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Photoneutralization of charges in GaAs quantum dot based entangled photon emitters
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Semiconductor-based emitters of pairwise photonic entanglement are a promising constituent of photonic
quantum technologies. They are known for the ability to generate discrete photonic states on-demand with low
multiphoton emission, near-unity entanglement fidelity, and high single photon indistinguishability. However,
quantum dots typically suffer from luminescence blinking, lowering the efficiency of the source and hampering
their scalable application in quantum networks. In this paper, we investigate and adjust the intermittence of the
neutral exciton emission in a GaAs/AlGaAs quantum dot under two-photon resonant excitation of the neutral
biexciton. We investigate the spectral and quantum optical response of the quantum dot emission to an additional
wavelength tunable gate laser, revealing blinking caused by the intrinsic Coulomb blockade due to charge capture
processes. Our finding demonstrates that the emission quenching can be actively suppressed by controlling the
balance of free electrons and holes in the vicinity of the quantum dot and thereby significantly increasing the

quantum efficiency by 30%.
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I. INTRODUCTION

Generating high-quality single photons and entangled pho-
ton states is considered a cornerstone for the development
of photonic quantum technologies, e.g., quantum computing
[1], quantum communication [2], or quantum simulation [3].
Although many mainstream demonstrations of quantum opti-
cal applications are implemented with spontaneous parametric
down-conversion sources (SPDCs) in the past decades [4,5],
they suffer from a fundamental trade-off between excitation
efficiency ().,) and multiphoton emission probability, thereby
encouraging the search of alternative sources. Semiconduc-
tor quantum dots (QDs), referred to as artificial atoms, not
only allow for an on-demand generation of high-purity single
photons [6], they also show high performance in terms of
pairwise entanglement fidelity [7], large radiative decay rates,
and internal quantum efficiencies in contrast to other quantum
systems (e.g., atoms and diamond defect centers) [8,9]. How-
ever, an imperfect brightness and luminescence intermittence
inhibits the application of such a source in quantum informa-
tion processing schemes [10-12].

Tremendous efforts are invested to efficiently extract pho-
tons from the high refractive index matrix of QD-based
devices by modifying the photonic environment, e.g., by
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broadband microlenses [13,14], microcavities such as cir-
cular Bragg gratings [15] and micropillars [16], or metal
antennas [17,18] based on directional emission enhancement
from surface plasmon resonance. The overall brightness of
QD-based photon sources is further influenced by the ex-
citation efficiency, which corresponds to the probability of
QDs being occupied at the desired state under resonant ex-
citation [19,20]. The degradation of excitation efficiency is
typical for solid-state quantum emitters like single colloidal
nanocrystals [21,22] or organic molecules [23], manifesting
as strong intermittency phenomena in the photon emission
(called “blinking”). Even for III-V QDs, epitaxially grown
in an ultrahigh vacuum atmosphere, it is impossible to fully
avoid this effect without embedding QDs in devices such as
n-i-p diode structures, which would allow for charge tuning
[6,24]. An all-optical approach to stabilize the solid-state
charge environment for a resonantly excited QD is the con-
cept of photoneutralization of charges by illumination with an
additional weak gate laser, which has been investigated in self-
assembled InAs/GaAs QDs [20,25,26]. In recent years, the
emerging family of GaAs/AlGaAs QDs [27,28] has shown
intriguing features that benefit a high-quality entangled pho-
ton emission close to the rubidium D2 transitions [29,30].
These include a high QD symmetry and homogeneity, low
electron-nuclear spin hyperfine interaction [31], and reduced
light- and heavy hole mixing [32].

Here we investigate the effect of a weak gate laser on entan-
gled photon sources based on GaAs/AlGaAs quantum dots.
For the generation of entangled photon pairs and investigating
photoneutralization effects, we employ resonant two-photon
pumping (TP) excitation to coherently drive the biexciton

©2022 American Physical Society
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state in GaAs/AlGaAs quantum dots. Strong blinking and an
additional emission from the positive exciton (X ) transition
are observed, indicating a degraded TP excitation efficiency.
This effect is counteracted with a second, wavelength tunable
gate laser in the low-power regime, allowing control over the
charge carrier exchange rates between the barrier material
and the QD. The impurity induced excess of holes in the
QD ground state is therefore suppressed. Using photolumi-
nescence excitation (PLE) spectroscopy and second-order cor-
relation measurements, we probe the continuum states in the
barrier, and control the corresponding charging rate of the QD.

