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Several emission features mark semiconductor quantum dots as promising
non-classical light sources for prospective quantum implementations. For
long-distance transmission and Si-based on-chip processing, the possibility to

the compatibility with the mature sili-
con photonics platform,>®! as well as for
both free space (low solar background
and Rayleigh scattering),l’) and fiber-based

match the telecom C-band is decisive, while source brightness and high
single-photon purity are key features in virtually any quantum
implementation. An InAs/InGaAs/GaAs quantum dot emitting in the telecom
C-band coupled to a circular Bragg grating is presented here. This cavity
structure stands out due to its high broadband collection efficiency and high
attainable Purcell factors. Here, simultaneously high brightness with a
fiber-coupled single-photon count rate of 13.9 MHz for an excitation
repetition rate of 228 MHz (first-lens single-photon collection efficiency ~17%
for NA = 0.6), while maintaining a low multi-photon contribution of

g!?(0) = 0.0052 is demonstrated. Moreover, the compatibility with
temperatures of up to 40 K attainable with compact cryo coolers, further
underlines the suitability for out-of-the-lab implementations.

1. Introduction

Efficient on-demand sources of single photons have a number
of applications ranging from quantum communication/'-*] and
cryptography!?3] to metrology.¥l An emission wavelength in the
telecom C-band (1530-1565 nm) is especially sought-after due to
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transmission (absorption minimum and
low dispersion).

Among non-classical light emitters
around 1550 nm,!®] semiconductor quan-
tum dots (QDs) on InP have been investi-
gated for two decades,!*"'7] culminating in
application-oriented implementations such
as quantum key distribution over 120 km of
fiber,[!] teleportation of time-bin qubits,**]
and distribution of single photons, and
entangled photon pairs over 4.6 km of de-
ployed fiber.'*] More recently, InAs/GaAs
QDs have gained increasing interest, as
the material system is widespread in re-
search and industry due to its low cost and
well-developed processing techniques. To
alleviate the strain between InAs and GaAs,
which limits the emission of the current
state-of-the-art QDs to the near-infrared regime, metamorphic
buffer layers (MMBs)[*8-20] have been employed, enabling opera-
tion in the telecom C-band and opening the route for a number of
studies mainly on the fundamental properties for quantum appli-
cations, that is single-photon emission,!'*?!-23] entangled photon
pair emission,!?224%] and photon indistinguishability.*!:23] More
recently, this type of source has been used to distribute random
numbers in a metropolitan area fiber network.[2°]

While the feasibility of device integration as an advan-
tage of the solid-state environment has been exploited around
1550 nm, 1> few studies report on tackling the related bright-
ness limitation due to total internal reflection. For the InP ma-
terial system mesas,!'%!7] optical horn structures,'*!! and pho-
tonic crystal cavities!'®!?] have been reported, claiming up to
13.3% of collection efficiency into the firstlens (NA = 0.4).[16] For
GaAs-based QDs, the recently reported efficient MMB design!?‘!
compatible with an optical thickness of 4 in growth direction, has
opened the possibility for the incorporation into high-quality pho-
tonic structures.[20:27]

Among the possible implementations of such cavities, the cir-
cular Bragg grating (CBG)!%33% offers the simultaneous advan-
tage of Purcell enhancement of the radiative decay, as well as a
broadband increase of the collection efficiency. With this, CBGs
are capable of simultaneously supporting both transitions of

© 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 1. CBG characterization: a) FDTD simulations for Purcell factor and collection efficiency (NA = 0.6). b) SEM image of the CBG. c) Spectrum of
the cavity mode under cw non-resonant pumping (9.5 pW) and of QD1 under p-shell excitation. d) TCSPC measurements with fits (solid lines) under
non-resonant excitation at 850 nm of QD1 (decay time 0.52 ns) and a reference QD (decay time 1.59 ns) in a semi-logarithmic scale.

the biexciton-exciton cascade, generating polarization-entangled
photon pairs. (239 CBGs have been reported for the telecom O-
band'-*%] and the design parameters have been investigated by
simulations for the GaAs and InP system!?”:**] for the telecom C-
band, however, an experimental realization had yet to be demon-
strated.

