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ABSTRACT

GaAs quantum dots (QDs) have recently emerged as state-of-the-art semiconductor sources of polarization-entangled photon pairs, however,
without site-control capability. In this work, we present a systematic study of epitaxially grown GaAs/Al,Ga;  As site-controlled pyramidal
QDs possessing unrivaled excitonic uniformity in comparison to their InGaAs counterparts or GaAs QDs fabricated by other techniques.
We have experimentally and systematically investigated the binding energy of biexcitons, highlighting the importance of the uniformity of all
excitonic lines, rather than concentrating solely on the uniformity of the neutral exciton as a typical figure of merit, as it is normally done in
the literature. We present optical signatures of GaAs QDs within a range of ~250 meV with a remarkable uniformity within each individual
sample, the ability to excite the biexciton state resonantly, and a systematic study of the fine-structure splitting (FSS) values—features impor-
tant for polarization entangled photon emission. While, in general, we observe relatively large FSS distribution and associated non-
uniformities, we discuss several strategies to suppress the average FSS values to <15 peV.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0030296

Epitaxial semiconductor quantum dots (QDs), although
requiring cryogenic temperature operation, are promising candi-
dates for the realization of quantum technology tasks due to their
on demand characteristics, their potential for integration into a
photonic chip, and their tunable optical properties through and
after growth. Real-world applications will require QD-based non-
classical light sources to meet a long list of requirements: spectral
purity, overall spectral uniformity, brightness, symmetry, pure
single-photon emission, to name but a few. Various growth tech-
niques, such as Stranski-Krastanov processes, droplet epitaxy,
and the recently developed local droplet etching, mostly relying
on molecular beam epitaxy, have been devised." Pure on-
demand,” indistinguishable,”" entangled,”® and bright”* QD pho-
ton sources were reported; however, due to various tradeoffs,
none of the reported state-of-the-art QD-based systems can
simultaneously satisfy all technological demands. Some of the
aspects related to QDs such as site-control or spectral (excitonic

pattern) uniformity are very often left untackled as they are
hardly compatible with the random nature of most QD systems.
To address these challenges, we have long ago adopted a different
QD fabrication approach based on Metal-Organic Vapor Phase
Epitaxy (MOVPE) techniques. The QDs are grown on a (111)B GaAs
substrate pre-patterned by tetrahedral pyramidal recesses.” QD engi-
neering flexibility allowed deterministic control of Ing»5Gag 75As QD
composition, size, and aspect-ratio' —all reflected in highly uniform
spectra, with very often observed high spectral purity, and high density
of polarization-entangled photon emitters.'"'* On the other hand, a
characteristic feature—an antibinding biexciton—of all In,Ga;  As
single QDs, as we observed and reported elsewhere,” compromises
true on-demand entangled photon pair emission under conventional
resonant two-photon excitation (TPE), proven as very effective in a
number of other (with a binding biexciton) QD systems.”'* Also, a
remarkable spectral uniformity of the neutral exciton state of large
pitch In,Ga; xAs QDs comparable to the state-of-the-art 1.4 meV in
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the literature, considering or not other pyramidal systems, ™'* is

largely unmatched by the internal spectral uniformity of individual
QDs. For example, in our In,Ga; (As QDs, the biexciton binding
energy AExy fluctuates independently from the excitonic line position
within the values of the distribution with a full-width half-maximum
(FWHMEyy) of 24 meV or more (a summary will be presented in the
discussion). Effectively, both the exciton and biexciton uniformity
would be of paramount importance in an advanced quantum informa-
tion device design with multiple sources of entangled photons.'”