II. METHODS

The GaAs/AlGaAs QDs under investigation are grown
by molecular beam epitaxy with the in-suit droplet etching
and nanohole infilling method [27,33]. After the Al-droplet
etching process on the 235 nm thick Al,Ga;_,As (x = 0.15), a
layer of 2 nm GaAs is deposited to fill the nanoholes, followed
by 200 nm of Al,Ga;_,As. In order to efficiently extract the
photons out of the host material, a dielectric antenna device
is fabricated [34]. Excitation of QDs is accomplished by il-
lumination with 80 MHz Ti-Sapphire pulsed laser light, with
a pulse length of ~9 ps. To realize TP excitation, the energy
of the laser pulse is adjusted exactly at the half energy of the
biexciton state |XX). Additionally, a weak continuous wave
(cw) laser (FWHM = 100 kHz) is applied with power around
hundreds of nW for photoneutralization.

The diagram on the left in Fig. 1(a) illustrates the QD
as a two and three-level system including the dynamics of
charge capture processes related to the blinking behavior un-
der optically gated TP excitation. If the QD is initially empty,
described by the ground state |g), it can be pumped to the
biexciton state |XX) using a TP excitation scheme with a
pumping rate rg (dashed line indicates the virtual energy level
in TP excitation). Then, |XX) starts to decay via the exciton
state |X) to the ground state by emitting a pair of polarization-
entangled photons with spontaneous decay rates of yxx and
yx ., respectively. However, residual electrons and trapped by
impurities (i.e., carbon acceptors) in the vicinity of the QDs
can tunnel into the QDs with rates of y and y, (d) (not
shown in the diagram) resulting in the charged ground state
|c). The formation of the neutral biexciton will be blocked by
the residual hole in the QD, similar to the Coulomb blockade
effect [26]. According to the model of photoneutralization,
holes and electrons are created in the barrier by an additional,
weak and off-resonant gate laser with rates of y;f and y“’)
respectively. It modifies the rates y,.. and y._., describing
the transition between the neutral and charged ground state
of the QD. The transfer rate between impurities and the QD
is negligible if @, yh(d) <y, )/h(h), ¥x, Yxx. Therefore, the
neutral ground state |g) converts into the charged ground state
|c) with an average number of electrons or holes in steady
regime within a time range (T = !/y...). This leads to the
phonon-assisted (PA) excitation of the trion state (i.e., |[X 1))
with a pumping and radiative rate of r. and y. [35]. After a
while (o, = 1/y.—,), the charged state is neutralized, leaving
the QD empty and resulting in TP excitation of the | X X) state.
The right diagram in Fig. 1(a) presents the blinking dynamics
of the photon emission from the QD within the charge and
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FIG. 1. Characteristic blinking behavior of the QD emission un-
der optically gated TP excitation. (a) Schematic of the charge carrier
transition dynamics (left) and the effect on the emitted single photon
stream (right). (b) Photoluminescence spectra of an exemplary QD
under NR and TP excitation with cw and pulsed laser, respectively,
showing the neutral exciton (X) and biexciton (XX) as well as the
positively charged trion (X*) emission. (c) Normalized autocorrela-
tion histogram of X photons under TP excitation with an additional
gate laser at 738 nm.

neutralization process of the ground state. In a time range of
Ton, the QD stays neutral so that single photons pairs are con-
tinuously emitted from the spontaneous transition processes.
But once the ground state is charged, neutral exciton photon
emission is quenched and replaced by other excitonic state
emission until it is neutralized again.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the typical nonresonant (NR) and TP
excitation photoluminescence (PL) spectra of a single QD,
in which three dominant transitions of excitonic states are
distinguished. By comparing the two spectra, it can be seen
that the |X ) state exists in TP excitation while the further
red-shifted, weak transition lines around |XX) disappear. It
demonstrates that the neutral and charged ground states are
alternating, giving rise to bright |X) state emission and
causing the intermittency of the neutral X photon emission.
Figure 1(c) displays the autocorrelation measurement of the
neutral X photon emission from the QD under TP excitation
using a Hanbury-Brown and Twiss setup. The antibunching at
zero time delay reveals a pure single-photon emission. At the
same time, a superimposed bunching at a larger time delay
demonstrates the switching of the QD between a neutral and
a charged ground state.