Here, we close this gap, investigating an InAs/InGaAs/GaAs
QD emitting in the telecom C-band incorporated into a non-
deterministically placed CBG, reaching a Purcell enhancement
of a factor of (3.0 + 0.7). The device combines a simultane-
ously high first-lens single-photon collection efficiency of (17.4
+ 0.9)% (NA = 0.6) and a single-photon count rate of 4.77 X
10° 571 at 76 MHz repetition rate (end-to-end-efficiency of 6.3%)
coupled to a single-mode fiber, with a low multi-photon con-
tribution (g (0) = (7.2 + 4.0) x 107%). We further demon-
strate the thermal stability of these properties up to tempera-
tures attainable with compact cryocoolers: at 40 K a count rate
of 2.96 x 10° s~ is achieved with g (0) = (432+0.13) x
1072. Repetition rates up to 228 MHz are investigated, show-
ing that the Purcell factor of (3.0 + 0.7) allows to maintain high
brightness and purity values (fiber-coupled single-photon court
rate FCSPCR = 13.88x 10°s7), g (0) = (5.2  0.1) X 10~ at
228 MHz). To the best of our knowledge, this FCSPCR exceeds
highest value reported for a QD-based single-photon source in
the telecom C-band by around two orders of magnitude,* while
more than a factor of four is found including results in the tele-
com L-band.l"! Finally, we measure the two-photon interference
(TPI) visibility of the emission.

Adv. Quantum Technol. 2023, 2300111 2300111 (2 of 6)

2. Results and Discussion

2.1. Device Characterization

The sample is based on the recently reported thin MMB de-
sign and corresponding QD growth optimizations.*”) The device
fabrication!®!l employs a flip-chip process, to transfer the sample
to a Si carrier. The CBG structure is realized by a combination of
wet chemical etching, electron beam lithography, and ICP-RIE
etching. For details refer to the Supporting Information.

The optimal wavelength dependent performance of the de-
vice (see Supporting Information for details) is investigated via
finite-difference time-domain (FDTD) simulations as presented
in Figure 1a, assuming the QD to be placed perfectly in the cen-
ter of the CBG structure. The collection efficiency (NA = 0.6)
is above 85% for almost the entire telecom C-band, with maxi-
mum values of more than 92%. Geometrical brightness enhance-
ment in combination with the maximum Purcell factor of 16.6
(FWHM = 7.45 nm, quality factor (Q-factor = 208)) makes this
device design appealing for bright emission of single photons
and entangled photon pairs.[2%3]

A scanning electron microscopy (SEM) image of the finished
device can be seen in Figure 1b. The cavity mode, taken as the
spectrum under continuous-wave (cw) non-resonant pumping!*’!
with an excitation power of 9.5pW (shaded curve in Figure 1c) ex-
hibits a FWHM of (9.74 + 1.8) nm (Q-factor (160*2})) and is in
good agreement with the mode expected from the FDTD simula-
tions. The slightly larger width is in part due to a minor ellipticity,
leading to a polarization mode splitting of (1.24 + 0.03) nm. This

© 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 2. Brightness and single-photon purity of QD1 under p-shell excitation: a) g(?) () at 4 K, P = 5.01pW and f, = 76 MHz. b,c) fiber-coupled single-

photon count rate (FCSPCR) after the full setup at the detector, corrected for the detection efficiency of 85%, and g
10.02 pW, 2fy = 152 MHz, and P =

g? (r) at 40 K and P =5.01pW. e,f) g (r) at 4 K, P =

) (0) over the excitation power. d)
15.03 pW, 3f, = 228 MHz, respectively. Exemplary spectra

under these measurement conditions are provided in the Supporting Information.

is estimated to correspond to an elongation of the central disk of
~1 nm in one direction.

The investigated QD transition, abbreviated as QD1 from here
on, (solid orange line in Figure 1c), in spectral resonance with
the cavity mode is excited via its p-shell #1530 nm. We attribute
this transition to a positively charged trion. Note that other QD
candidates with similar properties are found on the same sample.
An approximate yield of such promising candidates for this non-
deterministically placed CBG fabrication is #0.05% while devices
with QD transition lines matching the cavity mode are found with
a yield of ~0.5%. Details on the optical setup and measurement
methods can be found in the Supporting Information.

Time-correlated single-photon counting (TCSPC) measure-
ments of the decay time as displayed in Figure 1d, yield a value of
0.52 ns for QD1 and a mean value of 1.55 ns (standard deviation
0.37 ns) for six exemplary trion transitions of QDs on the same
sample outside of CBG structures. This results in a Purcell factor
of (3.0 + 0.7). The discrepancy between the maximally expected
and the measured value is attributed mainly to a spatial offset
between the center of the non-deterministically positioned CBG
and the QD (see Supporting Information). Deterministic fabrica-
tion methods!?**%! promise to bring the experimental value close
to its optimum, benefitting the attainable transmission rates in
quantum communication applications.[**]

2.2. Single-Photon Purity and Brightness Evaluation

Key figures of merit of such schemes are the brightness and the
single-photon purity.!"3] The latter is evaluated via the second-
order auto-correlation function g®(z), for different excitation
powers P. Figure 2a shows an exemplary measurement result
and fit function (solid line) at an excitation power P = 5.01 pW
measured above the objective. For the normalization and evalu-
ation, bunching processes up to the millisecond time scale are
taken into account. The significantly suppressed peak at zero
time delay exhibits a dip that is attributed to a slight refilling from
the QD surrounding, for example, via charge carrier trap states.

