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Radiative Auger process in the single-photon limit
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In a multi-electron atom, an excited electron can decay by
emitting a photon. Typically, the leftover electrons are in their
ground state. In aradiative Auger process, the leftover electrons
are in an excited state and a redshifted photon is created'“. In
a semiconductor quantum dot, radiative Auger is predicted for
charged excitons®. Here we report the observation of radiative
Auger on trions in single quantum dots. For a trion, a photon is
created on electron-hole recombination, leaving behind a sin-
gle electron. The radiative Auger process promotes this addi-
tional (Auger) electron to a higher shell of the quantum dot.
We show that the radiative Auger effect is a powerful probe of
this single electron: the energy separations between the reso-
nance fluorescence and the radiative Auger emission directly
measure the single-particle splittings of the electronic states in
the quantum dot with high precision. In semiconductors, these
single-particle splittings are otherwise hard to access by opti-
cal means as particles are excited typically in pairs, as excitons.
After the radiative Auger emission, the Auger carrier relaxes
back to the lowest shell. Going beyond the original theoretical
proposals, we show how applying quantum optics techniques to
the radiative Auger photons gives access to the single-electron
dynamics, notably relaxation and tunnelling. This is also hard to
access by optical means: even for quasi-resonant p-shell excita-
tion, electron relaxation takes place in the presence of a hole,
complicating the relaxation dynamics. The radiative Auger
effect can be exploited in other semiconductor nanostructures
and quantum emitters in the solid state to determine the energy
levels and the dynamics of a single carrier.

Auger processes are a well-known phenomenon in atoms®”.
Non-radiative Auger processes involving continuum states have
been observed in several solid-state systems: quantum dots®,
two-dimensional materials’, colour centres'’ and semiconductor
lasers'’. As originally predicted for atoms, an Auger process can
also take place in connection with a radiative transition*’. In such
a radiative Auger process, part of the available energy is transferred
to another electron and the emitted photon is correspondingly red-
shifted. The radiative Auger process has been observed in X-ray
spectra'’. The so-called electron shake-off process has a similar
physical origin'?. At optical frequencies, the radiative Auger pro-
cess has been described in ensembles of donors" and as a so-called
shake-up process in the Fermi sea'’"', a many-particle effect. On a
single-photon emitter or in a few-electron configuration, the radia-
tive Auger process has not been observed.

We observe the radiative Auger process in two different systems:
(1) a self-assembled InGaAs quantum dot (QD) in GaAs grown
in the Stranski-Krastanov mode’; and (2) a GaAs QD in AlGaAs
grown by infilling of droplet-etched nanoholes”. We resonantly
excite the negative trion (X'~) of a QD with a narrow-bandwidth
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laser. In both QD systems, the charge state of the QD is precisely
controlled via Coulomb blockade'®. We collect the emission of the
QD and resolve it spectrally, as schematically shown in Fig. la.
Figure 1b shows the result of such a measurement for an InGaAs
QD. The main peak at photon energy E~1.321¢eV is the resonance
fluorescence of the trion. This spectrally narrow emission is accom-
panied by a longitudinal acoustic (LA)-phonon sideband on the red
side’*~*!. In addition, we observe two weak emission lines, redshifted
by ~18 meV from the main fluorescence peak. In the following, we
show that these emission lines originate from a radiative Auger pro-
cess as illustrated in Fig. 1c: an electron and a hole recombine opti-
cally, and with a small probability, the second electron is promoted
to an excited state, the p shell of the QD. In the case of resonance flu-
orescence, in contrast, the optical recombination of the trion leaves
behind a single electron in the ground state (the s shell of the QD).

