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High-Purity Triggered Single-Photon Emission from
Symmetric Single InAs/InP Quantum Dots around the
Telecom C-Band Window

Anna Musiał,* Paweł Holewa, Paweł Wyborski, Marcin Syperek, Andrei Kors,
Johann Peter Reithmaier, Grzegorz Sęk, and Mohamed Benyoucef*

The authors demonstrate pure triggered single-photon emission from
quantum dots (QDs) around the telecommunication C-band window, with
characteristics preserved under non-resonant excitation at saturation, that is,
the highest possible, lifetime-limited emission rates. The direct measurement
of emission dynamics reveals photoluminescence decay times in the range of
(1.7–1.8) ns corresponding to maximal photon generation rates exceeding
0.5 GHz. The measurements of the second-order correlation function exhibit,
for the best case, a lack of coincidences at zero time delay—no multiple
photon events are registered within the experimental accuracy. This is
achieved by exploiting a new class of low-density and in-plane symmetric
InAs/InP QDs grown by molecular beam epitaxy on a distributed Bragg
reflector, perfectly suitable for non-classical light generation for quantum
optics experiments and quantum-secured fiber-based optical communication
schemes.

The emission of high-purity single photons at the telecom spec-
tral range around 1.55 µm (telecom C-band window) is essential
for long-haul quantum-secured communication due to compati-
bility with existing silica fiber networks.[1,2] Different approaches
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to realize single photon sources (SPS)
have been employed so far in this spec-
tral range, including spontaneous paramet-
ric down conversion (SPDC),[3–5] defects
in carbon nanotubes,[6] or epitaxial semi-
conductor quantum dots[7] (QDs). How-
ever, the SPDC is relying on a probabilis-
tic photon emission process determined by
conversion efficiency and impeding high
generation rates making it unfavorable for
efficient on-demand single photon gener-
ation. On the other hand, it is technolog-
ically challenging within a current tech-
nology to form an active part of a device
out of carbon nanotubes making such ap-
proaches purely scientific or very futuris-
tic. Therefore, the epitaxial QDs[7] emitting
in the 3rd telecom spectral range seem to
be the most promising quantum emitters
constituting themainly application-relevant

solution, although still facing a couple of challenges. QDs have
already been proven to be suitable candidates for deterministic
and practical high-quality SPS[8,9] as they are a good approxima-
tion of a two-level system which inherently emits single pho-
tons, however by now mostly demonstrated in the visible and
near infrared range below 1 µm.[2,10–12] In this spectral range,
QDs are the sources providing the purest single photons with
the second-order correlation function at zero time delay g(2)(0)
value of (7.5 ± 1.6) x 10−5[13] and the highest emission rates.[14]

Regarding single-photon purity, only single ions could be com-
peting candidates,[15] but these are much less practical in terms
of integration and scalability.
In the telecom range, two material systems are exploited:

InAs/GaAs and InAs/InP. Although the InAs/GaAs nanostruc-
tures benefit from the well-established technology, achieving
emission in the telecom C-band window within this system
is not straightforward, and a challenging strain engineering is
indispensable.[16] In this approach, the growth procedure is de-
manding and causes severe technological complications deterio-
rating the optical quality of the material.[17] Despite that, a single
photon emission in the telecomC-band range from InAs QDs on
InGaAsmetamorphic buffer layers on a GaAs substrate has been
recently presented[18] showing high fidelity of entanglement,[19]

precise wavelength tunability,[20] and coherent control of a QD
state combined with single-photon indistinguishability.[21] Al-
though these dots are under impressive development,[22] they
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still struggle with some inherent difficulties, including non-
zero fine structure splitting being a prerequisite for high entan-
glement fidelity of photons originating from biexciton–exciton
cascade relevant for quantum communication schemes[23,24] or
only partial suppression of multiphoton emission events under
non-resonant pulsed excitation.[22] Although selective excitation
schemes, resonant[21] or quasi-resonant,[25] can help in accessing
the target QD only and suppressing the dephasing processes,
and therefore greatly reduce the background emission and en-
hance the purity and coherence properties of single photons, they
remain more challenging to realize and require tunable laser
sources. For applications, where the purity of single photons is
crucial, but high coherence is not indispensable, for example,
quantum key distribution protocols (BB84), the non-resonant
excitation is much easier to realize and more flexible. The in-
vestigated InAs/InP QDs provide pure single photon emission
already under non-resonant excitation which makes them very
promising for further exploitation in quantum technologies.
This alternative InAs/InP material system is actually the tech-