For investigating the influence of the optical gate effect on
the blinking, we first study the photoluminescence intensity
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FIG. 2. Dependence of QD emission intensity on gate laser power and wavelength. (a) Normalized gate laser power-dependent fluorescence
intensity of X photons from the QD under TP excitation. (b) Excitation spectroscopy measurement in the absence of TP excitation under
gate laser power Pyye = 6.3uW, showing the total intensity and the intensity ratio of the X and X transitions (Ry = Nx /N and Ry+ =
Ny+ /Nyora1)- (c) Normalized gate laser wavelength-dependent fluorescence intensity of X photons from the QD under TP excitation.

dependence on the gate laser power and wavelength in the
steady-state regime. Figure 2(a) shows the dependence of
the neutral X photon counts on the power of the gate laser
at a constant power of the pulsed TP excitation laser. To
illustrate that the improvement of the intensity arises from
the neutralization effect induced by the gate laser instead of
the simultaneous off-resonant fluorescence, the photon counts
emitted from the QD when illuminated by two lasers (Nyix)
are subtracted by the counts present when solely excited by
the gate laser (Ngae). The difference (Nyix — Ngae) is then
normalized to the X count rate (Nyp) when only the pulsed
TP excitation is present. The curve increases and eventu-
ally saturates at around 1.3 with increasing gate laser power,
proving the gate laser effect, aligned with a previous report
[26]. Next, we implement an excitation spectroscopy mea-
surement with the cw laser [Fig. 2(b)] from 723 to 766 nm
after the subtraction of the background, to explore how the
excitation wavelength affects the excitation efficiency of the
different excitonic complexes in the QD. In the upper panel of
Fig. 2(b), the total intensity of the X and X ™ photons is shown,
which keeps constant at wavelengths below 750 nm and then
gradually increases. We attribute the increase at . > 750 nm
to a higher probability of the QD ground state to be either
empty or populated with one residual hole. The probability
of a negatively charged ground state or the formation of dark
excitonic states is therefore expected to decrease. The lower
panel of Fig. 2(b) shows the intensity ratio of the |X) and
|X ) states as a function of the nonresonant laser wavelength.
A strong contrast of the intensity ratio is observed at A ~ 738
and 745 nm. Since the spontaneous decay rates of X and X+
photons are assumed to be comparable [36], we can conclude
that the QD tends to be empty at the ground state (nz‘”) =0)
for these specific wavelengths. To demonstrate that the laser
wavelength is able to control the charge state of the QD, we
study the gate laser wavelength-dependent emission intensity
of neutral X photons [Fig. 2(c)] under TP excitation, in which
most of the bright states are strictly from |X ) and the cascade
emission of the | X X) states. The power of the gate laser is kept
constant (Pyye = 111 nW) below the power at which the opti-
cal gate effect saturates (Psyc ~ 200 nW). We observe a similar
intensity fluctuation (R,) as shown in Fig. 2(b), revealing that
the QD can be actively photoneutralized.

In the following we present the corresponding behavior as
a function of gate laser wavelength and explain the blinking
phenomena according to the proposed model, as intensity
autocorrelation measurements reveal the photon emission
properties in the dynamic regime. These correlations are
shown in Fig. 3(a) for the X photon emission. It displays two
exemplary histograms of the autocorrelation measurements
(left) and the corresponding coincidence counts binned ac-
cording to each laser pulse emission (right), normalized to
the coincidences at large time delays. The missing peak in
the center of the histograms resulting from antibunching is
neglected during the binning of coincidence counts in the
right graph. The remarkable bunching behavior (green curve)
reflects the blinking dynamics for which photons emitted
close to each other within the time range (|tz| < 1 us) have a
higher chance to result in coincidence counts. By comparing
the theoretical modeling of these two exemplary bunching
curves, one can notice that the blinking dynamics is tuned
when changing the gate laser wavelength. It deserves to be
mentioned that the slight mismatch of the model with the cen-
tral data points close to a time delay of T = 0 us is presumed
to be the dark exciton transition [37]. Figure 3(b) shows the
gate laser wavelength and time-delay dependent normalized
coincidences [each horizontal cut of the data corresponds to
a green curve of the binned data in Fig. 3(a)] at different
wavelengths in the form of a color map. The bunching ampli-
tude undergoes a descent and ascent with increasing gate laser
wavelength, reaching the lowest value at ~740 nm. It implies
a decreased blinking, qualitatively validating the behavior ob-
served in Fig. 2(c) about the intensity change as a function of
the gate laser wavelength.

