the
inhomogeneous emission line shape of a single exciton
confined in a QDash. In order to point out how the geometry
of a QDash influences the strength of the exciton-phonon
coupling, the calculations have been performed for different
QDash geometries, from symmetric objects resembling typical
quantum dots up to strongly anisotropic structures with lateral
aspect ratios larger than 5 corresponding to QDashes studied
experimentally in this work.

In Fig. 4(a), calculated emission spectra for a typical
InAs/InGaAlAs/InP QDash structure (100 × 16 × 3 nm3) are
presented in the 5–120 K temperature range. The initial width
of the exciton line has been set to 0.1 meV, representing the
typical broadening observed in the experiment. For clarity,
the emission lines for different temperatures are shifted
horizontally. One can clearly observe that with increasing
temperature the lines become broader and start to differ
significantly from the initial Gaussian profile, especially at

FIG. 4. (a) Calculated single exciton PL spectra of 100 × 16 ×
3.0 nm3 InAs QDash, normalized to the integrated intensity for
various temperatures with σ SD = 0.1 meV. For clarity, the energy
positions of emission lines are shifted horizontally. (b) Temperature
dependence of the full width at half maximum of the exciton line.
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FIG. 5. (Color online) Calculated phonon spectral densities for a
100 × 16 × 3.0 nm3 InAs QDash at various temperatures, assuming
exciton interaction with acoustic phonons via (a) deformation
potential and (b) piezoelectric effect.

their bottom where the phonon-related sidebands start to
appear (similarly as in Ref. [31]). At high temperatures (just
above 100 K) the spectrum is already fully dominated by the
phonon-assisted recombination. This tendency can be directly
observed in the FWHM dependence on temperature shown in
Fig. 4(b). The modeled curve is in a good qualitative agreement
with experimental findings (see Fig. 2).

To compare the strength of different exciton-phonon cou-
pling mechanisms, the phonon spectral densities have been
calculated for DP (red lines) and PE (black lines) couplings
independently (see Fig. 5). It turns out that the PE coupling
is around 3 orders of magnitude weaker than the DP one for
the investigated structures. In both cases the emission spectra
are asymmetric at low temperatures, when the processes with
the emission of phonons are favored with respect to those
involving their absorption [see Fig. 5(a)]. In our experimental
data, apparent asymmetry has also been observed for some
lines but this is actually at the limit of the experimental
accuracy and no trustworthy analysis or interpretation could be
performed. When the temperature increases, the peak tends to
symmetrize and for temperatures where the thermal energy
kBT becomes comparable or larger than the width of the
phonon feature no asymmetry is observed [see Fig. 5(b) for
T = 40 K], because both emission and absorption events have
a similar probability.

Finally, we analyze the influence of the QDash geometry
on the phonon-induced exciton decoherence. In Fig. 6 the
temperature dependence of the exciton emission line FWHM
for QDashes with cross-sectional dimensions ranging from 8
× 1.5 up to 24 × 4.5 nm2 and two lengths (a) L = 100 nm

FIG. 6. (Color online) Calculated temperature dependence of the
exciton emission line FWHM for two lengths of a QDash: (a)
L = 100 nm and (b) L = 25 nm and a set of cross sections D×H

ranging from 8 × 1.5 up to 24 × 4.5 nm2. (c) and (d) Analogous
dependencies of FWHM are presented for two extreme cross sections
and σ SD in the range of 0.1 to 0.5 meV. (e) Calculated temperature
dependence of the exciton emission line FWHM of typical InAs
QDashes with cross-section dimensions D × H = 16 × 3.0 nm2

and a set of lengths L ranging from 25 to 125 nm. (f) Analogous
dependencies of FWHM are presented for two extreme lengths and
σ SD in the range of 0.1 to 0.5 meV.

and (b) L = 25 nm representing strongly anisotropic and
almost symmetric in-plane objects, respectively, are presented.
At low temperatures a slow and linear rise of FWHM up to
100–120 K for a 100 nm (75–100 K for 25 nm) long QDash
can be observed. Above this critical temperature the FWHM
increases rapidly. Both the slope of that increase as well as
the critical temperature depend strongly on the cross-sectional
dimension of the QDash (D × H ). An increase of D × H , in
general, suppresses the strength of the exciton interaction with
phonons, shifts the critical temperature to higher values, and
reduces the slope of the fast FWHM increase. Qualitatively,
this attenuation effect is quite similar for both anisotropic and
almost symmetric objects. In Figs. 6(c) and 6(d), analogous
dependencies are presented for various low-temperature line
broadenings governed by spectral diffusion effects, in the
range of 0.1 to 0.5 meV. Increasing the σ SD strongly changes
the FWHM dependence on temperature. For low σ SD two
characteristic regimes can be distinguished, i.e., slow and
fast increase of the FWHM. For larger σ SD (FWHM > 0.3
meV), no such dependence is present and rather a smooth
increase of the FWHM is observed instead. The elongation of
a QDash does not change the picture qualitatively, however,
the slope of the FWHM vs temperature curve gets less steep
and the critical temperature shifts to larger values. This
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behavior is even more pronounced in Figs. 6(e) and 6(f),
where the temperature dependencies of exciton line FWHM
are presented for various QDash lengths L ranging from 25 to
125 nm and D × H = 16 × 3.0 nm2. When the QDash length
is increased from 25 to 125 nm the critical temperature shifts
from 80 to 115 K. Based on the presented results it can be
predicted that indeed in the case of QDashes the influence
of phonons should be strongly suppressed up to 100 K, but
cannot be neglected at higher temperatures. As the main cause
of that the nonlinear scaling of the wave-function extension
in the elongation direction with the physical nanostructure
dimensions has been identified. These considerations show the
relative importance of the cross-sectional dimensions versus
the QDash length due to much stronger confinement in these
directions and, as a result, more significant wave-function
sensitivity to the size changes.

