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Single-photon superradiance from a quantum dot
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We report on the observation of single-photon superradiance from an exciton in a semiconductor
quantum dot. The confinement by the quantum dot is strong enough for it to mimic a two-level atom,
vet sufficiently weak to ensure superradiance. The electrostatic interaction between the electron
and the hole comprising the exciton gives rise to an anharmonic spectrum, which we exploit to
prepare the superradiant quantum state deterministically with a laser pulse. We observe a five-fold
enhancement of the oscillator strength compared to conventional quantum dots. The enhancement
is limited by the base temperature of our cryostat and may lead to oscillator strengths above 1000
from a single quantum emitter at optical frequencies.

Enhancing and tailoring light-matter interaction is at
the heart of modern quantum physics, partly because it
enables studying hitherto unexplored realms of physics
and partly to meet the steep requirements for quantum-
information science. Photonic nanostructures efficiently
tailor the density of optical states and have proven very
useful to this end. For example, cavities can reach strong
coupling to emitters [1, 2] or mechanical objects [3], and
photonic waveguides enable efficient photonic switches [4]
and single-photon sources [5]. Another approach to en-
hancing light-matter interaction concerns tailoring the
capability of the emitter to be polarized, i.e., the oscil-
lator strength. This can be achieved with collective ef-
fects such as superradiance [6], which has been studied
in ensembles of atoms [7], ions [8], Bose-Einstein con-
densates [9], and superconducting circuits [10]. Collec-
tive enhancement can occur at the single-photon level if
a single quantum of energy is distributed coherently in
an ensemble [6]. This single-photon superradiance (SPS)
has been studied so far in ensembles of non-interacting
emitters such as nuclei [11], and is central to schemes
for robust quantum communication [12] and quantum
memories [13]. A drawback of non-interacting systems
is their harmonic energy structure, which prohibits de-
terministic preparation of a particular collective state.
Here we show that the fundamental optical excitation of
a weakly confining quantum dot is a generalization of
SPS. We prepare the collective quantum state determin-
istically with a laser pulse and demonstrate its superradi-
ant character. Our findings underline the extraordinary
potential of weakly confining quantum dots for achieving
unprecedented light-matter coupling strengths at optical
frequencies, which would improve the radiative efficiency,
quantum efficiency, quantum nonlinearities, and coher-
ence of single-photon sources in nanophotonic quantum
devices [14].

We study quantum dots formed by intentional mono-
layer fluctuations of a quantum well, which were pio-
neered by Gammon et al. [15], cf. Fig. 1(a). The sub-

wavelength size of the quantum dot is key to achieving a
large collective enhancement; in larger ensembles, such
as atomic clouds, the enhancement is reduced by de-
structive interference [6, 16]. The fundamental optical
excitation of the quantum dot is an electron-hole pair
bound by electrostatic attraction and quantum confine-
ment, i.e., an exciton. We demonstrate that the exciton
recombines radiatively with a quantum efficiency above
98 %, which is the highest reported on quantum dots so
far [17-19]. The resulting single photons inherit the su-
perradiant character in the form of an enhanced emission
rate compared to conventional strongly confining quan-
tum dots. We employ a recently developed method ex-
ploiting the fine structure of the exciton [19] and measure
an oscillator strength of up to 96. The corresponding su-
perradiant enhancement of about 5 is limited by the base
temperature of our cryostat (7K) and could potentially
be orders of magnitude larger at temperatures below 1 K.

The hallmark of SPS is the symmetric collective quan-
tum state [6],

v) = jﬁgmlgz...ej-..gm, (1)

where N is the number of emitters, the j-th emitter is
in the excited state |e) and all others are in the ground
state |g). The remarkable property of |¥) is that it in-
teracts with light N times stronger than a single emitter.
This state describes a non-interacting ensemble, where
the excitation is localized in a single emitter at a time as
depicted in Fig. 1(b). In a system of interacting particles,
such as a semiconductor quantum dot, the wavefunctions
of the underlying atoms overlap, leading to delocalized
excitations. This destroys the collective enhancement of
light-matter interaction and causes conventional quan-
tum dots to exhibit small oscillator strengths of about
10, despite that they embody tens of thousands of atoms.

The spatial extent of delocalized excitations is a fun-
damental property of semiconductors and is determined
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FIG. 1: Superradiant excitons in quantum dots. (a) A quan-
tum dot defined by intentional monolayer fluctuations weakly
confine electrons (e) and holes (h), which are mutually bound
by electrostatic attraction. Notably, the spectrum is anhar-
monic due to interactions, i.e., the energy Aiwxx of a biexciton
is less than the energy hwx of a single exciton. The swirling ar-
row indicates superradiantly enhanced light-matter coupling.
(b) SPS is defined in an ensemble of non-interacting emit-
ters as a symmetric superposition of different excitations. (c)
The excitonic enhancement of light-matter interaction may
be regarded as a generalization of SPS: the exciton is a sym-
metric superposition of excitations. (d) Measured photolu-
minescence spectrum at 10% of the exciton saturation power
Py = 200nW. Only the exciton is observed. (e) At the sat-
uration power, the biexciton becomes discernible. (f) The
excitons and biexcitons are distinguished by their power-law
dependence on excitation power, P: the fits yield P°®5 and
P20l respectively.

