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There are reported the optical properties of novel quasi-zero-dimensional semiconductor structures obtained
by self-assembly during the molecular beam epitaxy process. The studies has been focused on strongly asymmetric
systems, called quantum dashes, quantum rods or columnar quantum dashes, and their potential applications
in light sources or amplifiers for telecommunication and data transmission or single photon sources and other
quantum electrodynamics based emitters. There is discussed the linear polarization degree of the edge emission
of the columnar structures with respect to their potential for a polarization independent semiconductor optical
amplifier at 1.55 µm. Additionally, there have been analyzed the photoluminescence spectra of single quantum
dashes and single quantum rods in order to detect the exciton/biexciton emission, determine the biexciton binding
energy and predict the exciton to biexciton radiative lifetimes ratio basing on a few level rate equation model.

PACS numbers:

1. Introduction

The increasing requirements of present optoelectronics
(including the telecommunication and data transmission
market), together with the appearing new concepts for
the realization of secure information transfer or quantum
computing, are the main driving forces of the develop-
ment in the nanostructure technologies, including epitax-
ial growth of self-assembled quasi-zero-dimensional sys-
tems. Hence, there have appeared new kinds of quantum-
-dot-like objects where their shape engineering is the key
issue to tailor the electronic or optical properties. For
instance, it was possible to grow strongly in-plane elon-
gated dots or finite size quantum wires (the so-called
quantum dashes, QDashes), which have been demon-
strated as very efficient light emitters in the near infrared
and found their application as the active region of laser
diodes for telecommunication [1]. On the other hand,
the fabrication of high aspect ratio quantum dots (called
columnar quantum dots or quantum rods) has allowed
achieving strongly enhanced emission intensity from the
structure edge in the TM (transverse magnetic) linear po-
larization (with respect to the transverse electric, TE),
which gives a potential for the realization of fully po-
larization independent quantum-dot-like semiconductor
optical amplifier [2–5].

In this work, we discuss the optical properties of
quantum-dot-like nanoobjects, whose shape has been in-
tentionally made strongly asymmetric in order to con-
trol certain of their electronic structure features. Quan-
tum dashes with significantly increased height (columnar
quantum dashes, CQDashes) are investigated from the
viewpoint of their polarization properties and potential
for polarization independent emission (and further the

gain function of the device) in the range of 1.55 µm. The
quantum dashes and quantum rods, on the other hand,
are investigated by microphotoluminescence (µPL) in or-
der to detect the single exciton (X) and biexciton (XX)
emission and determine the biexciton binding energy in
these uncommon geometry “dots”. Additionally, the dy-
namics of the exciton/biexciton cascade, based on a few
level rate equation model, could be estimated and pre-
dictions on internal exciton kinetics are given.

2. Experimental

The characteristic geometry features of the investi-
gated structures are schematically shown in Fig. 1. All
of them can be grown by molecular beam epitaxy and
their growth parameters have been presented elsewhere
[1, 6–9]. The structural characterization revealed that
the InAs quantum dashes grown on InP substrate are
usually more than 100 nm long, whereas their dimen-
sions in the cross-section (perpendicular to the largest
size), shape of which can be well modeled by a triangle,
are directly correlated (and hence well controlled) with
the amount of the deposited InAs material [10] and of the
order of 10–30 nm in base width and several nm in height.
The InGaAs/GaAs quantum rods (QRs), whose shape is
parallelepiped with a rhombus base, have the characteris-
tic vertical to lateral sizes ratio of 40 to 10 nm (i.e. the as-
pect ratio of approximately 4 in contrast to about 0.2 for
common self-assembled In(Ga)As quantum dots). The
columnar InGaAs quantum dashes on InP used for this
study have the lengths similar as for the usual dashes, the
width of about 10–15 nm, and height varied by the num-
ber of deposited InAs/GaAs bilayers, in the range of a
few nm up to even more than 20 nm. There are two other
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details of the QRs and CQDashes which are worth noting
and have important implications for their electronic and
optical properties. The growth mode (close stacking or
deposition of a short period superlattice with sometimes
submonolayer unit thicknesses) and the atoms interdif-
fusion combined with indium segregation process cause,
first of all, the formation of an “immersion layer” in the
lateral direction (i.e. a material filling the areas between
the rods/dashes (see Fig. 1) and differing in the composi-
tion) and functioning as a confinement potential barrier
in plane. Second, the compositions over the rod/dash
and across the immersion layer are fairly uniform [6, 7].