nologically easiest choice because such dots emit naturally in
the 1.55 µm range and no special strain engineering has to be
applied, which allows overcoming some of the mentioned fab-
rication drawbacks of the GaAs-based materials. In addition,
several matrices/barriers lattice-matched to InP can be consid-
ered, which gives additional freedom in modifying the confine-
ment and strain, and hence giving convenient tuning knobs to
tailor all the essential single dot characteristic.[26–31] There ex-
ist approaches able to give a lower spatial density of InAs on
InP dots.[32,33] For instance, combining the InP matrix with the
double-cap technique in metalorganic chemical vapor deposition
(MOCVD) showed high suppression of multiphoton events un-
der non-resonant[34] and quasi-resonant[35,36] excitation.MOCVD-
grown structures allowed also for realization of single-photon
emission under electrical carrier injection.[37] However, all of
them lead to strongly anisotropic structures with FSS well above
20 µeV[28,36,38] therefore limiting their applicability. Recently, an-
other technological approach for realization of InP-based QDs,
namely the droplet epitaxy growth has been reported.[39] This en-
abled the realization of quantum teleportation with average fi-
delity of 88.3 ± 4% due to long time scale and high degree of
coherence of emitted photons.
In this work, we present recent progress in terms of single-

photon generation in yet another technological approach, that
is, the molecular beam epitaxy (MBE) growth of InAs Stranski–
Krastanow QDs embedded directly in InP matrix for which in-
plane symmetry was achieved due to major modifications in the
MBE growth by introducing a ripening step.[28,30,31] Bottom dis-
tributed Bragg reflector (DBR) structure (important but techno-
logically demanding step reported rarely for this material system
so far[28,31,39] due to requirement for high refractive index con-
trast layers lattice-matched to InP substrate) is introduced below
the QD layer and provided more than one order of magnitude
enhancement of photon extraction efficiency[31] enabling exper-
iments on the single-photon level. Application of the ripening
method reduces theQDareal density enhances theQD symmetry
and in result reduces the FSS to the record level of ≈2 µeV,[30,31]

making them very promising in view of generation of entangled
photon pairs. However, the ripening step is not enough to achieve
in-plane symmetric QDs and the material preceding the growth

of QD layer seems to be crucial as symmetric structures were
achieved for InAs QDs grown directly in InP matrix,[31] but on
the contrary, lower symmetry nanostructures were formed in the
case of quaternary barrier.[28,33] Due to different interface, the re-
actions during the ripening step are different and the presence
of the phosphorus atoms seems crucial. One of the parameters
directly affecting QD properties is As-P exchange process dur-
ing the growth of QDs. This addresses at once most of the chal-
lenges remaining for quantum emitters in the telecom C-band
window: low QD spatial density and in-plane symmetry as well
as the photon extraction efficiency and material quality which
has been confirmed by the linewidths of single emission lines
well below 50 µeV.[31] However, no single-photon emission prop-
erties for such symmetric InAs/InP QDs have been reported
so far, and hence it is the focus of this work aiming to fill this
gap.
Figure 1a presents low-temperature 𝜇PL spectrum centered

around the telecom C-band wavelength obtained under cw
non-resonant excitation. The natural nanostructures’ inhomo-
geneities in, for example, size, strain, and chemical content
allow spanning the emission from below 1480 to above 1580 nm
at least, depending on the position on the wafer. Therefore, the
detected lines can overlap with all the three subranges of the 3rd
telecom window, that is, the S-band (1460–1530 nm), C-band
(1530–1565 nm), and L-band (1565–1625 nm), which can be an
advantage of the considered system for applications allowing
multiple parallel transmissions. Figure 1b,c present exemplary
spectra for two bright QDs emitting in different spectral ranges
within the 3rd telecom window selected based on their emission
intensity and spectral isolation: longer-wavelength line A (be-
tween C- and L-band), and shorter-wavelength line B (S-band).
These are good candidates to study single-photon generation
which is the focus of this work. The other emission lines visible in
these two spectra might originate from radiative recombination
of different excitonic configurations in the QD or from different
QD located in the same square-shaped mesas of 1 µm size, but
the exact identification of various excitonic complexes is beyond
the scope of presented work (in particular, neutral biexciton and
exciton emission has already been investigated in ref. [28]).
Selected emission lines were first characterized by means of

power-dependent and polarization-resolved 𝜇PL. Their relatively
high PL intensity is a fingerprint of the combined effects of high
internal quantum efficiency of the emitters as well as the mesa-
and DBR-enhanced photon extraction efficiency,[28,31] which ac-
cording to calculations could result in the extraction efficiency
higher than 20% (NA = 0.4) for further optimized layer structure
(in particular layer thicknesses), mesa geometry, and QD posi-
tioned in the center of the mesa.[40]

