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InAs on InP Quantum Dashes as Single Photon Emitters
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In this work, InAs/InGaAlAs/InP quantum dashes have been investigated in terms of their optical, kinetic,
and excitonic properties with respect to their application within the 1300 ± 40 nm spectral range, i.e. the O-
band of the telecommunication technologies. We focused on the basic excitonic complexes such as neutral exciton,
biexciton, and charged exciton, which have been identified by means of photoluminescence measurements. Emission
and carriers’ dynamics have been analyzed using rate equation model and fitting the experimental data obtained
for both continuous-wave and pulsed excitation regimes. There has been found a significant impact of the charge
carrier imbalance in the system and electron capturing rate on the dynamics of the optical and electronic transitions,
which results in high occupation of the negatively charged trion state. Autocorrelation measurements show clear
antibunching of trion emission for non-resonant excitation which indicates a potential of such kind of emitters as
single photon sources for short-range quantum communication schemes.
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1. Introduction

Security of the data transfer in contemporary commu-
nication is a key element that provides a stable economy
and services. Quantum communication protocols that
use single photon as an information carrier provide such
security due to non-classical nature of quantum state that
exclude the possibility of copying it unless being noticed.
This motivated a great effort which has been focused on
developing efficient quantum emitters based on semicon-
ductor nanostructures that can deliver single photons on
demand [1–3] or entangled photon pairs [4–6]. A step for-
ward is to realize a single photon source coupled with an
optical fiber to extend these schemes to the telecommu-
nication networks, i.e. to match to the low loss spectral
ranges at 1.3 µm or 1.55 µm wavelengths.

In this work we focus on the InAs/InGaAlAs/InP
nanostructures which are of high interest due to a tuna-
ble emission range from 1.2 to 2.0 µm wavelengths and
thus are competitive to InAs/GaAs system which, howe-
ver, can also be made to emit at telecom wavelengths by
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e.g. using additional strain-reducing layer to operate up
to even 1.5 µm [7, 8]. While InP based nanostructures
have been widely studied around 1.55 µm [9–11], there
is still not much information about their possible opera-
tion close to 1.3 µm, required for the transmission in the
O-band telecommunication range.

The InAs/InGaAlAs/InP quantum dash (QDash) sy-
stem is characterized by elongated in-plane geometry of
the nanostructures along [1–10] direction with approx-
imately triangular cross-sectional shape and high areal
density (> 1010 cm−2) [12]. The sample structure has
been grown by EIKO gas source molecular beam epitaxy
system using S-doped InP (001) substrates. The nominal
thickness of the InAs layer was 0.8 nm which corresponds
to the emission range from 1.20 to 1.33 µm due to geo-
metrical and compositional fluctuations. The sample has
been processed and there have been etched mesas down
to 400× 200 nm2 size in order to limit the number of the
optically probed nanostructures.

In this work we investigate single QDashes, focusing
on the properties of excitonic complexes such as binding
energies, fine structure splitting, polarization anisotropy
of emission, dynamics of the radiative processes and the
photon statistics of emission. The experiments have been
carried out within a high spatial (1 µm) and spectral
(20 µeV) resolution micro-photoluminescence (µPL) se-
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tup equipped with InGaAs detector array, supercon-
ducting NbN single photon counting detectors or infra-
red streak camera system for time-resolved photolumi-
nescence (TRPL) measurements, and photon autocor-
relation measurements in a Hanbury-Brown and Twiss
(HBT) configuration. All experiments have been perfor-
med at temperature of 5 K. The sample has been exci-
ted non-resonantly with a continuous wave laser line at
660 nm (µPL and HBT) and with a train of 120 fs long
pulses at 830 nm (TRPL) of 76 MHz repetition rate, focu-
sed on the sample by long working distance and high nu-
merical aperture microscope objective (NA = 0.4). We
also used a cryostat with superconducting magnet that
generates magnetic field up to 5 T and polarization re-
solved analysis has been performed by using a half-wave
plate situated in front of a linear film polarizer.

