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Strain-Free GaSb Quantum Dots as Single-Photon Sources

in the Telecom S-Band

Johannes Michl,* Giora Peniakov, Andreas Pfenning, Joonas Hilska, Abhiroop Chellu,
Andreas Bader, Mircea Guina, Sven Hofling, Teemu Hakkarainen,

and Tobias Huber-Loyola*

Generating single photons in the telecommunication wavelength range from
semiconductor quantum dots (QDs) and interfacing them with spins of
electrons or holes is of high interest in recent years, with research mainly
focusing on indium-based QDs. However, there is not much data on the
optical and spin properties of gallium antimonide (GaSb) QDs, despite it
being a physically rich system with an indirect to direct bandgap crossover in
the telecom wavelength range. This work investigates the (quantum-) optical

1. Introduction

Non-classical light sources are a major
building block in quantum communi-
cation applications as well as for pho-
tonic quantum computing.!!l Compared
to several other physical systems like va-
cancy centers in diamond?! and trapped
atoms,l?! which can provide single pho-

properties of GaSb QDs, which are fabricated by filling droplet-etched
nanoholes in an aluminum gallium antimonide (AlGaSb) matrix.
Photoluminescence (PL) features from isolated and highly symmetric QDs are
observed that exhibit narrow linewidth in the telecom S-band and show an
excitonic fine structure splitting of up to AE;ss = (12.0 + 0.5) peV. Moreover,
time-resolved measurements of the decay characteristics of an exciton are
performed and the second-order photon autocorrelation function of the
charge complex is measured to g?(0) = 0.16 + 0.02, revealing clear
antibunching and thus proving the capability of this material platform to

generate non-classical light.
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tons, semiconductor quantum dots (QDs)
offer superior optical properties like low
multi-photon contribution'*® and high
indistinguishability.["-10]

Protocols for secure long-range com-
munication like quantum key distribution
(QKD)M call for the exploitation of existing
fiber networks, or costly satellite.'?] Emis-
sion wavelengths in the telecommunication
spectral window are of particular interest
since they offer the least absorption and
wave packet dispersion of photons in op-
tical fibers. The experimental implementa-
tion of QKD protocols has succeeded in over
several hundred kilometers of optical fiber
using modulated laser pulses.[] However,
the usage of weak laser pulses introduces multi-photon events
offering possibilities for eavesdropping, which must be miti-
gated by more complicated protocols. Furthermore, weak coher-
ent pulses are fundamentally limited in photon indistinguisha-
bility due to their Poisson statistic and therefore outperformed
by single photon sources like QDs in most QKD applications as
soon as interference is required.[**]

In the near infrared (NIR) regime, gallium arsenide (GaAs)
QDs have shown to be a source of highly indistinguishable pho-
tons with near-unity visibility.'>] These photons were used in the
telecom range to demonstrate two-photon interference from few
kilometers!'®! to over 300 km of optical fiber using frequency con-
version techniques.!'”) Furthermore, for photons generated di-
rectly in the telecom C-band quantum teleportation and interfer-
ence of a single photon with a laser qubit has also been demon-
strated recently.'8]

This shows that QDs in various material platforms can provide
highly indistinguishable single photons in the telecom range
to scale future experiments to measurement device indepen-
dent quantum key distribution (MDI-QKD)*?) and to extend
to quantum repeaters.?% Over the last few years, several QD

© 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH


http://www.advquantumtech.com
mailto:johannes.michl@physik.uni-wuerzburg.de
mailto:tobias.huber@physik.uni-wuerzburg.de
https://doi.org/10.1002/qute.202300180
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fqute.202300180&domain=pdf&date_stamp=2023-10-17