by the size of an exciton. Enhancement of light-matter
interaction can therefore be achieved only in quantum
dots that are larger than the exciton radius. This regime
is known as weak confinement and the enhancement of
the light-matter coupling in weakly confining quantum
dots was first predicted by Hanamura [20] and dates back
to early theoretical studies of impurities in semiconduc-
tors [21]. Here we show that this effect is equivalent to
SPS, and the exciton state can be written as, see Supple-

mentary information,

x(R,r) = Z c(Rj)ox (R — Ry, 1), (2)

where r (R) is the relative (center-of-mass) electron-hole
coordinate, and the index j runs over the unit cells con-
stituting the quantum dot. The function ¢x describes an
exciton with the size and oscillator strength of a conven-
tional quantum dot, while c is responsible for the collec-
tive enhancement as illustrated in Fig. 1(c). The light-
matter coupling is proportional to the number of atoms
comprising the weakly confining quantum dot. This anal-
ysis shows that this effect is a generalization of SPS, cf.
Figs. 1(b,c), and the two effects are equivalent if ¢ is con-
stant throughout the quantum dot. The constant phase
of ¢ found for ground-state excitons with s-like symmetry
ensures constructive interference among the excitations
defined by ¢x.

An exciton governed by Eq. (2) has been long sought
in solid-state quantum optics [22] because it can lead
to large oscillator strengths. Realizing weakly confining
quantum dots has been a challenge so far because it re-
quires precise control over growth parameters to obtain
a homogeneous potential profile over extended length
scales. Previous studies on large quantum dots [18, 19]
revealed small oscillator strengths, which is believed to
be caused by inhomogeneous potential profiles within
the quantum dots. Previous works [23, 24] found fast
recombination rates in gallium-arsenide quantum dots
but without rigorous information about the impact of
non-radiative processes, see Supplementary information
for further discussions. The measured spectra shown in
Fig. 1(d) and (e) were obtained by exciting in the quasi-
continuum energy band of the quantum well as discussed
below. An exciton and a biexciton are identified as shown
in Fig. 1(f). These quasi-particles radiate at different fre-
quencies, cf. Fig. 1(e), which reflects the spectral anhar-
monicity of the quantum dot.

To identify proper excitation conditions of the quan-
tum dot, we probe the spectrum of states with
photoluminescence-excitation spectroscopy as displayed
in Fig. 2(a). The spectrum shows a quasi-continuum
band of quantum-dot states hybridized with quantum-
well states as well as the exciton manifold in which we
identify the 1s, 2s, and 3s states of two-dimensional ex-
citonic hydrogen [25]. Key features of the spectrum are
summarized in Fig. 2(b). We use two excitation condi-
tions to prepare the 1s exciton: i) Pumping in the quasi-
continuum band of states (C-type excitation) allows ex-
tracting the impact of non-radiative processes governing
the 1s exciton decay. Since the quantum dot traps carri-
ers with random spin, equal populations of spin-bright
and spin-dark 1s excitons are prepared. While only
bright excitons emit light, the dark excitons influence
the decay dynamics and play a key role in revealing non-
radiative effects (see Supplementary information). ii) De-
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FIG. 2: Deterministic preparation of superradiant excitons.
(a) Photoluminescence-excitation spectrum obtained by inte-
grating the emission of the 1s transition while scanning the
excitation wavelength. It features a quasi-continuum and re-
solves the lowest-energy states of the exciton manifold, la-
beled 1s, 2s, and 3s. (b) Two excitation schemes are used
in our study. With C-type excitation, an equal bright- and
dark-exciton population is prepared, which is important for
extracting the impact of non-radiative processes. Determinis-
tic preparation of the bright exciton is achieved by pumping
into the 2s state.

terministic preparation of spin-bright superradiant 1s ex-
citons is achieved by pumping into the 2s exciton state,
cf. Fig. 2, with a pulsed laser. This is feasible since
the decay cascade from 2s to 1s is spin-conserving [26]
and spin-dark states are not populated. Deterministic
excitation occurs when applying sufficient optical power
(300nW) to saturate the emission from the 1s state.

The figure of merit for collective enhancement of
light-matter interaction is the oscillator strength, f,
which gauges the strength of the interaction with light.
The oscillator strength is determined by the radiative
spontaneous-emission rate of an emitter placed in a ho-
mogenous photonic environment. In an experiment, how-
ever, the oscillator strength is masked by non-radiative
effects and the non-homogeneity of the photonic envi-
ronment, whose contributions are fully addressed in our
study, see Supplementary information for further details.
Central to our analysis is a recently developed method
exploiting the fine structure of excitons to rigorously sep-
arate radiative from non-radiative effects [27]. Figure 3a
shows raw data of the time-resolved decay of the deter-
ministically prepared 1s exciton. We measure an excel-
lent near-unity radiative efficiency of n = (98.0 + 0.1)%,
which is the highest ever measured on quantum dots so
far. The extracted oscillator strength of f = 72.7 £ 0.8
is enhanced far beyond the upper limit of f = 17.4 for
conventional quantum dots at this wavelength. By com-
bining structural information about the sample with the
measured oscillator strength we can faithfully reconstruct
the exciton wave function and find a diameter of 24 nm,
which is smaller than the wavelength of light yet suffi-
ciently large to embody ~ 90,000 atoms in a collective

quantum state sharing a single quantum of energy.