Single emission lines in investigated sample are significantly
narrower than typically observed for epitaxial nanostructures in
this material system, similar to lines A and B (≈43 and ≈38 µeV,
respectively). From the comparison to the emission linewidth ob-
tained for a planar structure (the resolution limited linewidth of
less than 35 µeV),[31] onemay conclude about negligible influence
of the charge environmental conditions after fabrication of the
mesas suggesting that investigated QDs are relatively far from
mesa sidewalls. Moreover, the observed linewidths are compara-
ble to the best observed for GaAs-based QDs emitting in the 3rd
telecomwindow (≈59 µeV)[18] and aremuch lower than≈200 µeV
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Figure 1. 𝜇PL spectra (T = 4.2 K, cw non-resonant excitation) in a broad range (a) and in the narrow range for two exemplary QDs (top): b) long-
wavelength, line A and c) short-wavelength, line B at excitation power corresponding to the saturation of emission. Insets in (b) and (c): dependence of
PL intensity on excitation power fitted by the power function. Bottom: Polarization maps for line A and B.

observed for strongly elongated but naturally formed in MBE
InAs/InP quantum dashes.[41]

Insets in Figure 1b,c with the excitation power dependent
emission intensity of the selected lines show first the linear
increase of PL intensity, and next the intensity saturation for
excitation powers in the range of fewmicrowatts, which is typical
for emission from neutral or charged excitons (trions) confined
in a QD. From the fact that both the lines are solely visible in
the spectrum for the lowest excitation power, one can conclude
that they most likely originate from recombination of carriers
in their ground state. The polarization-resolved 𝜇PL shows
that either line A or B cannot be characterized by a decisive
linear polarization splitting within the spectral resolution of
the experimental setup in agreement with previous statistical
measurements showing small FSS below 4 µeV and confirming
in-plane symmetry of the QDs.[31] Therefore, other spectro-
scopic techniques would be required to distinguish between the
charged and neutral excitonic complexes in this structure and
to confirm unambiguously the origin of other emission lines
visible in the spectrum, which was, however, unnecessary for
the current study aiming at probing mainly the single photon
emission characteristics.
The TRPL has been employed to investigate the carrier dynam-

ics and identify the fundamental limit for the maximal repetition

rate in view of triggered SPS based on InAs/InP QDs under
investigation. As previously stated, the existence of the lower
DBR section in the sample gives high intensities of the observed
emission lines. It allows for direct detection of time-resolved
PL with a state-of-the-art NIR-enhanced streak camera having
a time-resolution in the limit of 20 ps, comparable to typically
used time-correlated single photon counting systems. The streak
camera measurement allowed for obtaining spectro-temporal
emission maps for the selected QDs presented in Figure 2.
The PL traces for lines A and B are plotted on the right side
of each map in the semi-logarithmic scale. The corresponding
time-integrated PL spectra are additionally presented at the top
of Figure 2. The spectra are consistent with those from Figure 1:
the same emission lines are visible in the spectrum, and the
relative intensities are similar. Also, the linewidth of the main
spectral features is not altered. Regarding the PL decay time,
it is similar for both lines within the experimental and fitting
accuracy with 𝜏A = (1.71 ± 0.06) ns, and 𝜏B = (1.79 ± 0.03)
ns for A, and B line, respectively, being rather typical for the
InAs/InP nanostructures in general, independently of their
exact size and symmetry.[29,35,41–45] These values correspond to
generation rate of about 0.5 GHz, which is the fundamental
upmost limit because it will further be reduced by the finite
collection efficiency or other detection losses.
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Figure 2. TRPL maps recorded on NIR-enhanced streak camera for a) line A and b) line B. Blue dashed lines indicate spectra (horizontal cross-section)
and the PL time traces of A and B lines (vertical cross section). Top: PL spectra taken under non-resonant pulsed excitation. Right: PL decays fitted with
monoexponential decay curves (red lines). Determined PL decay times are 𝜏A = (1.71 ± 0.06) ns and 𝜏B = (1.79 ± 0.03) ns.

Figure 3. Autocorrelation histograms measured under pulsed excitation: a) quasi-resonant with 𝜆exc = 1460 nm for line A and b) non-resonant for line
B. Red lines fit to the experimental data with g(2)(0) values of a) 0.019 and b) 0.006.