ADVANCED
SCIENCE NEWS

ADVANCED
QUANTUM
TECHNOLOGIES

www.advancedsciencenews.com

(@)
15 nm GaSb
50 nm AlAsSb

100 nm Al,5Gay,Sb

aw.,

¥~ab
100 nm Al ;Ga, ,Sb

50 nm AlAsSb
100 nm GaSb buffer

500 pm n-GaSb substrate

www.advquantumtech.com

(b)

e A

Figure 1. Sample design and layer structure. a) Detailed schematic of the layer sequence. A GaSb substrate and buffer is used, followed by 50 nm of
AlAsSb. The droplets are etching holes into a 100 nm layer of Al 3Ga, ;Sb which are then filled with GaSb, followed by an Aly ;Gag ;Sb layer of identical
thickness as the first. The layer structure ends with 50 nm of AlAsSb and a 15 nm GaSb cap. b) Simplified, artistic view of the sample, including the filled
nanohole forming a QD, surrounded by the quantum well (QW) area. A solid immersion lens is placed over the whole sample, increasing the collection
efficiency of the emitted photons (depicted as bright light bundles). The laser is drawn as a red, Gaussian shaped beam.

material platforms like indium (gallium) arsenide (In(Ga)As)/
GaAs and indium arsenide (InAs)/indium phosphide (InP)?!
have emerged as resources for non-classical light in the wave-
length range ~1550 nm.[??] In particular, the use of a metamor-
phic buffer (MMB) layer was utilized to shift the emission of
InAs QDs into the telecom rangel?! creating single photons!?+2]
and polarization-entanglement.?®] First attempts to increase
collection efficiency in free spacel?’-?%] as well as fiber-coupled by
integrating telecom InAs QDs into photonic structures?’! have
been demonstrated, and first steps into plug and play devices
for quantum key distribution (QKD) in the telecom O-band have
been realized.l*"!

While all these approaches cover the need for low losses on the
photonic side, the other pressing requirement for memory-based
quantum repeaters is control over the matter qubit, which in the
case of QDs is the electron or hole spin. In previous works on
InAs/GaAs QDs, we have shown the demonstration of full co-
herent control of a spin-qubit emitting in the telecom C-band.?!]
However, the spin coherence times were very short (T," = 240
pstl), limiting the usability of the system when approaching im-
plementation of the QDs in quantum repeater applications. The
times to which the coherence of an optically active spin-qubit can
be extended (e.g. through dynamical decoupling techniques) are,
amongst others, governed by the nuclear spins.l*?) In this indium
plays a dominant role as was experimentally shown in recent
years,[*’l as it has a large nuclear spin of s |, = % (In comparison:

Snas = %, SNGa = %, Snsh = %).An example of an indium-free ma-
terial platform is GaAs QDs, grown by droplet etching epitaxy on
aluminum gallium arsenide (AlGaAs), which has been shown to
be a source of non-classical light of high qualityl**! in the wave-
length range of 780 nm. Using GaAs QDs and exploiting decou-
pling techniques, recent work could extend electron spin coher-
ence times into the millisecond range.® Indium-free QDs are
thus very promising to extend the coherence times of semicon-
ductor QDs, but the GaAs material system is limited to the short
wavelength range. GaSb QDs are a promising indium-free QD
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candidate to make comparably long coherence times also avail-
able in the telecom wavelength range.

In this work, we investigate the unexplored quantum-optical
properties of GaSb QDs, grown by local droplet etching of
nanoholes and subsequent filling. We show first results of time-
resolved as well as autocorrelation measurements of emission
features from single GaSb QDs emitting in the telecom S-band.
Our results pave the way to exploit this material platform, which
combines the low losses of photons in the telecom range with
possibly long spin coherence times due to the lack of indium.

2. Sample Design and Heterostructure Growth

The GaSb QDs investigated in this study were grown by solid-
source molecular beam epitaxy (MBE) on GaSb(100) substrates
by GaSb filling of nanoholes etched into AlGaSb via local
droplet etching.’®! This method was first developed for the
GaAs/AlGaAs system!?7%] and has been recently extended to the
GaSb/AlGaSb system (see previously published articles,[*>* in-
cluding more details on the growth of our sample).