Figure 3(b) shows the second-order correlation func-
tion obtained in a Hanbury-Brown-Twiss (HBT) exper-
iment from which we find a normalized zero-time cor-
relation function of ¢g((0) = 0.13, which is direct evi-
dence of the single-photon nature of the emitted light.
In conjunction with the measured enhanced oscillator
strength for a spatially confined exciton, this is the un-
equivocal demonstration of SPS in a quantum dot. Solid-
state quantum light sources often suffer from charge traps
that switch the emitter into an optically dark state, also
known as blinking processes, and reduce the preparation
efficiency of bright states. This can be quantified from
HBT correlations acquired over long time scales as shown
in Fig. 3(c). No bunching effects are observed, which
shows that this single-photon source is free from blinking
on a time scale of at least 10 ps.

We have measured the oscillator strength of 9 quan-
tum dots and found them all to be superradiant with
an average oscillator strength of f = 76.2 £ 10.8.
Further experimental data is included in the Supple-
mentary information. Remarkably, we have measured
a homogeneous-medium radiative decay rate of up to
Irag = (11.1 £0.1) ns™!, which is the fastest value ever
reported for any single-photon source and corresponds to
an oscillator strength of f = 96.4. Such a quantum dot
can deliver a radiative flux of single photons equivalent
to more than five conventional quantum dots.

The superradiant enhancement of the light-matter cou-
pling in quantum dots is proportional to the number of
atoms in the collective state, and can potentially be much
larger than reported here. The enhancement factor may
realistically reach 100x for quantum-dot diameters of
~ 100 nm [28] corresponding to an oscillator strength of
f ~ 1500. Such highly superradiant quantum dots may
exist in our sample but the temperature at which the
experiment is carried out (7' = 7TK) does not allow re-
solving such large oscillator strengths. This is because in
large quantum dots the confinement energy may become
smaller than the thermal energy, which results in popu-
lating excited states with reduced oscillator strength. We
define the maximum oscillator strength fi,ax¢n that can
be resolved at a temperature T and calculate it by con-
sidering a disk-shaped quantum dot (see Supplementary
information) in which the energy difference between the
two excited states is larger than 4kgT

4hEp 1
max = iy 3
Fmax,th MwaZ kT (3)

where Ep is the Kane energy, M the exciton mass,
aog the exciton radius and kg7 the thermal energy.
At T = 7K we find that oscillator strengths larger
than fmaxtn =~ 170 cannot be resolved, whereas oscil-
lator strengths of ~ 1500 require temperatures below
~ 0.8 K. The light-matter coupling may be further en-
hanced > 10x beyond the homogeneous-medium value
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FIG. 3: Experimental demonstration of single-photon superradiance from a quantum dot. (a) Time-resolved decay (black

points) of the bright 1s exciton obtained under 2s excitation. We obtain an excellent fit (yellow line) to the theoretical model
when convoluting with the instrument-response function of the detector. After separating non-radiative from radiative effects
we extract a radiative decay rate of 8.41ns™! (red line), which is deeply in the superradiant regime (green area). (b) HBT
measurement of the emitted photons showing g(z)(()) = 0.13, which proves single-photon emission. (c) Long-time-scale HBT
measurement where each coincidence peak has been numerically integrated. No blinking is observed.

by the Purcell effect [14]. This could allow studying fas-
cinating non-energy-conserving effects such as the ultra-
strong regime of light-matter coupling [29]. The repeti-
tion rates of single-photon sources would approach the
terahertz regime yielding radiating powers of hundreds
of nanowatts from a single quantum emitter. The single-
photon emission would potentially be highly coherent,
partly due to an intrinsically weaker coupling to nuclear
spin noise [30] and phonon dephasing [31] for large exci-
tons, partly because the dephasing mechanisms present
in solid-state environments would be largely negligible
compared to a radiative decay at subpicosecond time
scales. Even faster decay rates could become possible in
materials with larger Rydberg energies [32, 33]. Another
intriguing aspect of the SPS regime is that the collec-
tive Lamb shift is predicted to be finite [34] without the
renormalization schemes required in the quantum elec-
trodynamics of conventional emitters.
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SUPPLEMENTARY INFORMATION

THEORY OF SINGLE-PHOTON
SUPERRADIANCE FROM QUANTUM DOTS

Quantum dots are well suited for enhancing the light-
matter interaction strength due to their multi-atomic na-
ture. However, quantum dots that are smaller than the
exciton Bohr radius exhibit a limited oscillator strength
because the electron-hole motion is uncorrelated and
dominated by quantum-confinement effects. This is
known as the strong-confinement regime. In the oppo-
site limit, weak confinement, the relative electron-hole
motion is strongly correlated while their center-of-mass
motion is bound to the weakly confining potential of the
quantum dot [20].

The strong-confinement regime

In the strong-confinement regime, the exciton wave
function can be written as a product of the individual
wave functions of the electron and the hole, i.e., the
electron-hole motion is decoupled as illustrated in Fig.
4(a). In this limit the oscillator strength is given by [19]

1=

(Fu(x)[F(r), (4)
where Fp is the Kane energy and F.(r) and Fj,(r) are
the slowly varying envelopes satisfying the single-particle
effective-mass Schrodinger equation for the electron and
the hole, respectively. The oscillator strength of small
quantum dots has therefore an upper limit of fi.x =
Ep/hw amounting to 17.4 for GaAs quantum dots at a
wavelength of 750 nm.