The main goal of the presented work is to verify the poten-
tial of the investigated InAs/InP QDs for realization of triggered
SPS operating in the 3rd telecom window by evaluating proba-
bility of multiphoton events described by the second-order cor-
relation function g(2)(𝜏). It has been determined for the selected
A and B emitters under quasi-resonant and non-resonant pulsed
excitation, respectively, with the excitation powerPexc correspond-
ing to the onset of lines’ saturation (0.5 mW and 2 µW, respec-
tively) – Figures 3a,b. Quasi-resonant excitation has been chosen
for line A due to lower signal to background ratio in comparison
to line B deteriorating the single-photon purity. In Figures 3a,b
anti-bunching behavior with very low number of photon coinci-
dences at 𝜏 = 0 ns is clearly visible. The g(2)(0) value determined
for line B from the fit to experimental data[33] (solid red line)
equals to g(2)fit(0) = 0.006 with the standard error of Levenberg–
Marquardt fitting procedure of 0.063, which proves that the in-
vestigatedQD generates purely single triggered photons even un-
der non-resonant excitation at the saturation power limit. In the
case of the longer wavelength line A, the as-measured g(2)(0) ≈ 0
translates into g(2)fit(0) = 0.019 (standard error of 0.074) obtained
from the fit proving triggered and pure single-photon emis-
sion with the emission wavelength around the telecom C-band.
The abovementioned results evidence that both the investigated
QD emitters are promising candidates for a triggered, telecom

single-photon source even at saturation power corresponding to
the highest achievable emission rate.
In conclusion, we demonstrated triggered QD-based SPS of

high single-photon emission purity operating at different wave-
lengths of the 3rd telecomwindow. It is achieved via ground-state
exciton recombination from the new generation of MBE-grown
in-plane symmetric InAs/InPQDs located on a distributed Bragg
reflector. The obtained PL decay times are in the range of 1.7–
1.8 ns, so that the corresponding maximal single-photon gener-
ation rate is estimated to be above 0.5 GHz. Such bright, true
single-photon emitters pave the way toward practical implemen-
tations in quantum communication schemes in the long-haul
fiber networks with the potential for high generation rates. Addi-
tionally, vanishing exciton fine structure splitting enables gener-
ation of entangled photon pairs from biexciton–exciton cascade,
which is under investigation and will be reported elsewhere.

Experimental Section
The structure under investigation was grown by MBE on a (100)-

oriented InP substrate.[31] The QDs were formed by depositing nominally
two monolayers of InAs on InP at a temperature T = 490 °C combined
with the ripening process resulting in low density of symmetric dots[31]

(density from 5 × 108 to 2 × 109 cm−2 in comparison to 6 × 109 cm−2
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achievable in GaAs-based structures[18] for the same spectral range). The
QDs were placed on a DBR formed by 25 InP/InAlGaAs mirror pairs, for
enhancement of the photon extraction efficiency, and were capped by a
100-nm-thick InP layer. The square-like mesa structures down to less than
1 µm2 area have been processed on the sample surface using an e-beam
lithography and wet chemical etching technique. They act as markers and
facilitate long-term study of the same QD.

For all measurements, the sample was cooled down to T= 4.2 K in a he-
lium continuous-flow cryostat. QDs were excited non-resonantly either by
a 660 nm line from a continuous-wave (cw) laser or an 80 MHz pulse train
with ≈50 ps long pulses and an 805 nm wavelength from a semiconduc-
tor diode laser. For quasi-resonant pulsed excitation, an optical paramet-
ric oscillator generating 76 MHz train of pulses with ≈2 ps duration and
pumped synchronously by the mode-locked Ti:Sapphire laser was used.
QD emission was measured in a microphotoluminescence (𝜇PL) setup
equipped with a 1 m focal length spectrometer based on a deeply cooled
InGaAs linear detector, and a long working distance microscope objec-
tive (NA = 0.4) provided high spatial (≈1 µm) and spectral (≈20 µeV)
resolution. For TRPL, single-dot emission was dispersed by a 0.3 m focal
length monochromator and detected by an InGaAs-based near-infrared-
enhanced streak camera sensitive up to 1600 nm. The overall time resolu-
tion of TRPL setup was ≈20 ps. Single-photon emission events from a QD
were tested by the Hanbury-Brown and Twiss interferometer with a 0.32
m focal length monochromator acting as an ≈0.4 nm spectral band-pass
filter enabling isolation of the target optical transition. The filtered signal
was coupled into a single-mode fiber and detected by a pair of NbN super-
conducting single-photon countingmodules with 15% quantum efficiency
and 10 dark counts per second at 1.55 µm. A multichannel picosecond
event timer acquired the photon correlation statistics. The overall time
resolution of the correlation setup was ≈80 ps.
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Appl. Phys. Lett. 2014, 105, 021909.

[27] Ł. Dusanowski, M. Syperek, J. Misiewicz, A. Somers, S. Höfling, M.
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