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Electrical control of optically pumped electron spin in a single GaAs/AlAs quantum
dot fabricated by nanohole infilling
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We demonstrate here electrical control of the sign of the circularly polarized emission from the negatively
charged trion, going from co- to contrapolarized with respect to the circular polarization of the laser, using a
GaAs/AlAs quantum dot (QD) embedded in a field effect structure. The voltage range over which the trion is
negatively (contra) circularly polarized is shown to be dependent on the laser excitation energy within the P-shell
resonance. The negative polarization never exceeds ~ — 15%, in stark contrast to measurements on InAs/GaAs
QDs reported by M. E. Ware et al. [Phys. Rev. Lett. 95, 177403 (2005).] in which a negative polarization reaching
—95% was observed. This result is shown to be a consequence of the low-symmetry confinement potential of
these GaAs/AlAs QD, which are fabricated by partial infilling of asymmetric droplet-etched nanoholes. This low
QD symmetry also leads to optical activity of the dark spin configuration of the triplet state, which we measure
experimentally by photoluminescence excitation spectroscopy. A simple, semiquantitative model explaining both
the optical activity of the dark spin configuration and the maximum degree of negative polarization is presented.
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I. INTRODUCTION

An electron spin trapped in a semiconductor quantum dot
(QD) is a robust qubit whose quantum state can be fully
manipulated by laser sequences tuned to the lowest excited
state, the negatively charged trion. In this case, an applied
external magnetic field is imperative to lift the spin degen-
eracy of the trion state to create a A system and initialize the
spin by optical pumping techniques [1]. In contrast, the trion’s
excited state (hot trion), which is formed with one electron on
the S orbital and one electron on the P orbital, gives rise to
triplet states whose degeneracy is lifted by the electron-hole
exchange interaction. As the total electronic spin within the
negatively charged trion X~ is zero, the circular polariza-
tion of the luminescence maps the spin of the hole which
recombines. When the circular polarization is negative, i.e.,
contrapolarized with respect to the laser excitation, an effi-
cient flip-flop process occurs between one of the electrons and
the photocreated hole spin. The spin flip flop of the electron
and hole, arising before the hot trion can decay to the trion
ground state, leads to initialization of the spin of the electron
remaining in the QD [2]. This negative polarization effect has
been used in measurements of an ensemble of n-doped QDs
to probe the dynamics of the coupled electron-nucleus spin
system in the low-magnetic-field limit [3-5].

The degree of circular polarization, defined as P, =
(Uy+o+ — Iy+o-)/Us+o+ + Iy+5-), has been shown to reach a
value close to —100% for the negatively charged trion of a
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single InAs/GaAs QD [6,7]. Here, we study the dynamics
of the negative circular polarization from a strain-free, highly
asymmetric single GaAs/AlAs QD grown by partial infilling
of an in situ droplet-etched nanohole [8]. These QDs were em-
bedded in a n-i-Schottky diode structure, designed to permit
discrete charging of QDs with a wide voltage range where the
X~ state was dominant.

We investigate here the combined effect of applied bias and
excitation energy on the degree of negative circular polariza-
tion of the trion emission. While optically addressing the hot
trion through P-shell excitation of the QD, we observe that
the applied bias can be used to control the degree of neg-
ative circular polarization up to its complete disappearance.
Similarly, tuning the excitation energy within the broad P-
shell resonance can lead to suppression of either the negative
or positive circular polarization. In addition, we carry out
resonant excitation of the hot trion by exciting the forbidden
S-P transition, involving the photocreation of an electron in
the conduction band P orbital and a hole in the lowest-energy
valence band S-orbital. In this configuration we observe three
lines in the photoluminescence excitation (PLE) spectra of the
hot trion, corresponding to the two bright triplet states and the
dark spin configuration. This is in contrast to measurements
of InAs/GaAs QDs, where only selective absorption of the
two bright triplet states has been observed [6]. We explain the
optical activity of the dark spin configuration of the hot trion
by considering the anisotropic morphology of the nanohole
which determines the shape of the GaAs/AlAs QDs studied
in this work. This anisotropy lowers the group symmetry of
the confinement potential down to Cy, which strongly modifies
the optical activity of dark spin configuration excitons [9].
We develop a simple model where the electron-hole exchange
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FIG. 1. (a) Map of the photoluminescence of a single QD as
a function of the applied bias. The laser energy is set at Ej e =
1.771 V. (b) Fast-scan PLE for the three exciton states; —0.5, 0, and
0.7 V were applied to the Schottky diode to record the PLE spectra
of X+, X%, and X, respectively.

interaction is expressed in the reduced-symmetry framework
and show that it agrees well with the experimental results.