The weak-confinement regime

Excitons in large quantum dots are bound by the mu-
tual electrostatic attraction between electrons and holes.
In this regime, which applies when the mean electron-
hole distance, i.e., the exciton Bohr radius, is smaller
than the quantum-dot size, the exciton wave function is
non-separable implying that the electron and the hole
are spatially entangled. The oscillator strength is pro-
portional to the volume of the quantum dot. This effect
is sometimes referred to as the giant oscillator-strength
effect for quantum dots (GOSQD) and was first consid-
ered by Hanamura [20]. Excitonic enhancements of the
light-matter coupling has been studied theoretically in a
range of solid-state systems including impurities in bulk
semiconductors [21] and quantum wells [35]. The unique
feature of the GOSQD is that it occurs for a discrete
quantum state.

Our experiments concern investigations of single
GaAs interface-fluctuation quantum dots embedded in
Alg.33Gag g7As as presented in Fig. 1a of the main text.
Bound excitonic states are obtained by intentionally cre-
ated monolayer fluctuations in a quantum well, leading
to a weak in-plane quantum confinement. The quantum-
well thickness is smaller than the bulk exciton Bohr ra-
dius of ap = 11.2nm [36] and leads to strong confinement
in the growth direction. Exciton enhancement is achieved
only within the plane, where the quantum-dot wave func-
tion is extended beyond the exciton Bohr radius. We
model this as a cylindrically symmetric quantum dot
whose slowly varying envelope is separable into in-plane
and out-of-plane components and the out-of-plane com-
ponent is further separable in independent components
for the electron and the hole. Hence, the electron-hole
motion is correlated in the plane and uncorrelated per-
pendicularly and the total excitonic wave function can
be written in the effective-mass approximation as

U(R,r, 1., 1) = Ix(R, r)¢e(ze)¢h(zh)ue(rh)ul(re)(, :

5

where Ux (R, r) is the in-plane slowly varying envelope,
Ye(ze) (Ye(zn)) is the out-of-plane envelope function for
the electron (hole), w. (u,) the electron (heavy-hole)
Bloch function at the I'" point in reciprocal space, R =
(mere+mpry)/(me+mp), r = r.—r, the center-of-mass
and relative in-plane coordinates of the exciton, and m,
and my, are the electron and hole effective masses, re-
spectively. The unit-cell Bloch functions contribute to
the Kane energy and do not play an important role in
our study, which is why only the slowly varying com-
ponent Uy is addressed in the main text. The slowly
varying envelopes in the growth direction 9. j, can be ac-
curately computed because the quantum-dot thickness is
known precisely and amounts to L, = 4.3nm but they
play no role for the GOSQD effect, which is governed by
the in-plane excitonic envelope Ux (R, r). To see this, we
first make some realistic assumptions and consider sym-
metric in-plane parabolic quantum confinement, in which
case the excitonic envelope separates into center-of-mass
xcMm(R) and a relative-motion x,(r) components [28, 37]

Ux (R7 I') = XCcM (R)XT (I‘) (6)
XCM(R) — \/z;e—|R2/[32 (7)
2 1

X () = \fer'/aw, (8)
™ aQw

where aqw is the exciton Bohr radius in the quantum
well and $ the in-plane size of the quantum dot. For a
perfect two-dimensional system, the exciton Bohr radius
is twice as small aqw = ao/2 ~ 5.6 nm leading to a bind-
ing energy four times as large. The structure investigated
in this work is, however, not a perfect two-dimensional
system because the exciton wave function has a non-zero
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FIG. 4: Superradiance with single quantum dots. (a) In small quantum dots, such as self-assembled In(Ga)As quantum dots,
the motion of electrons and holes is governed by quantum-confinement effects and is completely uncorrelated, which limits the
light-matter interaction strength. (b) In large interface-fluctuation quantum dots, the electron-hole motion is dominated by
their mutual attraction in the plane of the quantum dot. The mean electron-hole separation (~ exciton Bohr radius; dark gray)
is smaller than the exciton wave function (green) and leads to a strong superradiant behavior of the ground-state exciton.

thickness. As argued in Refs. 38, 39, the binding energy
of an exciton in a 4 nm-thick quantum well is only twice
larger than in bulk. We therefore consider a value of
the two-dimensional Bohr radius aqw ~ ag/ V2 &~ 8nm.
For B8 > aqw, the mean distance between the electron-
hole pair (= 2aqw) is smaller than the quantum dot size

(= 2P).

Relation between the GOSQD effect and
single-photon Dicke superradiance

The connection to the single-photon Dicke superradi-
ance can be made by noting that, if 8 > aqw, the center-
of-mass motion can be written as a convolution between
a function ¢,(R) capturing the dynamics on the scale of
aqw and a function ¢;(R) responsible for the coherent
superradiant enhancement, i.e.,

You(R) = co(R) % c(R) = / d2Pc,(P)co(R — P)

~ ZC(Rj)Ca(R - Rj),

(9)

where the last step involves switching the integral to a
sum over unit cells and ¢ equals ¢, times the discretiza-
tion area. Consequently, the slowly varying excitonic en-
velope reads

Ux(R,r) =} e(R;)ox(R—Ryr),  (10)

where ¢x(R,r) = ¢, (R)x,(r) is the two-dimensional ex-
citon wave function and is identical to ¢x from Eq. (2)
in the main text. The physical meaning of Eq. (10) is
illustrated in Fig. 1b in the main text and the analogy
with the Dicke superradiance becomes clear, if compared
with Eq. (1) in the main text. For parabolic in-plane
confinement we obtain the following expressions for ¢,

and cg
1
ca(R) = ﬁe—z'f“z/“éw (11)
0
cs(R) = me~ IRI7/€ (12)

where &2 = (% — adyw =~ (° for f > aqw. Since the
phase of ¢, is constant throughout the quantum dot, the
ground-state exciton is found in a spatial superposition
with constructive cooperativity and enhanced coupling to
the light field. In the following we quantify the expected
superradiant increase in the oscillator strength and, con-
sequently, in the spontaneous-emission rate.