The exact heterostructure is provided in Figure 1a. After oxide
desorption, the growth process is started by depositing a 100 nm
thick GaSb buffer followed by 50 nm of aluminum arsenide anti-
monide (AlAsSb) and 100 nm of aluminum gallium antimonide
(Aly3Gay,Sb). The local droplet etching is initiated by deposit-
ing 1.5 monolayers (MLs) of Al with a 0.3 ML s™' flux at a tem-
perature 395 °C under a low Sb-flux of 0.07 ML s~!. The excess
Al forms a uniform distribution of metal droplets on the surface
with a density of 2.6 X 10’ cm~2, which then etch into the under-
lying Al ;Ga,,Sb matrix forming ~ 12 nm deep nanoholes.[*"]
The nanoholes are subsequently filled by GaSb and then encap-
sulated by Al;,Ga,,Sb. In this study, a thickness of the GaSb-
filling layer of 20 ML was used. To promote carrier capture into
the QDs, the Al ;Ga,;Sb /GaSb-QD/ Al ;Ga,,Sb structure was
encased within AlAs jsSb ,. The topmost AlAs, s Sb, o, is pro-
tected from atmospheric oxidation by a thin 15 nm GaSb capping
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layer. For more efficient collection of the emitted PL, a solid im-
mersion lens (SIL) was placed over the whole sample, as can be
seen in the artistic drawing of our sample in Figure 1b.

3. Experimental Data and Discussion

3.1. Setup and Methods

The sample was mounted in a closed-cycle cryostat, which allows
for keeping a stable position for up to several weeks while keeping
the sample at a base temperature of T = 1.57 K. For excitation, a
fiber-coupled continuous-wave laser with a wavelength of 940 nm
was used (further called cw-laser) as well as a ps-pulsed optical
parametric oscillator (OPO) with identical wavelength as the cw-
laser and a repetition rate of 80 MHz (further called pulsed laser).

In the detection path, polarization optics (quarter-wave plate,
half-wave plate, and linear polarizer, further called QWP, HWP,
and LP) were installed, to perform polarization-resolved PL-
measurements. The QD signal was then fiber coupled and an-
alyzed in a 750 mm Czerny-Turner spectrometer for its spec-
tral components and detected with an indiumgalliumarsenide
(InGaAs)-camera. A fiber-coupled variable bandpass filter was
used to isolate single emission lines from individual charge com-
plexes for further analysis. To resolve the signal temporally, the
filtered signal was redirected onto superconducting nanowire
single photon detectors (SNSPDs), connected to correlation elec-
tronics, which can be triggered by the laser.

3.2. u-PL Spectra and Characterization

The fundamental optical properties of individual GaSb QDs are
studied by means of micro photoluminescence (u-PL). The aver-
age QD density of 2.6 x 10’ cm™? ensures that individual QDs can
be addressed and excited. In agreement with earlier reports,!*!
we could observe PL-emission in the telecom S-band at ~1470
nm.
Figure 2a depicts a spectrum that was obtained by exciting the
QD with a wavelength of 940 nm, an excitation power of P = 1.89
uW and an integration time of 100 s. The most prominent emis-
sion feature (referred to as main peak from now on), is located at
~ 1469.2 nm and highlighted by the red background in the spec-
trum. Surrounding it are various other discrete recombination
features at higher wavelengths. These characteristics look similar
to the PL from GaAs QDs, grown via droplet etching, under non-
resonant excitation.*!l To analyze the underlying dynamics be-
tween the emission features and to identify the nature of the stud-
ied charge complex, we performed a power series. For this, we
increased the laser pump-power from 0.27 to 3.84 uW and mea-
sured the PL emission spectra. Every such acquired spectrum was
fitted with a Lorentzian multipeak fit to track the evolution of the
peaks. The inset in the upper right corner of Figure 2a depicts
the integrated intensity of the main peak, extracted from the fits,
as a function of the excitation power on the double-logarithmic
scale. A linear fit to the logarithmic axes yields a power-law coef-
ficient of 1.03, pointing toward emission from a neutral exciton
or a trion. For P > 2.5 pW, the main peak PL-intensity saturates.