II. EXPERIMENTS

The sample used consisted of GaAs/AlAs QDs fabricated
by nanohole infilling inside a n-i-Schottky structure with a
168-nm-wide intrinsic region. These nanoholes, created by
Al droplet deposition followed by annealing under Asy, are
typically 8—10 nm deep and ~60 nm (~90 nm) wide along
[—110] ([110]). Notably, the deepest point of the hole is
generally offset from the hole center due to droplet motion
during etching, leading to asymmetry of the hole profile along
the [—110] direction [10]. The nanoholes are overgrown by a
1-nm-thick GaAs layer, but net migration towards the bottom
of the hole during a short 15-s interrupt leads to the dots stud-
ied here being 2—4 nm high. Nanohole etching occurs after
an 18-nm Al 45Gag s5As intrinsic spacer has been grown over
the n-doped contact, leading to dots being located nominally
around 10 nm from the n contact. However, variation in both
nanohole size and infilling amount across the 2 inch wafer
leads to a range in dot size and separation from the n contact.
In this sample, the QD density is very low (one or two QDs
per square micrometer), allowing individual QDs to be easily
isolated for optical spectroscopy experiments. The QD charge
is controlled by applying a bias between the semitransparent
Schottky gate evaporated on the top surface of the sample and
the diffusive Ohmic contact. The different charged states for
a typical QD emitting at 1.74 eV are revealed in Fig. 1(a),
which shows the evolution of the photoluminescence signal
when sweeping the bias. Both the positive (X+) and negative
(X7) trions are clearly identified and are well separated from
the neutral exciton (X°) voltage domain.

Figure 1(b) shows the photoluminescence excitation (PLE)
spectra for the three excitonic charge states of the same QD.
The P-shell transition and the D shell are located ~26 and
~34 meV above the lowest-energy transitions. These values
agree well with the performed eight-band k - p calculations of
a QD with a 50-nm radius and a 4-nm height. The electronic
excitation resonances are several meV wide, although their
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FIG. 2. Fine structure of the hot trion. The lifted degeneracy of
the triplet states is fully shown when the hole occupies the S-orbital
level, whereas only Tj and 7, are represented when the hole is on the
P-like orbital. All the states of the hot trion are twofold degenerate
depending on the hole spin projection. As the QD is excited by a
ot polarized laser, only the states with hole spin up are depicted.
As,—p, and Ag,_p, are the energy differences between the orbital
levels renormalized by the Coulomb interaction. The blue path gives
rise to contrapolarized luminescence of the trion, whereas the red
path leads to copolarized trion emission.

width decreases going from X+ to X° to X, i.e., as the bias
approaches the flat-band conditions, here close to 1 Vt. This
indicates that carrier tunneling contributes significantly to the
broadening. However, even under strong forward bias, when
the band structure is close to the flat-band condition, the res-
onances associated with the negative trion X ~ remain broad
and larger than ~3 meV. We interpret this as a consequence
of the very fast hole relaxation time (tp,—.5, ~ 1 ps) from the
P to the S orbital.