According to Fermi’s Golden Rule, the prob-
ability of photon emission 1is proportional to
(0 |p2] (R, = 0,1,14))|>.  The relative motion is
taken to be zero, r = 0, because the exciton can recom-
bine radiatively only if the electron and hole are found at
the same spatial position [28]. After performing the stan-
dard procedure of merging the unit-cell Bloch functions
into the Bloch matrix element p., = Jcl (Ug [Pz Ue)yes
where the subscript UC denotes integration over a unit
cell, we obtain the following expression for the oscillator
strength (compare with Eq. (4))

f= %XT(O) [Olxem R [(n(2)lee (2D, (13)

where the first (second) inner product denotes a two-
dimensional (one-dimensional) integration over R (z).
We define the radius of the quantum dot L, = /23 as
argued in Ref. 18 and, with the help of Egs. (6-8), ar-
rive at the following superradiant enhancement S of the
oscillator strength

f (ﬁLr

S _
aQw

) [(onlte)]? . (14)

- fmax -

Note that this equation is valid only in the weak-
confinement regime where 8 > aqw. The electron and
hole wave functions in the growth direction can be accu-
rately calculated and we find that |(¥p]¢e)|> =~ 0.96 for
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confinement limit of fiax = 17.4.

the interface-fluctuation quantum dots from the present
study. We plot the resulting superradiant enhancement
of the oscillator strength in Fig. 5. It scales with the
quantum-dot area and is a dramatic effect; for realistic
quantum dot diameters of 35 nm, the light-matter inter-
action strength exceeds the upper limit of strongly con-
fined quantum dots with uncorrelated electron-hole pairs
by an order of magnitude.

SAMPLE AND EXPERIMENTAL SETUP

The sample used in our experiment was grown on
a GaAs (001) wafer following the procedure devel-
oped by Gammon et al. [15]. The GaAs interface-
fluctuation quantum dots were created by random mono-
layer fluctuations in the GaAs quantum-well thickness.
The GaAs quantum well is surrounded by 5-nm-thick
Alp.33Gag geAs layers in order to obtain a high-quality
interface, and followed by a 100-nm-thick AlygGag.oAs.
The detailed structure is presented in Fig. 6(a). A zir-
conia solid-immersion lens shaped as half a sphere with
a radius of 1 mm and refractive index of 2.18 was placed
on top of the sample to improve the collection efficiency.

There are several types of optical measurements per-
formed in this study: spectral and time-resolved mea-
surements, and second-order correlation measurements.
All of them are carried out in a closed-cycle cryogen-
free cryostat as sketched in Fig. 6(b). The sample
holder is mounted on piezoelectric nanopositioning trans-
lation stages. For all experiments, the sample is cooled
to a temperature of 7K. After exiting the single-
mode polarization-maintaining (PM) fiber, the excitation
beam generated by a picosecond pulsed Ti:Sapph laser
is collimated to a diameter of 2mm. Then, it passes
through a thin-film linear polarizer and a 90:10 (trans-

mitted:reflected) beam splitter before being focused on
the sample through a microscope objective with a nu-
merical aperture of 0.85. The spatial resolution of the
objective was measured to be 1.1 pm? at a wavelength of
633nm. The excitation laser is tuned to a wavelength
of about 750nm corresponding either to resonant exci-
tation of continuum states in the quantum well or to
2s-shell excitation of the quantum dot. The photolumi-
nescence of the investigated ground-state excitons is lo-
cated around 752nm. The emission is collimated by the
same microscope objective and filtered from the excita-
tion laser by the perpendicularly-oriented thin-film linear
polarizer, see Fig. 6(b). The beam is then coupled into a
PM fiber and guided towards the detection setup.

Spectral measurements are performed by sending the
emission to a spectrometer with a groove density and
spectral resolution of 1200 mm™! and 25 pm, respectively,
and subsequently detected by a charge-coupled device
(CCD), see Fig. 6(c). After the grating, a mirror can be
flipped to direct the emission to an avalanche photo-diode
(APD) with a time resolution of 60 ps for time-resolved
measurements. For correlation measurements, the emis-
sion is first filtered by a grating with a groove density
of 1200mm~"! before being coupled back into a single-
mode PM fiber and directed towards a beam splitter, see
Fig. 6(d). The grating setup has a spectral resolution of
50 pm. After the beam splitter, two APDs detect coinci-
dent counts.

EXCITATION SCHEMES

In the present work we have studied 9 different
interface-fluctuation quantum dots, which are labelled as
QD1...QD9. Most of the results presented here stem
from QD1 except Fig. 7 (QD2), and Fig. 11 (QD3). All
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a spectrometer before being detected by a CCD for spectral measurements and an APD for time-resolved measurements. (d)
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Twiss (HBT) setup.

data in the main text stem from QD1 except Fig. 2, which
was obtained from QD2. We note that all nine quantum
dots had very similar properties, cf. Table I.