2. Results and discussion

Figure 1 shows examples of µPL spectra taken for
1 µW excitation power and magnetic field of 2 T oriented
in the Voigt configuration along [110] crystallographic di-
rection of the sample. The polarization resolved spectra
present various splittings which allow to preliminarily
distinguish between the lines of charged and neutral com-
plexes, while mixing effect of bright and dark configura-
tions induced by magnetic field results in quadruplet or
triplet of transitions for charged exciton [13, 14], and dou-
blets for exciton and biexciton states. Thus, the observed
triplet on the lower energy side reveals a trion character
of this emission. As the dark exciton states XD are typi-
cally lower in energy than the bright ones in such nano-
structures [15], the higher energy transition corresponds
to exciton and the lower energy one to biexciton. Ba-
sed on that, the bright-dark states splitting is equal to
440 µeV, the binding energies of biexciton and trion are
–3.1 meV and –5.6 meV, respectively. Strongly bound
state of the charged exciton suggests this is the negati-
vely charged trion [16–18], which could be expected for
nanostructures deposited on InP substrate being unin-
tentionally n-doped with substantial concentration of the
excess electrons. Typically, as for small quantum dots,
one would expect that the XXD PL line has significantly
lower intensity than XD one due to the spin relaxation
from bright to dark exciton which populates the XD sta-
tes. Considering the almost equal intensities of XD and
XXD transitions in our case, we could have some indi-
cations on spin-flip coupling of bright and dark exciton
states, which induces a transition from dark to bright
and is mediated by spin–orbit interactions and acoustic
phonons due to the higher lateral extension of the QDash
than for e.g. InAs QDs [19–21]. This is however unclear
yet and needs further investigation.

In Fig. 2a, we present results of TRPL experiment per-
formed on the same excitonic complexes. The photolu-
minescence decays have been measured at average power
of 50 µW of the pulsed excitation, showing exponential
decay times (τPL) of 2.2, 1.4, and 2.1 ns for X, XX, and

Fig. 1. Microphotoluminescence spectra taken from a
non-resonantly excited single quantum dash showing ex-
citon, biexciton and negative trion, which have been
identified by the characteristic trion splitting and dark
biexciton and exciton states in the in-plane magnetic
field of 2 T.

Fig. 2. (a) Photoluminescence decay of excitonic com-
plexes measured from a single QDash and (b) the solu-
tion of the rate equation model for the radiative relaxa-
tion in which the electron capture process and thus the
transition from X to X− state is allowed.

X− lines, respectively, giving the ratios of τX,PL

τXX,PL
≈ 1.6

and τX,PL

τX−,PL
≈ 1. It is important to note that the obtai-

ned ratios are different than very often used values in
simplified considerations when neglecting the excitonic
states configuration mixing (i.e. τX

τXX
= 2 and τX

τX−
= 1),

which is expected for the dashes with decreased confi-
ned levels’ splitting. The PL decays can be perturbed
by the presence of the higher order excitonic complexes,
as the proximity of the p-shell is estimated to be lower
than 20 meV in these structures [22]. Moreover, the dark
excitonic states and spin-flip processes may occur [23].
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In addition, we cannot neglect the influence of the ex-
cess carriers on entire kinetics which has evidently been
the case for the excitation power dependence in the cw-
excitation as shown elsewhere [18].

Our understanding of the dynamics in this system has
been supported by the obtained agreement between the
simulated relaxation and the experimental results which
is shown in Fig. 2b. In this case, we assumed the Pois-
sonian statistics of the initial occupation of the five-level
system as nk(0) = gkeg

k! , where g is related to the num-
ber of electron–hole pairs captured after the laser excita-
tion pulse and k is the state order equal to 0 for ground
state and single electron state, 1 for X (X−) and 2 for
XX. Next, we introduced the increased probability of
the system being negatively charged by setting the im-
balance of the initial occupation ne(0) = Nen0(0) and
nX−(0) = NenX(0), where the indices e(X−) and 0(X)
describe the electron (trion) and ground (exciton) sta-
tes, respectively. The Ne > 1 reflects the influence of
the excess electrons in the system and thus we found the
best agreement by using Ne = 3. It results in a rela-
tive difference between the intensities of X and X− in
the quasi-equilibrium state after electron–hole pair cap-
ture process, i.e. the maximum intensity after the laser
pulse excitation. Besides the imbalanced initial occupa-
tion, we additionally allowed a transition from X to X−
due to the possible electron capture during relaxation
process from XX, which may be the case due to residual
electron concentration which can influence the observed
dynamics. This electron capture rate has been optimized
to ge = 0.3 ns−1 in order to fit the experimental decays
properly. In this model, we used similar lifetimes’ va-
lues as observed in the TRPL experiment for X, XX,
however X− lifetime has been fitted to τCX = 1.5 ns
which is different than the decay time observed in the
X− photoluminescence of τCX,PL = 2.1 ns. Such exten-
sion of τCX,PL is well reproduced in the assumed relaxa-
tion scheme by added population channel from X to X−
state and supports the considered interpretation.