Fig. 1. Schemate of the geometry variations from typ-
ical self-assembled quantum dots (a), to quantum
rods (b), quantum dashes (c) and columnar quantum
dashes (d). The green areas mean wetting layer in the
quantum dot and quantum dash structures and immer-
sion layer in quantum rod and columnar quantum dash
structures.

All the measurements have been performed using a
microphotoluminescence setup based on a long working
distance (20 mm) and high numerical aperture (0.4) mi-
croscope objective assuring the diffraction limited spa-
tial resolution of approximately 2 µm, depending on
the used excitation wavelength. It has been combined
with a single grating 0.55 m focal length monochroma-
tor equipped with a liquid nitrogen cooled multichannel
linear InGaAs charged coupled device and a thermoelec-
trically cooled long wavelength InGaAs PIN photodiode
serving as detectors. Further experimental details have
been described elsewhere [11–13].

3. Results and discussion

3.1. Polarization properties of columnar
quantum dash structures

As the InAs quantum dashes on InP substrate with
lattice matched (to InP) quaternary In0.53Ga0.23Al0.24As
barriers have been proven to be easily spectrally tun-
able over 1.55 µm [1, 14, 15], creating columnar (tall)
dashes has been considered as a way of obtaining a polar-
ization independence of the edge emission in that range
for the optical amplifier application. The concept bases

on affecting the linear polarization dependent selection
rules for the optical transition and for the light propaga-
tion vector in the structure plane (perpendicularly to the
growth direction). Increasing the object height (the as-
pect ratio) weakens the quantum confinement in that di-
rection and leads to the increased light hole contribution
to the mixed valence band states causing the intensity
enhancement in the TM polarization (along the growth
direction) [2–5, 9, 16]. An additional effect is the com-
position contrast between the column and the in-plane
surrounding (immersion layer) which modifies the strain
distribution and hence the heavy hole–light hole bands
mixing of the valence states and also the TM/TE inten-
sities ratio.

Fig. 2. TM to TE polarized PL intensity ratio (blue
curve) and the dash-related emission wavelength (red)
as a function of a number of stacked InAs/GaAs bilayers
(column height) in the columnar dash structures.

In Fig. 2 is shown a dependence of this ratio on
the number of InAs/GaAs bilayers in the close stack-
ing columnar dash growth (taken as an integrated
CQDash-related photoluminescence (PL) intensity from
the structure edge cleaved perpendicularly to the largest
dash size and measured for both the linear polariza-
tions). As a reference, the estimated corresponding col-
umn height is indicated in the upper axis. The TM/TE
intensities ratio increase almost linearly with the num-
ber of stacked bilayers and for this nominal thicknesses
combination (0.7 nm InAs/0.8 nm GaAs) reaches 1 (the
polarization insensitive case) for about 3 pairs. The left
axis shows how the room temperature PL peak wave-
length changes with the number of stacks (dash height).
The wavelength of interest is reached for approximately
5 InAs/GaAs pairs grown, which is slightly mismatched
with the optimum polarization properties, i.e. further de-
sign and growth optimization is necessary.

Figure 3 shows a room temperature PL spectrum for
an 8 times stacked columnar dash structure with an InAs
to GaAs layer thicknesses of about 0.8 and 0.7 nm, re-
spectively, chosen in a way to have the average material
composition of In0.53Ga0.47As (which as a uniform layer
would be lattice matched to the substrate). The spec-
trum exhibits actually two emission bands at 1.7 and
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Fig. 3. Unpolarized photoluminescence from an In-
GaAs/InP columnar dash structure (black). Polar-
ization degree functions for two perpendicular sample
edges (red and blue).