To optically address the hot trion, we first choose to excite
the P-shell transition of the QD while polarizing the diode
in the voltage range where the X~ is stable. The different
configurations of charge carriers in the dot following this ex-
citation and subsequent carrier relaxation and recombination
are shown in Fig. 2 [11]. For simplicity, we consider only the
lowest-energy P orbital (let’s say P,) for the valence and the
conduction band, and we discard the influence of the splitting
between P, and P, envelope wave functions that comes from
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FIG. 3. (a) Time dynamics of the co- and contrapolarized luminescence of X~ when the applied bias is 0.78 V. The laser energy is set
26 meV above the X~ emission energy, corresponding to excitation of the P-shell resonance. The response of the APD to a 2-ps pulse is
added in black. The red and blue lines are fits taking into account the detector convolution. (b) Dynamics of the circular polarization P, of the
X~ emission without deconvolution. (c) and (d) As in (a) and (b) but with applied bias of 0.87 V.

the QD elongation perpendicular to the growth axis [12]. The
fine structure of the hot trion, where one electron occupies an
S orbital and a second electron occupies the P orbital, consists
of the triplet states Ty (157 + VT,,)/«/Z T (1s1p),and Ty
({*}7) and a singlet Sj state ()7 — VT,,)/\/E. The singlet
state is split from the triplet states by the electron-electron
exchange interaction A,,.

Contrary to the relaxed trion where all the carriers are in
the S shell and the electron-hole exchange interaction plays no
role, for the hot trion the isotropic component of the electron-
hole exchange interaction lifts the degeneracy of the triplet
by an amount Ag = J(AyF ™ + AFT) [Ag = (AT +
Ag”_P )] if the hole occupies the S-like orbital (P-like).

The quantity Ao is expressed using the effective
electron-hole exchange interaction Hamiltonian for Cy,
symmetry [13,14]:

oo O e e
> —aayHgadh + — G+ 82T, ()

where ¢ is the electron spin operator occupying the i orbital
and J" is the pseudo-1/2 spin operator for the heavy hole
with the convention J#| ) = 1| 1) and J*| §) = —1| |).
We neglect in Eq. (1) the anisotropic exchange splitting of
the dark exciton §; as it is more than one order of magnitude
weaker than the exchange splitting of the bright exciton §;.

When the laser is o™ polarized and tuned to the P,-P, tran-
sition energy, i.e., 27 meV above the trion emission energy,
the bright triplet states |7_, f}p,) and |7p, f}p,) are populated.
They decay rapidly in a typical hole relaxation time tp,_.s, to
|T-1, ts,) and |Tp, fs,). A Pauli spin blockade prevents the
P electron of the |T_y, {}s,) state from relaxing to the S shell
without an electron-hole spin flip flop.

This electron-hole spin flip flop is due to the anisotropic
part of the electron-hole exchange interaction [see Eq. (1)].
As a consequence, |T-1, f}p,) generated by o™t polarized
excitation relaxes via the intermediate |7_1, f}g,) state to the
|So, U45#) trion state. As shown by the blue path drawn in
Fig. 2, this relaxation pathway ultimately leads to emission
from the negative trion X~ which is contrapolarized with
respect to the laser excitation.

The efficiency of the electron-hole spin flip-flop mecha-
nism which leads to contrapolarized emission can be mea-
sured by time-resolved photoluminescence experiments [15].
Figure 3(a) shows the dynamics of the co- and contrapolarized
components of the X~ photoluminescence following a 2-ps
circularly polarized laser pulse. The laser energy is 1.761 eV,
i.e., within the P,-P, transition, and the applied bias is 0.78 V.
The PL signal is recorded by a Si avalanche photodiode
(APD) with a Gaussian time response at FWHM of 240 ps
(see Appendix A). After 200 ps, the contrapolarized emission
intensity is greater than the copolarized one, indicating that
the degree of circular polarization P, becomes negative. The
inset in Fig. 3(a) shows a zoom for a time window centered
at 200 ps. We observe that the maximum intensity of the
copolarized intensity is reached at ~160 ps, whereas for
contrapolarized intensity, the maximum is located at ~220 ps.
The contrapolarized intensity delay time is clearly associated
with the flip-flop process effective time 7y, (see Fig. 2). Using
a simple rate equation model and taking into account the APD
time response, we estimate that 7y = 70 ps (see Appendix B).
This value is about four times faster than the contrapolarized
PL component delay time observed in InAs [2] and InP QDs
ensembles [15].