Several observations substantiate the interpretation that the
two redshifted lines originate from a radiative Auger process. First,
the Auger lines disappear on removing the additional electron—
they are absent in the emission spectrum of the neutral exciton,
X? (Supplementary Fig. 1). Second, the redshifted emission lines
appear only when the laser is in resonance with the QD (Fig. 1b).
Third, the time-resolved cross-correlation between the radiative
Auger emission and the resonance fluorescence (Fig. 1d,e) shows
a pronounced anti-bunching at zero time delay. This measurement
demonstrates that the different emission lines originate from the
same QD. The emitter produces either a resonance fluorescence
photon or a radiative Auger photon, but never two photons at the
same time. Finally, to prove that the radiative Auger process leaves
an electron in a higher shell, we measure the optical emission as a
function of the magnetic field (Faraday geometry). The magnetic
field dispersion of the radiative Auger emission is shown in Fig. 2a,b
for an InGaAs QD and in Fig. 2¢,d for a GaAs QD. At high magnetic
fields, the two redshifted emission lines, which are the closest in
energy to the resonance fluorescence, have a dispersion of + 1 hw,
(where o, = £ is the cyclotron frequency, m* is the electron effec-
tive mass, e is the elementary charge, B is the magnetic field and
h is the reduced Planck constant). This magnetic field dispersion
shows that the emission is connected to an energy transfer to the p
shells. More generally, the strong magnetic field dispersion of the
radiative Auger emission arises because the magnetic field creates
an additional orbital confinement, which leads to a strong magnetic
field dependence of higher QD shells****. The magnetic field depen-
dence is important to distinguish radiative Auger emission from
phonon-related features.

The separation between resonance fluorescence and radiative
Auger emission corresponds to the single-particle splittings. The
radiative Auger lines, therefore, allow the single-particle spectrum
of a QD to be determined with high precision. At zero magnetic
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Fig. 1| Observation of a radiative Auger process on a single QD. a, Schematic of the experimental setup: the QD is resonantly excited with a
narrow-bandwidth laser, and its emission is spectrally resolved. b, Upper panel, emission spectrum of the negative trion (X™-) in an InGaAs QD under
resonant excitation (temperature 4.2K). The strong peak at E~1.321eV is the resonance fluorescence, which is surrounded by a broad LA-phonon
sideband. Redshifted by ~18 meV there are two additional emission lines, stemming from the radiative Auger process. Lower panel, the QD can be tuned

in and out of the resonance with the laser by exploiting the d.c. Stark effect via a gate voltage, V,. The spectrum shown in the upper panel is measured

at zero detuning, A, between the QD and laser (dashed line). Resonance fluorescence and radiative Auger are maximum when the QD and laser are in
resonance (A =0). (See also Supplementary Note V.) ¢, Mechanism of the radiative Auger process: with a probability close to one, the trion recombination
results in an emission of a resonant photon and leaves the remaining electron in the ground state (s shell). With small probabilities |e,|? and |e,|? the
remaining electron is promoted into one of the p shells, and the photon is consequently redshifted. d, Setup for the cross-correlation between the radiative
Auger emission and the resonance fluorescence. The delay 7 corresponds to the duration between the arrival of a resonant photon on detector 2 after

the detection of an Auger photon on detector 1 (at time t,). e, Cross-correlation measurement between the radiative Auger emission and the resonance
fluorescence. The strong anti-bunching at zero time delay proves that both emission lines originate from the same emitter.

field (B=0T), there is a splitting between the two p-shell-related
Auger lines, revealing an asymmetry of the QD. This asymmetry
lifts the fourfold degeneracy of the p shells into two doublets at
zero magnetic field. For both types of QDs, we also observe radia-
tive Auger emission at even lower energies (Fig. 2a,c). These emis-
sion lines correspond to a radiative Auger process involving d shells
(Fig. 2e). At high magnetic fields, the upper p shell (p_) shows an
anti-crossing with the lowest d shell (d,). For the GaAs QD, we even
observe radiative Auger emission lines involving all three d shells.
For the InGaAs QD, the d, shell is only visible in the radiative Auger
emission when it is coupled to the p_ shell. For both types of QDs,
we model the dispersion of the emission lines by the Fock-Darwin
spectrum”** (details in Supplementary Note I). The model assumes
a harmonic confinement potential and matches well for the lower
QD shells (Fig. 2a,c). Differences between the model and data (for
example, for the d shells) reveal the deviation from a harmonic con-
finement potential towards higher single-particle energy.