1.55 µm. Previous studies based on a comparison to
modulated reflectivity spectra (absorption-like) and en-
ergy level calculations [9, 17] have revealed that the two
bands correspond to the emission from the dashes and
the immersion layer, respectively. In Fig. 3, there is pre-
sented the polarization degree (PD) function for both the
sample edges (parallel and perpendicular to the largest
dash size) defined as:

PD =
ITM − ITE

ITM + ITE
, (1)

where ITE(TM) is the PL intensity for the TE (TM) po-
larization. These two functions show that the CQDash
related PL (at 1.7 µm) is strongly polarized: TE, i.e.
in plane, for the edge parallel to the dashes (driven by
the dash length dominating the cross-section geometry)
as expected for the “flat” structure shape; TM for the
edge perpendicular to the dashes showing predominance
of the column height in this cross-section. The most in-
teresting is the PD at 1.55 µm which is almost zero for
both the edges. The latter shows that the immersion
layer can be the polarization independent emitter at the
proper wavelength for this InAs/GaAs bilayer combina-
tion (and remaining growth parameters like the deposi-
tion rate or temperature, which affect the compositions
by the segregation and interdiffusion effects). The expla-
nation for this behavior is the following. The immersion
layer can be treated as a relatively thick (≈ 10 nm) quan-
tum well, which is nominally slightly tensily strained, be-
cause the segregation effect will cause the CQDashes be-
ing In-rich (with respect to the average content of 0.53),
where the surrounding immersion layer becomes In-poor.
This pushes the bulk-like light hole band deeper into the
well, or in other words, increases the light hole character
of the valence band states. It is additionally combined
with the strongly modified strain within the layer caused
by the existence of the compressively strained dashes (the
strain function in the layer plane is a function strongly
oscillating between the negative and positive values). In
total, the valence band becomes mixed to that degree

which gives equal TE and TM polarizations at exactly
1.55 µm at room temperature.

3.2. Photoluminescence from a single InAs/InP
quantum dash

Due to the reasons mentioned above (spectral range re-
lated), but also some others like the expected enhanced
oscillator strength (large dashes size compared to the dots
increases the exciton coherence volume) or distinct and
well defined linear polarization properties, the quantum
dashes can be interesting as the light emitters in appli-
cations using the quantum electrodynamics experiments
in the regime of a single dash (single exciton) and single
photon especially, like for instance single photon sources
or micro (nano) lasers. For these the single dash emission
properties (including the biexciton) are necessary to be
known. However, the single dash studies are not trivial
(hence almost no reports are available [12, 18]) because
of a naturally very high surface dash density (the surface
coverage can reach 50%, which is by almost two orders of
magnitude larger than in typical quantum dot structures)
and the spectral range in which the available detectors
efficiency (detectivity and noise) are worse than in the
1 µm range operated by silicon based photosensors.

Fig. 4. Low temperature photoluminescence spectrum
for a 275×550 nm mesa with InAs/InP quantum dashes.
The excitation power Pexc is measured outside the cryo-
stat.

Figure 4 shows a low temperature PL spectrum from
a quantum dash structure on which small mesas have
been patterned in order to additionally (beside the small
probing area in the µPL experiment) limit the number of
investigated objects. It concerns a mesa of 275× 500 nm
size (elongated along the dashes) with about 20 dashes
inside. The spectrum reveals well separated sharp lines
corresponding to the emission from different dashes. The
broad emission range (related to the large dashes nonuni-
formity) allows observing the individual lines on one
hand, but on the other is responsible for covering quite a
broad spectral range from above 1.3 m to almost 1.55 µm
in one sample.

Figure 5 shows the excitation power dependence of a
single quantum dash PL measured with the enhanced
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Fig. 5. Low temperature µPL spectra revealing single
dash emission lines, taken on a 275 × 550 nm mesa for
several excitation powers (P0 = 250 nW measured out-
side the cryostat).

spectral resolution (below 100 µeV). There can be ob-
served four lines (labeled A, B, C and D). The inten-
sity of the first three of them goes up proportionally to
the excitation power increase (and then starts saturating)
whereas the last one (D) appears at higher excitation but
then increases superlinearly and hence can be suspected
to be related to a biexciton emission.

In order to explain the observed behavior and confirm
the lines origin (relate the biexciton to an exciton line
from the same dash and determine the biexciton binding
energy) the excitation power dependence of the emission
intensity has been modeled by using a few level rate equa-
tions expressed in a general form as

dpi

dt
=

pi+1

τi+1
+ pi−1g − pi

(
1
τi

+ g

)
, (2)

where pi is the probability of a system occupation with
one electron–hole pair (exciton), τi is the respective re-
combination time (1/τi is the recombination rate) and
g is the generation rate (proportional to the excitation
power). For i = 0 there is no exciton in the system
(corresponds to its ground state). If we limit the consid-
eration to only three level system, schematically shown
in Fig. 6 (where the first excited state is one exciton, and
second is a biexciton), this equation for one electron–hole
pair (i = 1, which we replace with i = X) transforms into

dpX

dt
= −pX

τX
+

pXX

τXX
+ gp0 − gpX (3)

and for two excitons (biexciton) it takes the form
dpXX

dt
= −pXX

τXX
+ gpX , (4)

where the direct creation of biexcitons is neglected.