In more detail, three mechanisms, reliant on the electron-
hole anisotropic exchange interaction, have been invoked to
explain the relaxation of the Pauli-blocked |7T_;, f}s,) state
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to the |So, %) trion state [6]. The first mechanism relies on
a combination of electron-hole and electron-phonon interac-
tions to couple |7_1, fts,) to the virtual state |So, 5 +1LO).
By treating this latter interaction in the framework of the
Frohlich model, it was shown in Ref. [7] that this mechanism,
which successfully described the negative circular polariza-
tion dynamics of the trion of a single InAs QD, becomes
ineffective for a large mismatch between the S-P splitting
energy and the LO phonon energy [16]. This is also the case
for the GaAs/AlAs dots studied here, where the S-P splitting
energy is ~16 meV (see Fig. 2), compared to the 36-meV LO
phonon energy in GaAs. The second mechanism is based on
coupling between the |T_y, {s,) and |Sg, 1) states, followed
by thermalization to the X~ (]So, 154)) state [2]. In this case,
Sp—Se Sp—Pe \2
the spin flip-flop rate rf_fl is proportional to %.
Since the electron exchange interaction energy A, is in
the meV range, 77, has been estimated to be of the order
of nanoseconds [7,17]. This is much longer than the value
of 77y experimentally observed here. In contrast, the third
mechanism is based on coupling between the |T_;, {}s,) and
|Tp, 5 states followed by thermalization to the [Sy, %)

Sp—Se | Sp—Pe 2
state [6]. In this case, ‘L'f_fl G '

x
Since A, is of the order of 0.1 meV, this will give a much
shorter flip-flop lifetime than the previous mechanism. The
subsequent thermalization of |Tp, {}5") to the X~ state was
found to be ~10 ps [6], only one order of magnitude greater
than for |S%, 5"), due to a spin-orbit-induced asymmetric
electron-electron interaction between |Tp, %) and |S%, |5)
[6,18,19]. This relaxation mechanism is therefore compatible
with the experimental determination of 77, of 70 ps here.

Figure 3(b) shows the dynamics of the degree of circular
polarization of X~ emission. The experimental points are
plotted using the data shown in Fig. 3(a), i.e., without any
deconvolution procedure. We observe a long decay time of
the negative circular polarization. From this decay time we
evaluate the effective hole spin lifetime t/* to be 2.7 ns (see
Appendix B). This is the first time that the hole spin lifetime
has been measured in such GaAs/AlAs QDs and indicates that
it is relatively short. For comparison, similar measurements of
the InAs/GaAs QD ensemble gave 7" > 20 ns [20].

Figures 3(c) and 3(d) show the effect of a small change in
applied bias on the X~ polarization while keeping the same
laser excitation energy. With an applied bias of 0.87 V, there
is no delay between the contra- and copolarized components,
with both having their maximum intensity at ~180 ps, as
shown by the vertical dashed line in Fig. 3(c). Figure 3(d)
shows that this lack of delay means that there is no negative
degree of circular polarization at this bias voltage.

At this stage, two conclusions arise from these observa-
tions. First, since increasing (decreasing) the bias is able to
decrease (increase) the relative fraction of contrapolarized
emission, it must be inducing a weakening (enhancing) of
the relative absorption of the |7_;, fp,) state compared to
the |Tp, fp,) state. Second, there is no measurable delay
between the contrapolarized and copolarized emissions for
a bias voltage of 0.87 V (compared to the 70-ps delay of
the contrapolarized emission at 0.78 V). The fraction of
emission that is contrapolarized, however, remains significant

is proportional to
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FIG. 4. (a) Voltage scans of the X ~ emission circular polarization
for different excitation energies within the P-shell resonance. The
black dashed lines are guides to the eye. (b) Schematic showing
the change in polarized emission from contrapolarized (blue) to
copolarized (red) on changing the electric field across the QD by AF
(change in applied bias AV > 0). The electric-field-induced energy
shift of the QD states relative to the exciting laser energy leads to a
decrease in absorption of the |7_;, fp,) state compared to |Ty, fp,)
(see the text for a detailed explanation). (c) Circular-polarization-
resolved PLE of X~ with a laser step of 11 ueV. The dashed red and
blue lines are guides to the eye. The apparent noise in P. comes from
fluctuations in the electric field at this applied voltage, observable as
fluctuations in the photocurrent during the PLE measurement.