For a rotationally symmetric confinement potential, angular
momentum is a good quantum number such that promotion of the
Auger electron to the d, shell is possible, but promotion to the other
p and d shells is forbidden. In practice, we find that the radiative
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Auger involving the p shells is relatively strong and that the inten-
sity of these processes is not strongly dependent on the magnetic
field. Besides, the p shells are not degenerate at zero magnetic field.
These observations show that angular momentum is not a good
quantum number. However, we do not observe Zeeman splittings
in the radiative Auger lines, which shows that the processes are
spin-conserving. Spin is a good quantum number; equivalently,
spin-orbit interactions of the electron states are weak.

There are several additional redshifted emission lines that are
not related to electron shells or continuum states (Fig. 2a,b): an
emission redshifted by ~36meV (labelled LO in Fig. 2b,d) corre-
sponds to an optical recombination along with the creation of a
longitudinal optical (LO) phonon (Fig. 2f). The magnetic field dis-
persion is weak and follows the QD s shell—no higher QD shells are
involved. At lower photon energies, even the LO-phonon replica of
the radiative Auger emission is visible (labelled LO+p, in Fig. 2b,
schematic in Fig. 2g). In this case, Auger carrier excitation into
p shells and LO-phonon creation occur simultaneously with the
optical recombination. The identification of these lines is confirmed
by the magnetic field dispersion, which equals the dispersion of the
radiative Auger emission (Fig. 2b).
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Fig. 2 | Magnetic field dispersion of the radiative Auger emission. a, Emission spectrum under resonant excitation as a function of the magnetic field
measured on an InGaAs QD. The two green lines indicate the radiative Auger emission where one electron is promoted into the p shells. This emission
follows a dispersion of ~ £ %hwc, with m* = 0.071m, (m,, electron mass; s-to-p-splitting: hw,~17.7 meV; further parameters in Supplementary Table 2).

b, Magnetic field dispersion of the radiative Auger emission. The emission lines above the s shell can be well described by the Fock-Darwin spectrum.
The red lines represent a fit of our analytical model of the radiative Auger emission. ¢, Radiative Auger emission as a function of the magnetic field
measured on a GaAs QD (m*~0.076m,, hw,~13.8 meV). d, Magnetic field dispersion of the radiative Auger emission for the GaAs QD. e, Schematics of
the radiative Auger process involving both p and d shells. f, Optical recombination involving the creation of an LO or a transverse optical (TO) phonon. We
note that this process is observed for the trion and the neutral exciton (Supplementary Fig. 1). |e,|? labels the probability for the process involving the LO
phonon. g, Schematics of the radiative Auger process involving both carrier excitation to the p shell and the creation of a phonon.

We turn to the dynamics of the radiative Auger process, that is,
the dynamics of the electron left in an excited state after a radiative
Auger process. Detecting a photon from a radiative Auger process
projects the Auger electron into one of the excited electron states.
The dynamics of this single electron can be investigated by deter-
mining the time of subsequent emission events. The experiment
involves measuring the photon correlation function, g (z), with
high precision in the delay z. We compare the autocorrelation of the
resonance fluorescence (Fig. 3a) to the cross-correlation between the
radiative Auger emission and the resonance fluorescence (Fig. 3b).
This comparison provides immediate insight into the carrier relax-
ation mechanism following the radiative Auger process. The cor-
responding ¢ measurements are shown in Fig. 3c.