In order to overcome the latter complications of Ing,5Gag7sAs
QDs and to explore recently highlighted benefits," an approach based
on GaAs as a QD material is reported herein. Pure GaAs QDs in
AlGaAs barriers can be engineered in the site-controlled pyramidal
QD family and, indeed, have historically represented (in just a few ave-
nues, with moderate Al content in the barriers) the first demonstrators
for QD signatures in the system.'®'” Nevertheless, the GaAs QD sys-
tem, when non-resonantly pumped, showed a complex excitonic pat-
tern, with difficult to pin point excitonic transitions, e.g., the biexciton
transition was often buried in manifold excitonic lines. This pushed
historically (in the contest of large pitch pyramids) toward the devel-
opment of InGaAs dots in AlGaAs barriers”’ and (later) to InGaAs
dots in GaAs barriers,”" which showed a reproducible clean excitonic
pattern and have since been the systems analyzed in the literature,
while keeping GaAs pyramidal dots in the domain of growth model
simulation and validation.”** The recently developed GaAs droplet
epitaxy-based GaAs dots show similar excitonic patterns when above
barrier excitation is exploited but have shown very clear excitonic pat-
terns and short lifetimes when resonantly excited.”** These features,
combined with the high structural symmetry of droplet etched dots,
have led to the recent demonstrations of on-demand quantum telepor-
tation and entanglement swapping with quantum emitters.””*°

In view of these findings, we decided to revamp GaAs pyramidal

QDs and explored avenues for their exploitation in quantum informa-
tion applications.

QDs were grown by MOVPE on (111)B oriented GaAs substrates

pre-patterned with either 7.5 or 10 um pitch tetrahedrons. A general
and rather complex QD formation scheme is given in the supplemen-
tary material. The key functional layers, which are relevant in the con-
text of this work and which we are concentrating on, are the
confinement barriers and the active QD layer (whose thickness is not
known with certainty and is given here as nominal growth values
only). Based on the barriers’ composition and structure, two different
approaches have been studied. In the first one, the barriers are com-
posed of 10-100 nm-thick Al,Ga; As, where the nominal aluminum
content has been set between 0.45 and 1, i.e., pure AlAs. In the second
one, a superlattice composed of 25 (0.2nm period) or 50 (0.1 nm
period) AlAs/GaAs pairs was grown. A series of 11 samples with dif-
ferent QD nominal thickness and confinement barriers were studied
(full sample structures and experimental conditions are given in the
supplementary material).

Depending on the nominal QD structure and the confinement
barriers, QD-like spectra with very well reproducible characteristic
excitonic peaks were observed in the range of ~270 meV, between
1.82eV (680 nm) and 1.55 eV (800 nm). It is noteworthy that the typi-
cally observed spectra are remarkably similar to those observed from
GaAs/AlGaAs QDs fabricated by droplet etching” and/or droplet epi-
taxy.””® The exciton (X) and biexciton (XX) transitions were
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identified unambiguously by fine-structure splitting (FSS) and single-
photon cross correlation measurements. Figure 1(a) shows a represen-
tative GaAs/AlygsGagisAs QD spectrum obtained under non-
resonant excitation. Like in other GaAs QDs, the biexciton here is on a
lower energy side with respect to the neutral exciton transition at vari-
ance to their Ing,5Gag7sAs counterparts, which always possess an
antibinding biexciton. We would like to note that one of the most
effective structural differences between the two systems is related to
the base of the self-limiting profile: the dimensions of its area define
the geometry of a QD. As some of us have discussed,” the base size of
the AlyGa, 4As changes from ~60 nm for GaAs to ~10nm for AlAs
(the base, which is the confinement barrier material, is the gallium-
enriched Al,Ga, ,As alloy region, conventionally referred to as a ver-
tical quantum wire (VQWr)*’—see the supplementary material for
broader description). Modeling suggests that QDs confined by
Al Ga; 4As with the growing Al content not only have smaller lateral
dimensions but also will be taller (thicker) at similar nominal thick-
nesses because a similar QD volume will be distributed on smaller
bases. The typical linewidth of the exciton transitions was found to be
in the range of 40-120 peV; however, it was relatively easy to find
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FIG. 1. (a) Spectrum of GaAs/AlygsGag 15As QD with the resolution-limited line-
width below 25 peV. (b) Biexciton binding energy distribution from individual 1 nm
GaAs/Aly 45Gag 55As QDs. (c) Summary of the biexciton binding energy distribution
in GaAs/Aly 45Gag 55As and GaAs/Aly 75Gag 25 As QDs. Given points are the aver-
age values, and the error bars are standard deviations. (d) Summary of the biexci-
ton binding energy distribution in Ing 5Gag 75As/GaAs QDs for comparison. (c) and
(d) are shown in the same energy range of 2.5 meV for comparison purposes.
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individual QDs with a linewidth, which could not be resolved with our
set-up, ie., <25 ueV [Fig. 1(a)]. One of the main reasons of the line-
width broadening can be largely attributed to the wet-etching process-
ing-induced defects, as we typically see strongly degrading spectra
from the pyramids fully released from the supporting substrate.