To acquire a thorough understanding of the level
structure of the quantum dot, we measure the elec-
tronic density of states in a photoluminescence-excitation
(PLE) experiment. The measurement was carried out in
continuous-wave mode below the saturation power of the
1s exciton. The laser was scanned stepwise from around
752 nm down to 735 nm where the quantum-dot and
quantum-well resonances are present. For each acquired
spectrum, the exciton photoluminescence (PL) was fitted
by a Lorentzian function and integrated, and the result-
ing quantity is shown by the height of the quantum-dot
line at the given spectral position of the laser as shown
in Fig. 7 (b). We observe a couple of quantum-dot res-

onances stemming from the 2s- and 3s-shells before the
onset of a spectrally continuous absorption of the quan-
tum well. The wavelength used for quasi-continuum ex-
citation is denoted by the C-line in Fig. 7 as well as in
the main text. The quantum-well resonances consist of
2D continuous exciton states and quasi-continuum states
[23].

The oscillator strength characterizes the coupling
strength of a two-level system to light. The quantum
dot excitation scheme needs, therefore, to be as clean as
possible, such that the environment of the quantum dot is
not polluted by phonons and charges that may raise the
effective temperature at the quantum dot position and
couple the excitonic levels thermally. This requirement is
particularly stringent for interface-fluctuation quantum
dots owing to the close proximity of the resonances of
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data integrated to obtain the PLE. (b) PLE spectrum performed across the main quantum dot and quantum-well resonances

at 400 nW.

only a few meV induced by weak quantum confinement.
We therefore use the 2s-shell as the main excitation
scheme, which also allows us to deterministically prepare
the bright superradiant state as explained in the main
text. We note that the spectrum remains clean also when
pumping through the quantum-well quasi-continuum, cf.
Fig. 1(c-d) in the main text, but the radiative decay
rate is found to depend on excitation power, which is at-
tributed to the presence of undesired thermal processes
induced by the local phonon bath created by the relax-
ation of the (many) charge carriers from the quantum
well. This excitation scheme is therefore only used for
extracting the decay rate of nonradiative processes hap-
pening in the quantum dot as discussed below, while the
oscillator strength is probed through the 2s excitation.

MEASURING THE OSCILLATOR STRENGTH
AND PREVIOUS WORK ON GOSQD

Experimentally, the oscillator strength can be probed
either in absorption [23] by extracting the polarizability
or in emission by extracting the homogeneous-medium
radiative decay rate [19]. The former approach has the
advantage that it is unaffected by non-radiative processes
but a main drawback is that the quantized character of
the excitation is not probed. We therefore study the ra-
diative decay, where the quantized character is encoded
in the statistics of the emitted light. The radiative de-
cay is potentially masked by non-radiative and spin-flip
processes [17], which are ubiquitous in a solid-state en-
vironment. The issue is that a single-exponential de-
cay curve contains contributions from both radiative and
non-radiative processes whose sum is measured by fitting
the decay curve. Separating radiative from non-radiative
processes in such an experiment is therefore not possi-
ble. In the present study we address this issue and care-
fully map radiative and non-radiative contributions us-



ing the fine-structure splitting of quantum dots, a tech-
nique that results in a bi-exponential decay dynamics of
the quantum-dot exciton and is described thoroughly in
Refs. [14, 19, 40].

The decay rate measured in an emission experiment is
the total rate,

D(r. o, ep) = g (o) A0 )

ra + lirad, 15
d Phom (CU) d ( )

where p(r,w,ep) and phom(w) are the local density of
optical states in the given photonic structure and a ho-
mogeneous medium, respectively, I'yaq(w) is the rate of
non-radiative recombination, Aw the emission energy, r
the position of the quantum dot, and T'"°P(w) the ra-
diative decay rate of a quantum dot in a homogenous

medium. The oscillator strength is given by [18]

3
_ 67Tm060 €0 ;~hom

f(w) - n(w)qgwg Frad ((.J), (16)

where n(w) is the refractive index of the material sur-
rounding the quantum emitter, w and ¢y the frequency
and speed of light, respectively, ¢y the vacuum permittiv-
ity, mg the electron mass, and q the elementary charge.
We stress that the oscillator strength is proportional to
rhom (), which can be very different from the measured
decay rate I'(r,w,ep). We have precise knowledge of
the structure of our sample (see section ) and, with the
help of Ref. 41, calculate a small radiative inhibition
of p(r,w,ep)/phom = 0.95 compared to a homogeneous
medium. The fraction of decay events resulting in photon
emission is the quantum efficiency defined as
Fhom (UJ)

rad

1) = Thom (1)

rad (W) + Tirad (w) .

Previous searches for the GOSQD effect was inspired
by the prediction by Andreani et al. [22] that quantum
dots in the GOSQD regime may enable reaching the
strong-coupling regime of cavity quantum electrodynam-
ics. In some works [2, 42], the oscillator strength was esti-
mated from the vacuum Rabi splitting in the strong cou-
pling regime of cavity quantum electrodynamics. Such
estimates are inaccurate because multiple quantum dots
may couple to the cavity even when they are off reso-
nance due to a (non-Dicke, non-single-photon) collective
coupling of multiple quantum dots to the cavity mediated
by phonon coupling [43, 44]. In other works, the oscillator
strength was estimated from absorption experiments [23]
but in such experiments the influence of other emitters
cannot be ruled out. The oscillator strength has also been
estimated from time-resolved measurements [24, 45] but,
as pointed out above and also noted in Ref. 24, the non-
radiative and radiative processes must be measured inde-
pendently. It is also crucial to extract properly the radia-
tive decay rate for a homogeneous medium because the
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local density of optical states is modified significantly in
photonic nanostructures even by the presence of nearby
planar surfaces. The importance of properly accounting
for these effects was highlighted in recent results on large
InGaAs quantum dots: in Ref. 45, the total decay rate
was used to estimate an oscillator strength of ~50 but
later measurements showed that non-radiative processes
were very significant and that the oscillator strength was
~5 times smaller [18], i.e., below the GOSQD regime.