Further information about the nature of the observed charge
complexes was gathered by performing a polarization series. A
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structural asymmetry of the QD leads to a mixing of the spin
states of the exciton and results in a fine-structure splitting
(FSS),*?l while a trion on the other hand would not show any
dependency on the polarization angle.[*?] For this measurement,
we placed a HWP in front of a LP in the detection path and ro-
tated it from 0° to 180°, to measure the polarization-dependent
spectra in all rectilinear projections. The normalized spectra are
displayed in Figure 2b as a function of wavelength and HWP ro-
tation angle in a colored contour plot. The main peak displays a
subtle, visible oscillation with the rotation angle that can be fur-
ther quantified by fitting the series, as is depicted in Figure 2c. A
sinusoidal fit to the peak position versus the rotation angle yields
a splitting amplitude of AApgg = (0.021 + 0.001) nm correspond-
ing to AEggg = (12.0 + 0.5) peV, respectively. Together with the
above analyzed power dependency of the peak intensity this sug-
gests that the investigated charge complex is an exciton with a
small FSS, which can be attributed to the slight asymmetry of the
QDs. All the other emission lines in the shown spectrum show
no polarization dependency. Furthermore, this is the largest FSS
we found on this sample. This observation is in agreement with
AFM and PL data from previous works!*] and strengthens our
hypothesis that the measured QDs have low asymmetry.

3.3. Quantum-Optical Properties

To investigate the quantum-optical properties of the identified ex-
citon, we performed a series of time-resolved measurements. We
filtered the spectral line of the main peak using a variable band-
pass filter and measured with a temporal resolution of about 20
ps using SNSPDs and correlation electronics.

3.3.1. Time Resolved Photoluminescence

By analyzing the temporal evolution of the PL-intensity measured
on the SNSPDs, insight can be gained into the fundamental dy-
namics of charge carriers in our sample. For this, the pulsed laser
was synchronizing the correlation electronics and set to an exci-
tation wavelength of 940 nm. A pulse duration of ~ 2 ps was used
to excite the QD.

Figure 3a displays the time resolved PL data, with the spectrally
resolved filtered main peak as an inset in the upper right corner.
One can see clearly that there is a filling process of significant
time.

Under above-bandgap excitation, multiple charge injection
and decay channels are bound to contribute to the observed tem-
poral signature, forming a complex system of coupled and time
dependent populations. The details of the energy structure of the
investigated GaSb QDs, including wavefunctions, effect of QD
size on direct-indirect crossover, and allowed dipole transitions
are reported in detail in another work of this group.!*}]

To account for these charge carrier dynamics here, we assume
the model that is illustrated in Figure 3b, where at a time t, after
the laser pulse there are three reservoirs (QD, QW I'-valley and
QW L-valley) with three initial populations (x,, G, and L,) and
time dependent evolutions (X(t), G(t) and L(t)), respectively. The
proposed model includes the I' and L-valley populations for the
QW,[**] because at the given QW thickness the system is close
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Figure 2. Micro photoluminescence for QD charge complex characterization. a) PL spectrum, acquired at T = 1.57 K with 100 s integration time under
excitation with 940 nm. The brightest line is observed at #1469.2 nm (main peak) and highlighted with a red square background in the plot. The green
dashed lines indicate the wavelength range resolved in (b). (Inset) Peak intensity of the main peak, vs. excitation power. Plotted on the double logarithmic
scale, a power law coefficient of 1.03 can be derived from a linear fit function (solid red line). The PL intensity saturates for powers > 2.5 uW. b) False
color plot of the normalized PL-spectra of a polarization series with the y-axis displaying the rotation of the HWP from 0° to 180°. A slight oscillation of
the main peaks center wavelength position with the HWP rotation angle is visible, which is further quantified in (c). Here, the position of the main peak is
extracted from a series of fits and plotted versus the HWP rotation. A sinusoidal fit to the data yields a fine structure splitting of AArsg = (0.021 + 0.001)
nmor AEgss = (12.0 = 0.5) peV, respectively. The data displayed in this figure suggest, that the investigated charge complex is an exciton with small FSS.

to the I'-L crossover point (cf. Figure S2, Supporting Informa-
tion). Moreover, the L-valley of the QW has a higher density of
states than the I'-valley owing to the effective mass difference
(applies also to the barrier), thus the L-valley population for the
QW should be considered in case of above-bandgap excitation.
The transition from L- to I'-valley can take place by intervalley
scattering.[*>#¢] Further details on the model are provided in the
supplementary material. Equation (1) formulates the set of cou-
pled differential equations which we use to describe the dynamics
in this system:

Xt =—-aX({t)+bG(t) X (0) = x,
G =—(b+c) GH)+dL(t),1G (0) =G, (1)
L)=—-dL(t) L(0)=1L,

Adv. Quantum Technol. 2023, 6, 2300180 2300180 (4 of 7)

The temporal evolution of the QD charge carrier population is
governed by the decay rate “a” of excitons and the filling rate “b”
from the QW I'-valley. Meanwhile, the population in the I'-valley
is diminished through this decay to the QD, but also through ra-
diative decay directly to the ground state with rate “c”. The QW
L-valley fills the I"-valley with a rate “d”. Here, the letters a—d cor-
respond to the rates (i.)-(iv.) in Figure 3b.

Considering the above given rate equations, the experimen-
tally acquired data can be described by the time dependent
evolution X(t). The set of differential equations is therefore
solved (cf. supplementary material, Equation S1, Supporting
Information) and fitted to the data as a solid red line in Figure 3a.
Since our rate equation starts with a given filling at time zero
and not with a temporal finite excitation pulse, an error function
with width ¢ is multiplied to X(t). Our true zero where the QD is
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Figure 3. Temporal evolution of charge injection into and decay of excitons in the QD. a) Time resolved PL-intensity of the filtered emission line, which
is displayed in the upper right inset (10 s integration time, on spectrometer). The red line is a fit to the data as detailed in the main text and yields a
QD PL lifetime ofT)]< = (431 £ 10) ps. b) Theoretical model of the contributing processes. Rates, that must be considered for solving the differential
equation describing the observed time trace, are: i) radiative decay of charge carriers in the QD excited state to the QD ground state, ii) filling of the QD
through relaxation from the QW I'-valley, iii) direct radiative decay from the QW TI'-valley to the ground state, and iv) scattering from the QW L-valley to
the I"-valley. Together with initial populations for QD, I'-valley and L-valley, these rates form the system of coupled differential equations described in

Equation (1).

filled and starts to decay is at about 1 ns in Figure 3a. From the
fitted parameter a, the radiative lifetime T} = (431 + 10) ps can
be inferred. A simple exponential fit, which would not follow our
rate equation, would give a lifetime of (930 + 9) ps, when fitting
only times larger ¢ > 4 ns.

From the rate equation, the decay time of the QW to the QD
can be determined to 4.35 ns and is therefore the dominating
process for the overall shape of the time trace. The slow trapping
rate from QW to QD is consistent with the presence of an en-
ergy barrier of 5 meV observed for the GaSb QDs in temperature-
dependent PL.[*] Additional data on the time-resolved PL char-
acteristics of GaSb/AlGaSb QWs that support our model can be
found in the supporting information (Figures S2-S5, Supporting
Information).

Note that our model does not capture the underlying physics
that are introduced by QD shape or strain that can be modeled
by various methods.I*’] It is rather a minimal phenomenologi-
cal model, based on reasonable assumptions that can reproduce
our data well. Band mixing of the QD states cannot be confirmed
nor excluded from our data. However, even with mixed bands
there is only a single ground state for the exciton. With mixing
included, the indirect state of the GaSb QW is located in between
I'- and L-valley, but the physics would remain the same for the
rate model.[*¥]

Our time resolved investigations of the excitonic emission line
show that under above-bandgap excitation of a reservoir of charge
carriers, the complex filling processes from the L- and I'-valley of
the QW to the QD play a predominant role. While these dynamics
are of fundamental interest, they also show the need to excite the
QDs resonantly in further experiments, as this will eliminate the
filling through the QW. Under resonant pumping, an exponential
fit of the time trace of the exciton would directly yield its radiative
lifetime. Furthermore, resonant pumping could suppress the de-
layed re-excitation during one laser pulse from a reservoir, which

Adv. Quantum Technol. 2023, 6, 2300180 2300180 (5 of 7)

strongly affects the single photon characteristics as we show in
the following paragraph.