Figure 1(b) shows the biexciton binding energy AExy distribu-
tion as a function of the neutral exciton wavelength /. in the QDs
with a nominal thickness of 1nm and confined by Al 45GagssAs,
which corresponds to ~Alj sGag g, As composition in the VQWr. In
the given case, the full width at half maximum of the AExy normal
distribution (FWHMAagy,) is 0.15meV—a spectral shape uniformity
that we never observed before. Figure 1(c) summarizes data from sev-
eral different samples with nominal Aly;5Gag,sAs Dbarriers
(~Aly26Gag74 As in a VQWTr). The nominal QD thickness has been
within the range of 0.07 and 0.5 nm. While we saw a clear trend of the
AExx value ascending with the reduction of the QD size, this did not
affect the spectral uniformity we found. A FWHMAug,, as low as
0.107 meV was measured (29 QDs of 0.5 nm nominal thickness used
in the statistical calculation). Figure 1(d) represents AExx distribution
in Ing»5Gag 75As/GaAs QDs, with FWHM g, values in the range of
1.08-1.46 meV. Both distribution graphs show the range of 2.5 meV
to highlight an obvious difference of the uniformity between the two
generations of pyramidal QDs.

While extremely well reproducible spectra have been found in all
the range, the uniformity based on the exciton transition energy Ex
was found to be superior as well: the smallest full width at half maxi-
mum value of the Ex (FWHMyupg,) distribution was found to be
2.45meV (20 randomly selected 0.15 nm GaAs QDs used in the statis-
tical calculation) in comparison to more typical 6.36 meV in the case
of large pitch InGaAs QDs (18 Ing5Gag 75As QDs of 1 nm used).

The characteristic uniform energetic order of the excitonic spec-
tral features, specifically a binding biexciton (Ex > Exx), was found
to be especially advantageous. A few meV binding energy (AExx
= Ex—Exx) allowed a relatively easy implementation of a resonant
two-photon excitation of the biexciton state. The spectrum of a repre-
sentative GaAs/Aly45Gagss As QD under non-resonant continuous-
wave 633 nm excitation is shown in the top graph of Fig. 2(a). The
presence of other transitions than the exciton and biexciton and a typi-
cally low intensity of the biexciton line are strong drawbacks degrading
the performance of a deterministic entangled photon source. Under
resonant TPE excitation [Fig. 2(a), bottom graph], the QD is effectively
coherently addressed, resulting in an emission originating mostly from
the biexciton recombination cascade. A low intensity transition close
to XX is attributed to one of the charged complexes—as a result of a
random QD charging from the vicinity. The coherent nature of the
excitation process is well represented by Rabi oscillations of both, the
exciton and biexciton, up to a pulse area of 77 [Fig. 2(b)]. Figure 2(c)
shows an autocorrelation curve of the X transition. The calculated
g?(0) value of 0.028 + 0.003 (*+3ns range) confirms single photon
emission. Figure 2(d) shows the obtained lifetime decays of the exciton
and biexciton. The XX lifetime was found to be 220 ps. The X kinetics
was found to be more complicated—a biexponential decay with the
lifetime constants of 490 ps and 2 ns. Similarly, slow recombination
dynamics related to the effects of a solid-state environment that resem-
ble a well-known QD blinking mechanism has been observed from
GaAs QDs.”” While the origin of the slow decay is not clear and can-
not be explained at this stage by a simple on/off QD blinking model,
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FIG. 2. The resonant TPE of the biexciton. (a) Spectra of a GaAs/Alg 45Gag 55As
QD under non-resonant (top) and resonant (bottom) excitation. (b) Rabi oscillations.
(c) An auto-correlation curve demonstrating single photon emission with g‘®(0)
=0.028 = 0.003 (*3ns range). (d) The lifetime decays of the exciton and
biexciton.

we would like to stress that the presented results nicely serve as a-
proof-of-principle demonstrating the possibility to populate the biexci-
ton state by the resonant TPE and overcome issues arising in the coun-
terpart Ing ,5Gag 75As QDs due to an antibinding biexciton.