Adv. Quantum Technol. 2023, 2300111 2300111 (3 OfG)

The fit function takes this feature into account and upon fully an-
alytical evaluation excluding any offset on the ordinal, a value as
nalyt( ) = (7.2 x 4.0) x 10~ is found. As for applications
any coincidences from background contributions are also rele-
vant, the corresponding post-selected value g(z)( 0) =1.12x 1072
is evaluated in the full repetition period of +6.58 ns, corrected
for coincidences from detector dark counts (see Supporting In-
formation for details on purity evaluations and a discussion of

low as g

the influence of the post-selection window on gézs)( ). Based on

these results, a value of g(z) (0) < 0.5 can conservatively be esti-
mated even at repetition rates exceeding 1 GHz.

Notably, we find only a minor trade-off between this high
single-photon purity and the brightness: Figure 2b,c displays the
FCSPCR at the detector, including corrections for dark counts,
multi-photon contribution and detection efficiency, and the corre-
sponding values for g% (0) over the excitation power. The slightly
reduced purity values for low excitation powers are attributed
to a power-dependent change in the charge carrier environment
of the QD possibly connected to increased refilling or the influ-
ence of a second QD. The influence of the charge carrier envi-
ronment is further investigated via power-dependent measure-
ments with additional weak, non-resonant illumination as pre-
sented in the Section SXIV, Supporting Information. This is evi-
denced by a decrease of blinking behavior especially at low pump-
ing powers. For P = 5.01 pW, a value of FCSPCR = 4.77 x 106 s~
(raw, detected count rate 3.91 x 10°s7?) is found (see Support-
ing Information for details). This corresponds to an end-to-end
efficiency of 6.3% and a single-photon collection efficiency of
(17.4 + 0.9)% into the first optical element (NA= 0.6) (see Sup-
porting Information). Note that due to the observed blinking,
the source is active ~70% of the time at saturation (see Support-
ing Information). Integrating the QD in a diode structure is ex-
pected to eliminate this limitation.[?”) Further effects that may
limit this value are a deviation of the spatial cavity mode pro-
file from an ideal Gaussian far-field emission mode, limiting the
fiber-coupling efficiency and thus the measured brightness on
the employed fiber-coupled detectors. Furthermore, a possible

© 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Table 1. Overview over the brightness and single-photon purity measures
determined for QD1 under different p-shell excitation conditions in satu-
ration.

4K, 76 MHz 4K, 228 MHz 40K, 76 MHz
gfn)am 0) (72£04)x 103 (5.2+£0.1) X 107 (432 +0.13) x 102
g (0) 1.12 x 1072 2.32 1072 4.89 %1072
FCSPCR 4.77 x 106 57! 13.88 x 10°s7! 2.96 X 106 s~
collection efficiency (17.4 £ 0.9)% (16.9 + 0.9)% (11.0+0.6)%
End-to-end efficiency 6.3% 6.1% 3.9%

non-unity state preparation fidelity may pose a limitation./2!:*]

However, also in the current state the presented device outper-
forms all QD emitters with emission around the C-band, re-
ported so far: even with sophisticated structures on the well-
established InP material basis, (191116171 13.3% of first-lens collec-
tion efficiency!’’ have not been surpassed. Apart from this purely
source-related measure, the efficiency of the collection and fil-
tering determines the usable count rate in applications, but has
rarely been reported with high values!™*!!l (record end-to-end ef-
ficiency around 1550 nm so far in the telecom L-band: 5%Y).
The presented work thus signifies an important advance toward
out-of-the-lab implementations.

Moreover, the device exhibits a very notable degree of stability
regarding brightness and purity at elevated temperatures:3138
the measurement of gi?(r) at a temperature of 40 K and P=
5.01 uW, as displayed in Figure 2d, results in values of g' g lyt( ) =

(432 + 0.13)x 107 and g7 (0) = 4.89 x 10%. A maximum of
FCSPCR = 2.96 X 10° s7! (raw, detected count rate 2.47 x 10° s7?)
is found. This temperature stability allows the implementation in
compact and economic Stirling cryocoolers.[*]

A further decisive advantage is the Purcell-enhanced decay
time. It allows for higher excitation repetition rates, while main-
taining high single-photon purity. Figure 2e,f displays measure-
ments of g®(r) at 152 and 228 MHz repetition rate, 4 K and
the same excitation power per pulse as the measurements dis-

played in Figure 2a,b. Values of gii)alyt = (1.08 + 0.56) x 1072
(g =151x107%),and g% ~=(52 + 0.1)x 107 (g} =2.32x

1072) are found, respectively (see Supporting Information for fur-
ther measurements). The corresponding maximum values FC-

analyt

U (a) ar
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SPCR = 9.44 x 10°s™! (raw, detected countrate 7.75 x 10°s71)
and FCSPCR = 13.88 x 10°s7! (raw, detected countrate 11.37
x 10°s71), respectively, further underline the suitability of the
source for applications. Note that especially at high repetition
rates, due to the overlap of the peaks, a slight reduction of the
post-selection window further decreases gI(,ZS)(O) while maintain-
ing a high count rate (see Supporting Information).