[Figs. 3(c) and 3(d)], with an ~ 4 20% positive degree of
circular polarization. The lack of delay time indicates that
this contrapolarized emission is not due to the spin flip-flop
relaxation of the |T_;, {}s,) state to the |So, 15 state. A fast
hole spin relaxation time in the P orbital would, however,
lead to rapid filling of both the |Ty, ftp,) and |Ty, {}) states
after excitation with positive circularly polarized light [21],
providing a possible route to lower the degree of circular
polarization. This hole spin relaxation in the P shell prior
to thermal relaxation to the S shell would also contribute to
decreasing the amplitude of the negative degree of circular
polarization at 0.78 V [see Fig. 3(a)]. Under this voltage
condition, where the |T_;, f}p,) state is being filled prefer-
entially to the |Tp, {}p,) state, hole spin relaxation in the P
orbital would reduce the fraction of the |7T_;, {}p,) state due
to filling the |T_;, %) state. This would subsequently reduce
the contrapolarized emission that is due to the spin flip flop
of the |T_1, {}s,) state followed by thermal relaxation of the
|To, U5+) state.

This assumption of fast hole spin relaxation in the P orbital
is used in the calculations presented in Appendix B, where 7f
is quantified as 70 ps, taking into account the APD temporal
response.

To study further the effect of applied bias on the relative
absorption of the different triplet states, Fig. 4(a) shows the
X~ degree of circular polarization using a cw spectrally nar-
row laser tuned to slightly different energies within the P-shell
electronic resonance. For a fixed excitation energy, the degree
of circular polarization P, changes from negative to positive
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(contrapolarized to copolarized) with increasing bias voltage.
However, with increasing laser energy, the voltage range for
which P, is negative increases, while both the voltage range
and the magnitude of positive P. decreases. The critical ex-
citation energies for which P, will remain positive (negative)
over the entire voltage range of the X~ emission are found
experimentally to be Epyer — Ex- < 22meV (230 meV).

The combined effect of excitation energy and applied bias
on the presence or absence of a negative degree of circular
polarization can be explained by considering the Stark shift of
the QD energy levels with applied bias and the induced effect
on the probability of absorption of different triplet states. This
is shown schematically in Fig. 4(b). When the ot polarized
laser energy is high enough, the absorption on the higher-
energy |T_1, {p,) state will be greater than that of the |Ty, f}p,)
state (see Fig. 2). Fast relaxation from the |7_;, {}p,) state to
the |T_1, f}s,) state leads to contrapolarized X~ emission, as
displayed by the blue arrows in Fig. 4(b). Increasing the bias
leads to a decrease of the electric field across the dots and a
blue Stark shift of the optical transitions [22]. When the Stark
shift is sufficiently large to bring the |Tp, f}p,) state closer into
resonance with the excitation laser energy than the |7_1, f}p,)
state, absorption of the |Tp, {tp,) state will dominate. Relax-
ation from this state leads to copolarized emission of X —, as
shown by the red lines in Fig. 4(b).

Because of the large broadening of the P-shell resonance
[Fig. 1 (b)], the transition from absorption in the |7_;, {}p,)
state to the |7y, f}s,) state when changing the laser energy is
not abrupt.

To illustrate this, Fig. 4(c) shows the circular-polarization-
resolved PLE over a small spectral window around the tran-
sition from positive to negative P, at fixed bias (0.825 V).
When the laser is tuned to the lower-energy side, P, is positive,
whereas on the higher-energy side, P, is negative, which is
consistent with the higher energy of 7_; compared to Ty. The
sign of P, crosses from positive to negative at Ey 5o — Ex- ~
26 meV. This corresponds to the point where absorption and
recombination of the 7_; and Tj states are balanced, giving
similar co- and contratrion intensities. If the laser energy is
set too far above or below this position, the amplitude of
the Stark shift over the voltage range of the stability of X~
is not enough to change the absorption from 7_; to Ty (or
vice versa), and there will subsequently be no change in sign
of P. on changing the bias. This situation is illustrated in
Fig. 4(a) for Epyser — Ex- = 22 meV and, to some extent, for
ELaser — Ex— = 30meV.