We must note that the efficiency and the recombination dynam-
ics of the TPE process strongly depend on the vicinity of a QD. Several
scenarios have been observed. First, the TPE process can be effectively
suppressed in QDs, which tend to be charged due to non-intentional
background doping. Such QDs, on the other hand, can be efficiently
populated to a trion state with a laser tuned to its excited state. The
second type of TPE complication is induced by the excitation laser.
Due to the presence of shallow states in the bandgap of the confine-
ment barrier material, the laser, even though tuned to a TPE reso-
nance, can create free charge carriers available to populate a QD after
the QD is initialized to the biexciton state. In this case, next to non-
intense X and XX transitions, bright peaks of a positively charged biex-
citon (XX+) are observed. Interestingly, XX+ peaks show Rabi oscilla-
tions as well; however, the presence of these oscillations merely
presents the fact that the QD is coherently populated to the biexciton
state and then, subsequently, is transformed to XX+ through the cap-
ture of a hole. Finally, even in the case of an efficient resonant
excitation-recombination case, we often observe reduced intensity of
the XX state in comparison to X—a deviation from an ideally expected
equality of two events bearing in a single recombination cascade.
Figure 2(b) is a characteristic representation of such a case. We attri-
bute this to the biexciton dissociation event, such as electron-hole pair
depletion within the lifetime of the XX state, rather than to an incoher-
ent X excitation. The intensity difference between X and XX transi-
tions clearly shows pronounced Rabi oscillations matching the ones of
the XX transition, suggesting that the excess X radiative recombination
events are related to the coherent XX TPE process and not to any sort
of incoherent excitation, as for example, we previously observed in
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InGaAs QDs with an antibinding biexciton."” In the given example in
Fig. 2(b), the estimated efficiency of the TPE process by m area pulses
and based on the X transition is 0.94; however, due to the XX state dis-
sociation, the XX population estimated from the actual radiative
recombination is 0.7.

In either excitation-recombination scenario, to have high effi-
ciency of entangled photon emission, control of these TPE blocking
mechanisms will be of paramount importance. To demonstrate an
actual possibility for polarization-entangled photon emission, in gen-
eral, we have added data to the supplementary material (Fig. S4) show-
ing polarization-entangled photon emission from a different sample
under non-resonant excitation conditions. As we discuss below, the
QD symmetry optimization approaches are essential to ensure high
quality of entanglement.

The resonant TPE scheme was effective in a majority of tested
QDs from the specific studied sample; however, in none of the cases,
we could measure polarization entanglement between the biexciton
and exciton due to the non-vanishing fine-structure splitting (FSS).
The representative QD shown in Fig. 2 had the FSS equal to 14 peV,
and the overall distribution from this GaAs/Alj 45Ga 55 As sample was
found to be 60 * 38 peV, with, in general, no specific crystallographic
orientation as expected, but often also affected by local sample area
features (these being processing related or other and cannot be dis-
cussed here). Such a broad distribution of large FSS values is in contra-
diction with the generally accepted picture of (111) oriented QDs as
intrinsically highly symmetric.”' By several different QD fabrication
approaches, it was demonstrated that (111) oriented QDs indeed have
smaller FSS values'>**** than conventional Stranski-Krastanov QDs,
but they rarely all have sufficiently small FSS values for an efficient
bright entangled photon emission. For example, our state-of the-art
result, samples with an average exciton FSS equal to ~3 ueV, can be
recreated only in a narrow energy range of ~25meV.'" Several inter-
nal and external perturbations are possibly affecting the symmetry of
carrier confinement potential. Among the most effective ones that
were theoretically and experimentally identified are the ones related to
alloy disorder effects, either internally to a QD or indirectly from the
confinement barrier material™ (e.g., the VQWTr disorder in our case).
To test how Al,Ga; ,As barriers and QD structural properties affect
the FSS, we have developed several QD design strategies. Most relevant
results are summarized in Fig. 3.