The autocorrelation (blue curve) shows a very pronounced
anti-bunching (¢ << 1) atzero time delay, proving the single-photon
nature of the resonance fluorescence. The anti-bunching is sur-
rounded by a bunching (¢¥>1) at a non-zero time delay. This
effect is caused by the onset of Rabi oscillations under strong reso-
nant driving. The cross-correlation (green curve) differs from the
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autocorrelation in two aspects: The ¢?(z) is a slightly asymmet-
ric function of 7 and has a time offset towards positive 7. We can
explain these features (see fit in Fig. 3d) with the mechanism shown
in Fig. 3e: after the emission of a radiative Auger photon, the sec-
ond electron is located in a higher shell. Before re-excitation of
the trion can take place, this electron has to relax down to the s
shell—in contrast to the resonance fluorescence where re-excitation
is immediately possible. By comparing auto- and cross-correlation,
we determine the relaxation time for an isolated electron to be
7,/ 85 ps. The timescale of the electron relaxation is comparable to
numbers reported for weak non-resonant excitation®*. The relax-
ation is probably caused by a multiphonon emission process”’. We
stress the advantage of the present method: the radiative Auger pro-
cess leaves only a single electron in a higher shell. In contrast to
non-resonant excitation, all other carriers have disappeared and the
relaxation of the electron can be investigated independently of other
relaxation mechanisms.

The asymmetry of the cross-correlation measurement can be
explained by ionization of the QD following the radiative Auger

NATURE NANOTECHNOLOGY | VOL 15 | JULY 2020 | 558-562 | www.nature.com/naturenanotechnology


http://www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY LETTERS

50:50 50:50
c —_— —_
1.5 Q.. .
Tout g
el B §
Q
1.0
a
S
0.5 J—
Cross-correlation 3 —
Autocorrelation &
50:50
0
d

— — — Fit cross-correlation !
Fit autocorrelation
0 L L L L L L L
—6 —4 -2 0 2 4 6
z(ns) 7(ns)

Fig. 3 | Time-resolved correlation measurements. a, Schematic of the measurement to determine the autocorrelation of the resonance fluorescence from
a QD. The signal is split by a 50:50 beamsplitter; photon arrival times are recorded on two single-photon detectors (g measurement). b, Schematic of
the cross-correlation measurement between resonance fluorescence and radiative Auger emission. The Auger emission is spectrally filtered to remove

all resonant photons. ¢, Cross-correlation between the resonance fluorescence and the radiative Auger emission (green), measured on the InGaAs QD
shown in Fig. 1. An autocorrelation of the resonance fluorescence (blue) is shown for comparison. A time offset of 7, ~ 85 ps between the autocorrelation
and the cross-correlation is a measure of the relaxation time of a single electron from the p shell to the s shell. d, Fits to the auto- and cross-correlation
measurements (parameters listed in Supplementary Table 3). e, Model for the dynamics connected to the radiative Auger process. After the radiative
Auger excitation, the second electron occupies the p shell of the QD. When the electron occupies the p shell rather than the s shell, the Coulomb

interactions are different, tuning the s-to-s transition out of resonance with the laser (£2, Rabi frequency). The QD cannot be re-excited until the electron
has relaxed to the s shell. There are two relaxation channels: a direct relaxation to the s shell on a timescale 7,; and ionization of the QD by tunnelling from
the p shell to the Fermi reservoir (E;, Fermi energy), of the back gate (z,,,) followed by slower tunnelling from the Fermi reservoir to the s shell (z,). After
relaxation, the QD is re-excited by the laser. f, Schematic setup for the autocorrelation measurement of the radiative Auger emission. The radiative Auger
signal is split and sent to two single-photon detectors. g, Autocorrelation of the radiative Auger process involving the lower-energy p shell (green). The
solid black line is a model where all parameters are identical to the simulation of the cross-correlation (see d and Supplementary Note I11). Only the Rabi

frequency is higher compared with the cross-correlation measurement.

emission. In a higher shell, the electron has an enhanced tunnel-
ling rate out of the QD?*. Following very fast relaxation down to
the Fermi energy, tunnelling back into the s shell of the QD takes
about ten times longer, and the QD is ionized for a finite time.
We estimate the corresponding tunnelling times by modelling the
auto- and cross-correlation measurements. The full model and the
fit results are given in Supplementary Note VI; the fits describe the
experimental data well (Fig. 3d).