Table 1 provides a summary over the different brightness
and single-photon purity measurements under p-shell excitation
for QD1.

2.3. Two-Photon Interference Visibility

For a large number of implementations, ] high brightness and
purity are the only requirements. Nonetheless, here we bench-
mark the photon coherence which is of importance in other
applications.['>***1] To this end, the degree of indistinguishabil-
ity (TPI visibility, Vqp;) of photons emitted 6.6 ns apart is probed.
An exemplary correlation at P = 7.7 yW for the measurements
with parallel and orthogonal (completely distinguishable) polar-
ization is displayed in Figure 3a alongside the respective fits. Note
that the evaluations of Vi, are extracted from the parallel data set
as slight fluctuations of the bunching parameters between mea-
surement runs are found to render this self-consistent method
more reliable than a comparison with the orthogonal case. In the
displayed case, however, the discrepancy is negligible and the or-
thogonal measurement is displayed as a guide to the eye. The
partial suppression of the central peak for parallel polarization
results in a value of Vip; . = (8.10 £ 3.38)%. Little dependence
of Vip (see Supporting Information for corresponding linewidth
values) on the excitation power is found, as is shown in Figure 3b
for the values via analytical and post-selected evaluation. Despite
the Purcell enhancement of the decay rate, these results are com-
parable to Vi, found under purely resonant excitation for a QD
with only a bottom DBR.I?}] Note, however, that in the latter case
the signal was filtered to 5 GHz (see Supporting Information
for further measurements and discussions). Instabilities of the
magnetic*24] or electric field*>*4] at the site of the QD are as-
sumed to be responsible for the decoherence of the emission.
Ref. [36] suggests that the proximity to the surface should not
influence the emission for the device dimensions. Thus, the sta-
bilization of the magnetic!*>*¥) and electric field,[*>**] is expected

(b) | § analytical

0.20 -~
post-selected

Z0.15 —'|'

Izl \Ll.JI IIIﬁ I i

0 2 4 6 8
Excitation Power (uW)

0.05

Figure 3. TPl visibility of QD1 under p-shell excitation: a) exemplary TPl measurement for parallel (par) and orthogonal (orth) polarization at P = 7.7 pW.
The orthogonal data and fit are offset horizontally for visual clarity. b) V4p, for different excitation powers.
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to improve the coherence more than the application of a passi-
vation layer.[**] Such implementations promise to combine the
high brightness and purity of the emission with a high degree
of photon indistinguishability, further broadening the range of
possible applications.

3. Conclusion

In summary, a bright source of single photons in the telecom
C-band based on an InAs/InGaAs/GaAs QD under p-shell exci-
tation in a circular Bragg grating is presented. A simultaneously
high fiber-coupled single-photon count rate of 13.88 MHz for an
excitation repetition rate of 228 MHz (first-lens single-photon col-
lection efficiency ~ (17.4+0.9)% for NA = 0.6) is demonstrated

while maintaining a low multi-photon contribution of gii)alyt(O) =

(5.2 + 0.1) X 10~ due to the Purcell factor of (3.0 + 0.7). Further-
more, compatibility with compact cryocoolers is demonstrated,
opening routes for real-world implementations. Finally, the de-
gree of indistinguishability is investigated, identifying possible
strategies to improve the coherence of the emission. A combina-
tion of this approach with deterministic fabrication methods, the
integration into an electrically gated structure, or the application
of a passivation layer, are expected to further boost the Purcell
factor, brightness, and coherence of the emission significantly.

Note added in proof: During the review process for the work
at hand, Holewa et al. have presented an investigation on deter-
ministically placed CBG structures with pre-selected InAs/InP
QDs emitting in the telecom C-band.[**! This fabrication method
allows for a notable yield of ~#30% of promising QD-CBG struc-
tures. The attained optical quality of the emission is comparable
to the values presented in the work at hand regarding Purcell fac-
tor and indistinguishability. However, in contrast to the results
presented here, the authors find a major trade-off between bright-
ness and purity: appealing collection efficiencies of up to 16.6%
into a small NA of 0.4 are demonstrated under non-resonant ex-
citation in saturation, however, in connection with a reduced pu-
rity values on the order of g?(0) > 0.1. Improved purity values
are found for quasi-resonant excitation but no evaluation of the
corresponding brightness is presented.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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