First, a series of samples with different aluminum contents (0.45
< x<1) in the barriers was prepared. We observed a general FSS
reduction trend with increasing Al content. QDs with pure AlAs con-
finement barriers (only 10 nm thick in these samples on top of an
AlGaAs barrier) had the smallest FSS with an average value of 11 + 8
ueV—a reduction that we attribute to the reduced alloy disorder
effects. Indeed, in AlAs barriers, alloy disorder should be absent; thus,
the residual FSS is most likely caused by a different phenomenon,
while we cannot exclude that thicker AlAs layers would help more. It
is also highly possible that small structural asymmetries are more
effective due to a smaller QD base. However, without the QD morpho-
logical characterization, this statement is speculative at this stage.

Second, we systematically altered a QD thickness (nominally
0.035-0.5nm) confined by Al ;5Gag,5 As barriers (~Aly,6Gag 74As in
a VQWTr). We observed the FSS and its distribution reduction trend
within thinner QDs (Fig. 3). QDs with a nominal thickness of 0.07 nm
were characterized by an average FSS of 14 = 10 ueV. A very similar
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FIG. 3. Average fine-structure splitting of GaAs QDs with different designs: nominal
thickness and/or confinement barrier type. See Fig. S2 and tables with the sum-
mary of the full epitaxial structure in the supplementary material. Percentages in the
legend refer to the AlGaAs nominal barrier Al content.

trend has been observed within the Ing,5Gag7sAs QD counterparts,
where the most symmetric QDs were the thinnest with the ground
states approaching the top of the confinement barriers.'' Carrier wave-
functions’ leakage to the barriers, which reduces electron-hole
exchange interaction and thus fine-structure splitting,”* could explain
the observed FSS reduction trends. We do not show results from the
thinnest 0.035 nm QDs as we could not identify X and XX transitions
due to a very weak or absent intensity of the biexciton and actually a
small FSS of all the observed peaks.

Finally, we adopted a third, and the most promising, strategy—a
QD confinement by GaAs/AlAs superlattices. 20 periods of nominal
0.1 or 0.2 nm thickness were grown on both sides of a QD. The aim of
introducing a digital alloy superlattice was to minimize alloy disorder
effects (without expecting any zeroing obviously in view of always pre-
sent interface disorder effects) occurring within the conventional
AlGa, 4As. Such a digital alloy superlattice of GaAs/AlAs is expected
to act as an effective AlysGag s As barrier providing confinement for a
QD, however, without alloy disorder effects. By introducing this
design, we systematically could reduce the FSS values below 15 peV,
with the best average value of 6 + 4 eV in QDs with 0.85 nm as nom-
inal thickness (polarization entanglement data obtained under non-
resonant excitation conditions from one of the QDs of this sample are
shown in the supplementary material).

In summary, we have presented a design and systematic study of
GaAs site-controlled pyramidal QDs possesing properties highly
promising for advanced quantum optics applications. A remarkable
state-of-the-art spectral (excitonic pattern) uniformity between indi-
vidual QDs has been demonstrated as a signature of the overall mor-
phological uniformity. The characteristic feature, a binding biexciton,
of all GaAs QDs was found to be advantegous to overcome complica-
tions related to an antibinding biexciton in the counterpart
Ing,5Gag 75As QDs for resonant two-photon excitation of the biexci-
ton state. Such TPE ability has been demonstrated. We presented
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several routes to minimize the fine-structure splitting in the QDs. The
approach based on a Ga/Al digital alloy superlattice as the confine-
ment barrier was found to be the most promising one even if more
work is needed to further reduce the residual FSS.
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