3.3.2. Second Order Autocorrelation Measurement

To evaluate how well single photons, originating from the dis-
crete energy levels inside the QD, can be separated from any
unwanted multiphoton background, we performed second order
photon autocorrelation measurements. The same excitation con-
ditions as for the measurement of the excitonic time trace were
used. In this case, however, the signal was channeled through a
50:50 fiber beam-splitter onto two different channels of the sin-
gle photon detectors that were connected to the correlation elec-
tronics. The correlation electronics were not synchronized to the
laser any longer but operated in a “start/stop” manner, where one
of the SNSPDs started the correlation measurement, while the
other stopped it.

Figure 4 displays the autocorrelation measurement as a his-
togram of background corrected coincidences versus time delays
At between detection events on the two detectors. The autocor-
relation measurement, which is an approximation to the second
order correlation function g®(At), shows a clear antibunching
behavior of photons around zero time delay. To quantify the value
of g at zero time delay, the counts accumulated in the zero
peak are normalized on the average of the accumulated counts
in each side peak. The coincidence window, that is, the width of
the integration, is set arbitrarily such that most of the counts are
included, which in our case results in 8 ns. This yields a value

) (0) = 0.16 + 0.02, which is about half the value from the

gcorrected

raw data (g, (0) = 0.32 + 0.01). However, we want to describe
the source as precisely as possible, and our detectors have a
significant dark count rate compared to the rate of detected pho-
tons. Thus, we believe the background corrected value, where
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Figure 4. Autocorrelation measurement of the exciton recombination photons in Hanbury Brown-Twiss configuration. For zero time delay At, the number
of measured coincidences is significantly lower than for non-zero delay times. Comparing the averaged integrated counts of peaks for t > 0 s with the
peak at ty = O's using equal integration widths of 8 ns, one can derive a g (0) value of 0.16 + 0.02. Upper right inset: Magnified depiction of the observed

dip in the central peak region, indicated by the red squares.

the background is calculated from independently measured
dark-/ signal count rates reflects the source properties better.
Details on the calculation of the background level as well as
the data without background correction (Figure S1, Supporting
Information) can be found in the supplemental information.

The inset in the upper right corner of Figure 4 zooms into
the central peak, displaying an additional dip in the coincidence
counts at At = 0 that reaches down near zero counts. We believe
that the counts close to zero time delay accumulated in the cen-
tral peak, which contribute mainly to the non-zero g2(0) value,
are a direct result of the refilling from the QW, as explained in
the lifetime measurement (see section 3.3.1). This leads to mul-
tiple excitations during one laser pulse. While this increases the
number of photons contaminating the single-photon character-
istics of our non-resonantly excited source, it demonstrates the
high potential of GaSb QDs to be good single photon sources
when excited resonantly.

4, Conclusion

We have investigated the characteristics of narrow-linewidth PL-
features from GaSb QDs, analyzing time resolved PL and the sec-
ond order correlation function of a stream of photons from an
exciton that are the first measurements of their kind on this ma-
terial platform.

Exciting above-bandgap, the fine structure splitting of the exci-
ton could be determined to AEpgq = (12.0 + 0.5) peV. Moreover,
the time-resolved signature of the exciton recombination pho-
tons reveals a slow rise of the PL intensity after excitation. This
slow rise points toward the existence of multiple charge injection
channels. By solving a system of three coupled differential equa-
tions, we have been able to fit the data, extracting the radiative life-
time of the exciton to be T} = (431 + 10) ps. The complex filling
mechanisms from the QW I'- and L-valley when exciting above

Adv. Quantum Technol. 2023, 6, 2300180 2300180 (6 of 7)

bandgap also reflect in the autocorrelation measurement, where
double excitations during one laser pulse could be observed.

Nevertheless, we have been able to prove the non-classical na-
ture of the PL of the investigated charge complex by measuring
a g?(0) value of 0.16 + 0.02. A drop of correlated count-events at
zero delay time suggests that GaSb QDs have a high potential to
be good sources of single photons under resonant pumping.

Supporting Information

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