When looking carefully at Fig. 4(a), we observe that the
maximum positive P, reaches a value greater than +25%,
whereas the maximum negative P, seems to be pinned at ~ —
15%. Under excitation and bias conditions where absorption
can be assumed to be predominantly either in the |7_, f}p,) or
|To, ftp,) state, P. of X~ will reflect spin relaxation occurring
as the hot trion states relax down to either the [Sy, %) or
[So, fs,) state (Fig. 2). If P. were being limited by spin
relaxation of the hole in the P orbital prior to its relaxation
to the S shell, then this would lead to a reduction of the
maximum P, for both co- and contrapolarized components of
the PL in a similar way.

To understand the lower amplitude for the negative P,, we
set the laser energy to the position of the Sj,-P, transition while
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FIG. 5. (a) X~ PLE spectra when the laser energy is scanning the
Sj-P, transition. The laser is linearly polarized and no-polarization
selective detection is employed. The PLE lines are fitted by including
a local quadratic background shown by the purple dashed curve.
(b) and (c) The same experiment setting the laser polarization o+ and
analyzing (b) o+ and (c) o ™. The laser intensity in (b) and (c) is twice
that used in (a) to enhance the signal-to-noise ratio when measuring
the circular polarization of the hot trion triplet components.

recording the PL signal from the X~ line. In principle, the
Sy-P, optical transition is not allowed due to the parity of
the envelope wave functions; however, the low symmetry of
these QDs fabricated by nanohole infilling efficiently relaxes
the optical selection rules [23].

Figure 5(a) shows the PLE for X~ while the linearly polar-
ized laser scans the S;-P, transition ~16 meV above the trion
energy. The laser intensity was reduced as much as possible
while still maintaining an acceptable signal-to-noise ratio.
The amplitude of the PLE signal is seven times weaker than
the signal obtained when exciting the P-shell resonance [Fig.
1(b)]. We observe a complex multipeak structure appearing
for Epaser — Ex- ~ 16.5meV. This can be fitted satisfactorily
by three equidistant Lorentzian lines which correspond to the
absorptions of |T_y, fts,) and |Tyy, %) at high energy (in
blue in Fig. 5), |Ty, 1ts,) and |Ty, {}5) (in red), and the “dark”
hot trion configurations |71, fs,) and |7_;, %) (in black)
at low energy. The additional, well-separated, weak electronic
resonance observable at 17.5 meV is assigned to absorption of
the singlet states |Sg, fts,) and | S5, {5).

This result differs from similar measurements per-
formed on InAs/GaAs QDs where only the bright triplet
states were observed [6]. Before discussing in detail the
reason for the appearance of the hot trion dark state
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configuration, we first here confirm the consistency of our
interpretation.

(i) From the assignment of the peaks in Fig. 5 we are
able to quantify Ay = 135 ueV [24] and A,, = 1.1 meV. The
magnitude of the splitting A.. between Ty and S7 for this
GaAs/AlAs QD is confirmed by PL spectroscopy measure-
ments on the same dot where A,, ~ 1 meV is evaluated from
the separation of the singlet-triplet components of the X~
state (see Appendix A). It should be noted that this value is
much weaker than in InAs/GaAs QDs, where it lies in the
range of ~5meV [6,25].

(ii) The ratio of the oscillator strength between the two
fir_y s,
fip.ns,)
[6,16,26,27]. We find that the ratio of the integrated area of
blue and red Lorentzian curves is 2.2, in good agreement with
the expected value. As pointed out in Ref. [6], these absorp-
tion peaks are broadened when the laser power is enough to
saturate the transitions. By repeating the same experiments
shown in Fig. 5(a) using an excitation power two times more
intense (not shown), we measure the same width of the PLE
lines, indicating that they are already close to the saturation
regime in Fig. 5(a). As a consequence, the linewidths of the
Lorentzian fits are much greater than the natural linewidth
due to laser-power-induced broadening, which explains the
overlap of the different PLE lines.