Finally, we perform the first autocorrelation measurement of the
radiative Auger emission. For this measurement, all the resonance
fluorescence is filtered out (Fig. 3f). To maximize the count rate of
the weak radiative Auger emission, we use a higher Rabi frequency
compared with the cross-correlation measurement. The autocorre-
lation measurement is shown in Fig. 3g. At zero time delay, there

is a clear anti-bunching in the g¢® measurement, which proves the
single-photon nature of the emission connected to the radiative
Auger process. At non-zero time delay, the onset of Rabi oscillations
in the s-to-s transition is visible as a photon bunching of the radia-
tive Auger emission. Both features are well described by our model
(Supplementary Note III).

The radiative Auger process takes place because the interactions
between the carriers forming the trion change the eigenfunctions of
the system (Supplementary Note II). In a single-particle basis, the
initial state contains admixtures of Slater determinants**° of higher
single-particle shells. The optical recombination removes an elec-
tron-hole pair from the initial trion state, leading to a final state
that is a superposition of single-electron single-particle states. Every
state in that superposition consists of an electron in a particular
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shell along with a photon of a certain energy. Since the initial state is
always the same, the energy separations between the different emis-
sion lines correspond to precise single-particle splittings. The ratio
of radiative Auger emission and resonance fluorescence reflects the
expansion of the trion state in single-particle states. Compared with
the resonance fluorescence, the radiative Auger emission is weaker
by about two to three orders of magnitude for both types of QDs.
It is slightly stronger for the larger GaAs QDs. The trion wavefunc-
tions are close, yet not equal to, single-particle states.

In conclusion, we experimentally studied negatively charged tri-
ons in two different types of semiconductor QDs and observed a
radiative Auger process in the optical recombination spectrum. We
employed the radiative Auger process to determine the properties of
a single electron in the QD—the energy quantization and its relax-
ation and tunnelling dynamics—using the precise, sensitive and fast
tools of quantum optics. The radiative Auger process requires only
substantial Coulomb interactions within the trion, a very general
feature. Therefore, this process should also occur for the positively
charged trion and other quantum emitters in the solid state.
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Methods
The samples were grown by molecular beam epitaxy. Sample A contained InGaAs
QDs embedded in a p-i-n-i-n-diode structure’’~**. Sample B contained GaAs QDs
in AlGaAs, which were grown by GaAs infilling of Al-droplet-etched nanoholes'”*.
The photon out-coupling was enhanced by a distributed Bragg mirror below the
QDs. For both samples, the QDs were placed between a p-doped top gate and
an n-type doped back gate. The QDs were tunnel-coupled to the back gate. This
configuration stabilizes the charge environment of the QDs and enables tuning of
the QD charge state by applying a voltage between the top gate and back gate’”".
For the InGaAs QDs, the back gate had a distance of 40 nm to the QDs, 30 nm for
the GaAs QDs. In a magnetic field, there is optical spin-pumping in the centre of
the trion charge plateau’* (Supplementary Note VI). Therefore, we performed all
experiments at the plateau edges, where co-tunnelling randomizes the electron spin®.
All time-resolved measurements were performed by using superconducting
single-photon detectors. The overall timing resolution (instrument response
function) for the ¢ measurements was ~35 ps (full-width at half-maximum).
Optical measurements were carried out at 4.2 K in a helium bath cryostat. Resonant
excitation of the QDs was performed with a narrow-bandwidth (~1 MHz) tunable
diode laser (Toptica DLpro), which was additionally filtered with a home-built
grating setup to remove any background from the gain medium of the laser.
Resonance fluorescence of individual QDs was measured by suppressing the
reflected laser light with a cross-polarization technique.

Data availability
The data that support this work are available from the corresponding author upon
reasonable request.

Code availability
The code that has been used for this work is available from the corresponding
author upon reasonable request.
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