Neglecting the possible contribution (occupation prob-
ability) of the higher levels and creation of charged exci-
tons allows writing

p0 + pX + pXX = 1 (5)
and hence

Fig. 6. Schematic representation of the three level ex-
citon system.

Fig. 7. Excitation power dependence of the C and D
PL lines from Fig. 5. Symbols mean the experimental
data, whereas the solid lines correspond to the theoret-
ical curves after Eqs. (7) and (8) for τX/τXX = 2.

dpX

dt
= −pX

τX
+

pXX

τXX
+ g (1− 2pX − pXX) . (6)

In a stationary case ( dpX

dt = 0 and dpXX

dt = 0) and tak-
ing into account that the respective emission intensity
is IX(XX) ≈ pX(XX)

τX(XX)
the exciton and biexciton emission

intensity dependence on the generation rate (excitation
power) can be expressed as

IX ∝ g

1 + gτX + g2τXτXX
(7)

and

IXX ∝ g2τX

1 + gτX + g2τXτXX
(8)

The latter two equations (in the range of low generation
rates) reduce to the linear and parabolic dependences,
respectively. They are dependent on only one parame-
ter which is exciton to biexciton lifetimes ratio τX/τXX,
which is typically assumed to be 2 (for the systems where
the internal exciton relaxation from the bright to the dark
states related with the spin flip is slow [19]). Figure 7
shows the dependence of the C and D lines intensity on
the excitation power fitted by the theoretical relations
(7) and (8). The obtained agreement (the model could
not fit line D with any of the other observed lines, i.e. A
and B) confirms that C and D correspond to the exciton
and biexciton emission from the same quantum dash. It
is additionally supported by the agreement for the sum
of the X and XX intensities (green points and curve
in Fig. 7). This allows determining unambiguously the
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biexciton binding energy to be 0.4 meV for these dashes.
Similar values could be obtained for other detected XX
cases.

3.3. Emission from a single InGaAs/GaAs quantum rod

Similar motivation as in the previous section concerns
the quantum rods, which however, as based on GaAs sub-
strate, can potentially be interesting for the applications
at shorter wavelengths (up to 1.3 µm usually). The sur-
face density in this case is much lower than for the dashes
(1010 cm−2) so in order to select the single emission lines
the mesa structures patterning was not necessary [13].
Figure 8 shows the excitation dependent low temperature
PL spectra exhibiting two emission lines. The intensity
of the one at longer wavelength changes faster and there-
fore has been assigned as XX.

Fig. 8. Low temperature µPL spectra revealing single
quantum rod emission lines for several excitation powers
(P0 = 200 nW measured outside the cryostat).

Fig. 9. Excitation power dependence of the X and XX
lines from Fig. 8. Symbols mean the experimental data,
whereas the solid lines correspond to the theoretical
curves after Eqs. (7) and (8) for τX/τXX = 4.

The integrated intensities for both observed lines are
plotted as a function of the excitation power in Fig. 9.
In this case the same model as in Sect. 3.2 has been
used, but the satisfactory agreement could be obtained

for τX/τXX = 4, which based on Ref. [18] is an indication
of a fast spin flip relaxation rate between the bright and
dark states of an exciton in quantum rods. It has found
a confirmation for some other exciton/biexciton cases in
the investigated QRs structure, in spite of quite a broad
distribution of the XX binding energies, ranging from 1
to almost 3 meV.

4. Conclusion

There have been investigated the selected optical prop-
erties of epitaxially grown strongly asymmetric nanos-
tructures. Based on the linear polarization resolved pho-
toluminescence spectra from a cleaved edge of the sam-
ples it has been shown that the so called columnar quan-
tum dashes obtained in the InGaAs/InP material system
are very perspective for the polarization insensitive gain
medium in semiconductor optical amplifiers at 1.55 µm.
Moreover, the single dot spectroscopy allowed detecting
the emission related to an exciton and biexciton from sin-
gle quantum dashes and single quantum rods, and using
the rate equation model determining the biexciton bind-
ing energy and exciton to biexciton radiative lifetimes
ratio for both kinds of the systems.
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