In order to extract accurately the oscillator strength
of the quantum dots, we use time-resolved spectroscopy
on single emitters along with an appropriate model for
the bright exciton decay [18, 19]. Excitons confined in
quantum dots arise from the binding of an electron from
the conduction band with a heavy-hole from the valence
band because compressive strain and confinement shifts
the light-hole band to higher energies[46]. The electron-
heavy hole complex has total angular momentum j = 2
with four possible combinations: m; = {+2, £1}. Exci-
tons with low projected momentum m; = +1 are called
bright |b) since they couple to light, while m; = £2 states
are dark |d) and do not couple to light. There is a split-
ting in energy Apq between the two excited states of sev-
eral hundred peV due to electron-hole exchange interac-
tion [47]. The level scheme of the exciton is pictured
in Fig. 8, where |g) denotes the ground exciton state.
The bright exciton can decay both radiatively and non-
radiatively while the dark exciton can only decay non-
radiatively. The exciton can flip its spin with the rate
T'st. Spin-flip processes are phonon-mediated, and since
kT > Apq for all measurements, the spin-flip rate is
assumed to be the same either way between bright and
dark excitons. This way, a dark state can contribute to
the radiative decay of the bright exciton only if it first
undergoes a spin flip to the bright state, thereby pro-
viding the slow rate. Finally, the non-radiative rates are
taken to be the same for both excitons due to the small
energy splitting between the two states [40].

The population probabilities of bright p,, and dark
pa excitons are governed by the following system of
equations[17]

0
% = —(Tvad + Darad + Tst)pp + Tsepa, (18)
0
% = _(Fnrad + st)pd + stpba (19)

and is solved for the bright state py

r
S pa(0)e™ (TaraatTan)t

pb(t) — pb(O)e_(rra(l+rxlrad+rsf)t+F
rad

(20)
where py,(0) and pq(0) are the initial populations of dark
and bright excitons, respectively. From time-resolved
spectroscopy where the decay of the bright exciton is
probed, we can retrieve the three decay rates I'iaq, Tnrad
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|b) and dark state |d) split in energy and coupled through spin-flip interaction with the rate I'ss. Only |b) can decay radiatively
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and [y through

Fraga =Tt =T (21)
-~ As pp(0)
Fm"ad - Fs - Af pd (0) (Ff Fb) (22)
_ é P (0) _
sf = A pd (O) (Ff Fs) (23>

If the initial preparation probabilities of the bright and
dark excitons are known, the radiative rate can be un-
ambiguously extracted from the experimental data [19].
These probabilities are equal when pumping in the quan-
tum well p,,(0)/pa(0) ~ 1 because carriers with random
spins are captured by the quantum dot. If for some
reason (e.g., spin-conserving cascade to the ground-state
exciton) py(0)/pa(0) > 1, we would actually be overesti-
mating I'yaq because of Eq. (22). This means that we are
estimating a lower bound to the oscillator strength and
quantum efficiency. Quantum-well excitation yields the
fast rate F}J}h = F?;]d + I'urad + I'sg, where the three rates
correspond to radiative decay, nonradiative decay and
bright-to-dark-state spin flip, respectively [19]. We ex-
tract Tnpaq = 0.1940.01ns™! and T'yy = 0.3140.02ns !,
quantities that are not expected to depend on excita-
tion conditions, and this is confirmed experimentally by
measuring an excitation-independent slow rate. We note
that, due to the presence of thermal processes, 'l is
not related to the oscillator strength but rather to an
effective transition strength [19] because more than two
levels are involved in the exciton dynamics.

The oscillator strength is measured using 2s-shell ex-
citation, where the fast rate is I'7* = Traq + nrad + Tst
and we obtain I'yaq = 8.41+£0.1ns™!, which is more than
four times as fast as the uncorrelated limit of 1.93ns™!,
see Fig. 3 in the main text. By taking into account the
optical density of states in our structure, this yields a
homogeneous-medium decay rate of 8.85ns™!. The ex-
perimental proof of SPDS is completed in a Hanbury-
Brown-Twiss experiment, where the signal is sent to a
beam splitter and subsequently detected by two APDs
located in the transmission ports of the beam splitter.
The resulting coincidence counts on the APDs are shown
in Fig. 3 in the main text. We note that 2s-excitation
changes the initial preparation condition p,(0) ~ 1 and

pa(0) ~ 0 owing to the 2s-1s spin-conserving cascade,
which allows deterministic preparation of SPDS. This is
confirmed in the experimental data, where the quantum-
dot decay curves under 2s excitation are reliably fitted
with a single-exponential model except in a few quantum
dots where the spin-flip rate is fast enough to intermedi-
ately create a very small dark-exciton population.

Finally, we discuss the procedure for fitting the decay
curves. In time-resolved measurements, the instrument
response function (IRF) has to be taken into account
when fitting the data. The measured signal fieas(t) is
the convolution of the input signal f(¢) with the IRF
r(t) of the APD

t

fmeas(t) = / T(T)f(t — T)dT.