To quantitatively understand the blinking phenomenon re-
lated to the capture of charges in the QD, we extract the values
of the parameters based on the modeling of the g», described

by [30,38] 1
g(2)(r’ 2 = |:1 + (m>eya(1)lf:| (D

with B denoting the blinking on-off ratio (ton/Tor), Vs
the blinking rate (yg = Y _; ¥, i = § = ¢, ¢ — g). The upper
panel in Fig. 3(c) shows the average ratio of on and off
times as a function of the gate laser wavelength, in which
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FIG. 3. Characterization of the gate laser-dependent blinking characteristics of the neutral X and charged X+ photon emissions. (a) In-
tensity autocorrelation histograms (left) for X photons revealing pure single-photon emission and a superimposed bunching due to blinking.
Normalized histogram (right) with bin size set to the inverse of the laser repetition rate is used to apply an exponential decay model (red line).
Measurements at two exemplary gate laser wavelengths are shown. (b) Normalized coincidences as a function of time delay and gate laser
wavelength, with fixed powers of the resonant and gate lasers (Pyae = 166 nW). (c) On-off time ratio B (top) and the charge capture rates
(bottom) as a function of gate laser wavelength. (d) Normalized intensity autocorrelation of X photons in a logarithmic time delay scale up
to one millisecond (Agy = 738 nm). Inset: Time trace (green) and histogram (blue) of detector count rates for 0.3 ms, 3 ms, and 30 ms time
bins, following Gaussian distribution with the statistics (red). (e) Normalized coincidences from a cross-correlation measurement between X
and X photons as a function of time delay and excitation laser wavelength. (f) Average blinking rates yz under TP and NR excitation as a

function of the wavelength of the nonresonant excitation laser.

B follows exactly the tendency of intensity fluctuations in
the steady state [Fig. 2(c)]. It verifies our previous assump-
tion that the gate laser wavelength can tune the number of
remaining charges in the QDs, thus affecting the excitation
efficiency [n{™" = 25.57(8) £ 0.403%, ™™ = 49.53(9) +
0.645%]. A closer look at the effect of the gate laser on the
charging and neutralization process is obtained by deducing
the capture rates of holes and electrons as displayed in the
lower panel. The charging rate (blue curve) generally stays
higher than the neutralization rate (green curve) in the wave-
length range from 723 ~ 765 nm, therefore, the ground state
of the QD is charged with an excess of holes for most of the
wavelengths. When the gate laser is tuned to ~740 nm, the
two lines meet each other, corresponding to a balanced capture
rate of holes and electrons between the barrier and the QD.
(ye(”) = y,fb)). Simultaneously, the low transition of charges

tunnelled from defects to the QD with rates of 4, yifd) dom-
inates. To completely eliminate the excess of charges in the
QDs, a slightly higher ejection rate of electrons is preferred,
in order to neutralize the holes additionally induced by the
impurities.

In Fig. 3(d), the normalized intensity autocorrelation of
the X photons is plotted in a logarithmic time scale up to
1 us < |r| < 1000 ps. The first-order linear decay at short

delays (|t] < 1 ws) indicates that there are no other potential
dark states causing the blinking of the photon emission [37].
The curve then remains flat up to 1 ms, indicating that there is
no blinking observed at this time scale. To study the blinking
on an even larger time scale, Fig. 3(d) shows the fluorescence
intensity over time, under different time bin sizes of 0.3, 3,
and 30 ms (left). From the histogram of the intensity values of
each curve (right) it is clear that the intensity distribution ex-
hibits a single Gaussian model behavior, verifying the absence
of blinking at a longer time range |t| > 1 ms.

The total capture rate of charges (y5) between QDs and bar-
rier material decreases with increasing gate laser wavelength,
and not only under TP excitation. For NR excitation, the
charging rate is affected by the excitation laser wavelength,
explaining the excitation spectroscopy in Fig. 2(b). The color
map in Fig. 3(e) shows the normalized coincidences from a
cross-correlation measurement between X and X+ photons as
a function of wavelength of the cw excitation laser. The exci-
tation wavelength is limited to values below 755 nm, due to
the observed laser background at higher wavelengths. Similar
to the bunching envelope in the autocorrelation measurement,
the here generally symmetric antibunching reveals the effect
of the laser wavelength on the charge capture rate of the QD
from its surrounding environment. The antibunching in the
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cross-correlation can be modelled with the below formula
[38,39]:

Sion () = (1= Pl (o), 3)
g2 (1) = [H()gd) (1) + H(—1)g5 (1)), )

where the first term in Eq. (3) is the total capture rate de-
scribing a charging of the ground state of the QD with one
hole (related X' photon emission), followed by a return
to the neutralized state (|g) — |c¢) — |g)). The second term
is the conventional antibunching, a result from the single
photon character of the X and X' emissions. This is ex-
pressed in Eq. (4), where H is the Heaviside step function
while g(XZl and g(;) are the antibunching functions of X* and
X, respectively. At lower excitation wavelengths it can be
seen that the antibunching shows an asymmetric dip in the
center. This can be explained by the different rates contribut-
ing to the dynamics of X and X+ emission, taking into account
the pumping and decay processes under NR excitation. The
decay processes (described by r., yg, rx, Yx+) are much faster
than the blinking rate of the ground state (yp) [39]. With
increased wavelength, the asymmetric antibunching can not
be distinguished anymore because of the low signal-to-noise
ratio and the dominating blinking rate, leading to a broader
and more symmetric antibunching.

Figure 3(f) shows the comparison of the extracted yp from
the autocorrelation of Fig. 3(b) and the cross correlation of
Fig. 3(e), respectively. Overall, the capture rate of the empty
ground state and charged state with one hole is reduced with
increasing gate/excitation laser wavelength. However, yp un-
der NR excitation is much higher than the rate under TP
excitation due to the different dynamics and possible forma-
tion of other excitonic states (e.g., X~ state) in NR excitation.

After the investigation of photoneutralization on the charge
environment in the vicinity of QDs, we further try to learn
more about the influence of the gate effect on the quality
of the polarization-entanglement of photons, by perform-
ing the quantum state tomography. Figure 4(a) presents the
polarization-resolved XX — X density matrices measurement
for the emission from the same QD under TP excitation
without and with gate laser (Agae =738 nm, Py = 111 nW),
respectively. Without any postselection method, we obtain
the raw fidelities of fyitout gate = 0.61(6) £ 0.020, fyit gare =
0.65(5) = 0.008 by projecting the state to the Bell state |®)
in Fig. 4(b). Utilizing the maximum-likelihood estimation
method, fidelities of fiitout gae = 0.63(8) &= 0.020, fiith gare =
0.65(8) £ 0.008 are hereby extracted from the reconstructed
density matrices, which are nearly constant. Therefore, we can
conclude that the fidelity to the Bell state is not dependent on
the excitation scheme [35].

IV. CONCLUSIONS

To summarize, we have shown that the electronic en-
vironment and material impurities play a pivotal role in
obtaining an efficient optical response from a semiconduc-
tor QD based photon source. Charge capture processes are
identified to be the major cause of luminescence intermit-
tence in GaAs/AlGaAs QDs subject to two-photon excitation
to the biexciton. The power and wavelength of a gate laser

Re(pwilhoul gale)

0.60 1

| _|Classical
limit

Fidelity

0.45+

0.30-
Without gate Estimation

With gate  Estimation

FIG. 4. (a) Real (left) and imaginary (right) of reconstructed
two-photon density matrices between XX and X photons under TP
excitation without (top) and with (bottom) gate laser. (b) Fidelity to
the expected Bell state |®*) for TP excitation without (red) and with
(blue) gate laser

acts on the capture rate of holes and electrons, particularly
close to the band gap of the barrier material (~740 nm for
Aly.15Gag gsAs). An enhancement of up to 30% in excitation
efficiency is observed, and the entanglement fidelity of the
emitted photon pairs is maintained by applying the optical
gate. The intensity of the QD emission in the steady state is
well explained by investigating the charge capture dynamics
with auto-/cross-correlation measurements from NR and TP
excitation schemes. Our finding demonstrates that photogen-
erated charge carriers modify the electronic environment of
the QDs and thus increase the efficiency of the source while
maintaining the degree of photonic entanglement. One pos-
sibility to gain further control of the charge in the QD is
embedding it in n-i-p type charge tunable devices [24]. Since
such devices also increase the fabrication complexity, espe-
cially in combination with nanostructure fabrication [15,16]
or, e.g., strain-field tuning [40,41], an all optical and easily
implementable method to control the charge population of the
QD ground state is beneficial [42—44].
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