Radiative decay of all the excitonic complexes has furt-
her been analyzed in terms of the parameter settings, as
shown in Fig. 3. In the first case we considered a variation
of the charged exciton lifetime τCX from 1.3 ns to 1.7 ns
which induces a slope change of the X− decay. Next, we
tailored the imbalance of the initial occupation by setting
Ne = 1, 3, 5. We have found that the initial occupation
may affect both the maximum intensity after the pulse
and the slope of the X− decay. These parameters have
an impact on theX andXX decays. Last parameter stu-
died here is the electron capture rate ge which is tuned
from 0.1 ns−1 to 0.9 ns−1 and it causes significant change
in both the X and X− decays leaving XX unchanged.
For the lowest ge value the exciton emission is extended
in time while the charged exciton decays faster. In case of
high ge we observe faster X decay and longer X− decay
with some nonlinearity seen (in the log–log scale) during
first 2 ns. These simulations demonstrate that in order
to reproduce the experimentally observed decays of exci-

Fig. 3. A series of simulated relaxations for excitonic
complexes showing the influence of variations applied to
the X− lifetime, initial occupation and electron capture
rate.

Fig. 4. Autocorrelation measurements of the negati-
vely charged exciton showing clear antibunching, na-
mely g2(0) value below 0.5 is observed in a raw data
points. After deconvolution with the IRF we determi-
ned best matching for g2(0) = 0.25. Additional back-
ground subtraction reduces g2(0) to ≈ 0.075.

tonic complexes from single QDash, we can consider the
5-level rate equation model parametrized with decay life-
times, initial occupation and the additional single carrier
capture rate included in the radiative relaxation kinetics
which can significantly influence the decays of excitonic
complexes.

Eventually, the photon autocorrelation measurements
have been performed for the negatively charged exci-
ton emission line. The experimental results presented
in Fig. 4 show a clear antibunching which is the finger-
print of the sub-Poissonian distribution of the emission
events and thus qualifies such single QDashes as single
photon sources operating within the range of the O-band
telecommunication spectral range. The criterion of a
single photon source of g2(0) < 0.5 has been obtained
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for the as-measured data already, namely g2(0) = 0.32.
The fitting including the instrument response function
of tIRF = 0.08 ns gives g2(0) = 0.25, and after back-
ground subtraction g2(0) value drops down to approxi-
mately 0.075.

3. Conclusions

Experimental study of single quantum dash photolu-
minescence allowed for identification of various excitonic
complexes in the spectral range close to 1.3 µm. We
focused on the complex kinetics of the radiative recom-
bination observed in the time-resolved measurements.
We compared the photoluminescence decays with a five-
level rate equation simulation showing a significant im-
pact of both the electron capture process and the fa-
vored occupation of the charged states on the decay ti-
mes. More careful analysis exhibits a significant change
in the decays of the negatively charged and neutral ex-
citons, and thus extended trion state lifetime than the
decay time observed in experiment. This could be rela-
ted to the residual, unintentional high concentration of
the excess electrons possible in quantum dash system.
Finally, we demonstrated photon autocorrelation data
for the negatively charged exciton which revealed a clear
sub-Poissonian statistics being an evidence single photon
emission from such nanostructures. All these results give
an insight into understanding of the optical properties of
InAs/InGaAlAs/InP quantum dashes and demonstrate
their potential as a competitive solution to commonly
considered GaAs-based quantum dots to be applied as
sources of single or entangled photons in the short range
quantum communication systems.
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