—00

(24)

The laser pulse has a length of 3 ps, and is much shorter
than the APD resolution. Therefore, the IRF is mea-
sured by collecting light from the laser reflection from the
sample surface. Finally, the data are fitted by the afore-
mentioned model (convoluted with the IRF), described
by a sum of N, (either 1 or 2) exponents added to a
background value

Ne
Ise(t) =BG+ Y e ",
=1

(25)

where BG is the background level determined by the
background counts measured on the APD, and the after-
pulsing probability function of the count rate and wave-
length. In order to estimate accurately the background
level for each measured decay curve, we calibrated the
after-pulsing probability close to the quantum dots wave-
length for different count rates. The decay curves are
fitted by a least-squares approach from which a weighted
residual is estimated for each data point k,

Imeas (tk) - Iﬁt (tk)

Wy, =
Imeas (tk:)

(26)

where Ieas(t) is the measured data and Ig(t) is the
fitted value. Finally, the sum of the squared residuals
X2 = (Zﬁzl W2)/(N — p) is minimized to render the
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FIG. 9: Decay curve of QD1 taken under quasi-continuum excitation (blue) along with the bi-exponential fit (red) and the IRF
(green). Below are the normalized residuals yielding x* = 1.05. The extracted parameters for the fit are indicated.

best fit to the data, where NN is the number of time bins
and p is the number of parameters in the model. Figure 9
shows the decay dynamics excited through the quantum-
well quasi-continuum and the results of the fitting.

EXTRACTING THE SIZE OF THE EXCITON
WAVE FUNCTION

The presented experimental findings provide insight-
ful information not only about macroscopic properties
such as the oscillator strength and quantum efficiency,
but also about the nanoscopic structure of the quantum-
mechanical wave functions of the quantum dot. The out-
of-plane uncorrelated electron and hole wave functions
are computed with a tunneling resonance technique [49]
and are plotted in Fig. 10(b) for the investigated quan-
tum dot. While the microscopic structure of the out-
of-plane wave functions can be computed because the
number of atomic layers in the quantum well is known
precisely (see section ), the in-plane geometry is gener-
ally unknown because the quantum-well thickness fluc-
tuations are spatially random. This nanoscopic informa-
tion is then inferred from the superradiant enhancement
of spontaneous emission S, where it can be shown (see

section ) that the quantum dot radius L, is related to S
via

L. — aini. (27)
T V2 [(Wnlve)

From the measured value S ~ 4.3 an in-plane diameter
2L, ~ 24nm is obtained. The resulting wave function
Ux (e, xh,0,0) is plotted in Fig. 10(c), where a strong
correlation between the electron and hole position within
the quantum dot is observed, which gives rise to super-
radiant emission. Our results emphasize that optical
spectroscopy is a robust, non-invasive way of acquiring
profound insight into the nanoscopic wave functions of
quantum emitters.

RESULTS OF ALL MEASURED QUANTUM
DOTS

The measurement results for all quantum dots that we
studied are presented in Tab. I. They represent all mea-
sured quantum dots (9 in total), i.e., no data have been
discarded after analysis. Figure 11 shows the quantum
dot (QD3) exhibiting the fastest decay rate of 11.1ns™!,
which corresponds to an oscillator strength of 96.4. All
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FIG. 10: (a) Sketch of the interface-fluctuation GaAs quantum dot embedded in an AlGaAs matrix (not to scale). The
two-dimensional electron-hole pair (exciton) is coherently spread over the spatial extent of the quantum dot (green area).
Exciton enhancement is achieved within the plane (grey arrows), while out of plane cooperative effects are destroyed by the
close proximity of the GaAs-AlGaAs potential barrier (black arrows). (b) Band diagram in the transverse direction and the
corresponding wave functions of the investigated exciton. The material parameters used in the calculation are taken from
Ref. 48. (c) Plot of the in-plane exciton density |Ux (z.,zn,0,0)[>.

Quantum dot T'yaq (n8™1) Thraa (ns™) Tse (ns™)  f 0 (%)

QD1 8.41 0.19 0.31 72.7 979
QD2 8.35 0.41 0.033 72.2 95.6
QD3 11.1 1.33 0.15 96.4 89.8
QD4 10.5 0.42 0.046 90.5 96.4
QD5 7.64 0.94 0.10 66.2 89.5
QD6 9.66 0.34 0.008 83.6 96.7
QD7 7.13 0.30 0.013 61.7 96.1
QD8 8.13 0.37 0.015 704 95.8
QD9 8.34 0.46 0.10 72.1 95.0

TABLE I: Data extracted from time-resolved measurements on all measured quantum dots: radiative decay rate I';aq, non-
radiative decay rate I'nraa, spin-flip rate I'sf, oscillator strength f, and quantum efficiency 1. QD1: data presented in most of
the main article and here, QD2: data of the PLE, QD3: largest oscillator strength.
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FIG. 11: Data of QD3 exhibiting the highest measured oscillator strength in this study. (a) Normalized spectra under heavy-
hole (green) and 2s-shell excitation (blue) taken at half of the saturation power. (b) Associated decay curves from which we
extract an oscillator strength of 96.4. A good fit to the data obtained with C-excitation (2s-excitation) is obtained with a
double (single) exponential function in agreement with the theoretical model.

studied quantum dots have a large oscillator strength the strong confinement limit. The average quantum effi-
with an average value of 76.2, which constitutes an av- ciency is 94.8 %.
erage superradiant enhancement of 4.4 as compared to
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