D. Comparison with the experiment

In Fig. 7 a direct comparison of the theoretical and
experimental temperature dependence of FWHM is shown
for four excitonic lines coming from different dashes of the
same sample. To fit the experimental data, nominal sizes
for the cross section (16 × 3.0 nm2) as well as the value of
spectral diffusion (taken from low-temperature FWHM of the
respective spectral lines) have been fixed and only the dash
length L was varied. In Figs. 7(c) and 7(d) the best agreement

FIG. 7. (Color online) Temperature dependence for the four exci-
ton PL emission lines FWHM. Black squares represent experimental
data obtained for QDashes originating from the sample with nominal
dashes size of 100 × 16 × 3.0 nm3. Color solid lines are modeled
curves for fixed values of D × H = 16 × 3.0 nm3 and lengths L

equal to 20 nm in the case of (a) and (b) and 100 nm in the case
of (c) and (d). Different colors represent different values of σ SD

in the ranges 0.08–0.14 and 0.18–0.25 meV for (a), (b) and (c),
(d), respectively. Decay times τD are determined from time-resolved
experiments performed as in Ref. [24].

can indeed be seen for the lengths close to the nominal 100 nm,
suggesting that these lines represent the excitonic emission
from extended states of typical anisotropic objects. In the
case of lines shown in Figs. 7(a) and 7(b) the lengths had
to be reduced down to even 20 nm in order to get good
matching of the calculated curve to the experimental data.
These two lines may be attributed to the excitons confined
in a much smaller volume than the nominal 100 nm. This,
in case of our structures, corresponds most probably to the
existence of a localization center within the certain dash.
These observations are in qualitative agreement with our
previous studies on the ensemble of dashes, which predicted
the coexistence of the two types of confinement regimes in
these nanostructures. Additionally, they correlate well with
the results of time-resolved experiments [24] performed on
the same single emission lines, since in the case of QDash
excitons corresponding to Figs. 7(a) and 7(b) the decay times
are much shorter (1.4–1.7 ns) than for the case of Figs. 7(c)
and 7(d) (approximately 2.1 ns), suggesting indeed substantial
differences in the confining potential. Similarly, the initial
broadenings at low temperatures differ significantly between
those two groups of lines (0.08–0.14 versus 0.18–0.25 meV)
which may be a fingerprint of a different exciton electric
polarizability, which should vary depending on the effective
confining potential volume: a larger e-h separation expected
for larger objects causes a stronger effect of the local electric
field fluctuations.

IV. SUMMARY

We have studied, both theoretically and experimentally, the
phonon-assisted recombination process of excitons confined
in strongly anisotropic epitaxial nanostructures for the exam-
ple of InAs/InGaAlAs/InP semiconductor quantum dashes.
Within the independent boson model we have found that
acoustic phonons couple to the exciton almost exclusively via
the deformation potential mechanism, so that the piezoelectric
contribution is negligible. Our analysis has revealed that the
influence of the QDash geometry on the exciton-phonon
interaction is determined by the wave-function extension and
confirmed that indeed for strongly elongated nanostructures
the influence of phonon-related decoherence is expected to be
significantly weaker in comparison to typical QDs, but cannot
be entirely neglected and dominates the emission spectra above
100 K. For a proper interpretation of the experimental data a
correspondence between the wave-function extension and the
physical dimension needed to be found for such large objects.
It showed the crucial role of the cross-sectional dimensions and
slightly weaker impact of the length for the range of realistic
physical sizes of the dashes. The theoretical predictions have
been supported by the experiment and quite a good qualitative
agreement has been obtained. Two types of confinement
regimes for the QDash excitons have been revealed: one
for which the wave function is extended over the whole
QDash volume, and second, with wave-function extension
much smaller than expected based on the nominal QDash
dimensions. This observation has been interpreted in terms
of exciton localization, which decreases the object physical
anisotropy and the effective exciton coherence volume, in
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agreement with our previous preliminary predictions. In this
report experimental evidence of this dual character of the
system ground state for individual QDashes is presented. The
possibility to distinguish between these two types of states
opens up new opportunities to study in detail the influence
of the confinement regime. These results can be helpful in
designing novel nanostructures that could emit light with
strongly reduced contribution of phonon-assisted processes,
which is crucial for all the modern information processing
schemes.
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Machnikowski, J. Misiewicz, S. Hein, S. Höfling, and A.
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