(iii) Circular-polarization-resolved PLE obtained when the
laser is o™ polarized [Figs. 5(a) and 5(b)] confirmed that
only the PLE line associated with the |7_;, {}s,) state is
contrapolarized with P, = —10%. To calculate the degree of
circular polarization we use here the integrated areas from the
otoT and oo~ PLE spectra, i.e., I, +,+ and I,+,-. The same
analysis gives a circular polarization of +30% for both 7y and
the dark PLE lines and a value of +10% for S;. The circular
polarization of Sj is surprisingly weak given the long hole
spin relaxation time (2.7 ns), although the positive sign is the
expected one. It is possible that the large background in the
PLE signal due to the high power needed for the measurement
is leading to an underestimation of this value. Note that similar
experiments performed on InAs QDs have shown that the
degree of circular polarization obtained for the |7_, f}s,) PLE
line exceeds —95%, in stark contrast to our result. We show
next that the modest degree of negative circular polarization
and the presence of the dark hot trion PLE line are strongly
related.

The optical activity of the dark spin configuration exciton
results from the low C; symmetry of the QD confinement
potential [9,28,29]. This symmetry breaking is taken into
account in the effective Hamiltonian by adding new contri-
butions to Heep, in Eq. (1) [9,28] as

bright triplet states r = is expected to be equal to 2

(Sﬁcr —

eech ™

Z S TNSG + 8y + 850 8a (I + ), ()
i:(seaPe)

where 8’;5" and § ES” are the energies related to the non-
collinear terms coupling bright-to-dark excitonic configura-
tions by flipping solely the spin of the electron occupying the
orbital i or hole on the ), orbital. Treating similarly $AS; and
the anisotropic part of A, perturbation theory gives, to first

order, the dark hot trion state as

[T51, rs,) = 1T, 1rs,) — @l To, s, (3)
and for the higher-energy triplet state it gives

T frs,) = 1To1. fhs) + BITo, U%) + el Ty, s,). (@)

Se—Sp | Pe—S, Se=Sp, | <Pe—5),
with o = ;-[% ) and = ﬁz[%} In
Egs. (3) and (4), we have kept the dominant terms in Ag !
and have neglected terms with energy denominators 2A0 [30]
and A, from the perturbative expansion.

Equation (3) shows that the dark triplet state is mixed with
the bright |7, fs,), with a coupling « transferring oscillator
strength to the dark configuration. Equation (3) also predicts
that the dark state should have the same circular polarization
sign as the |Tp, f)s,) state, in agreement with the experimental
observations from the PLE measurements. As a consequence,
a? quantifies the ratio of the oscillator strengths of the bright
and dark states, which can be evaluated to first order as the
ratio of the integrated areas of the PLE lines in Fig. 5(a)
and is equal to 0.13. Assuming 85¢5" ~ §7~5" "we obtained
(Sff_s}' ~ 70 eV, in very good agreement with magnetospec-
troscopy experiments performed on similar QDs [31].

Equation (4) describes the effect of the QD asymmetry
on the |T_, {}s,) state. The first term gives the coupling
between |T_y, fts,) and |Tp, U%+). This coupling is governed
by the anisotropic exchange splittings present in 8 and is the
origin of the negative circular polarization. The second term
describes an additional coupling to |Tp, fs,), weighted by o.
This term comes from including 81-7;;1, and it acts to offset the
coupling to the |Ty, |}5) state, thereby reducing the value of
the negative P,. In other words, when the condition ,82 > o?
is fulfilled, the negative circular polarization could be close to
—100%, as already reported for InAs/GaAs QDs [6], but as «
becomes more significant, the negative circular polarization is
reduced.

The maximum achievable negative polarization measured

o2 p?

in cw experiments can be expressed by Pim = In order

- a2 + 52 .
to evaluate P™ o can be experimentally determined from
the relative PLE intensity of the dark and bright trion states,
as previously discussed. Estimation of 2 can be carried out
by using the simplification Sf“_sh ~ Sf“_s", with Sf“_sh being
the fine-structure splitting of the neutral exciton measured to
be 95 ueV (see Appendix A). We find then 2 = 0.24 and
thus P™ = —30%, which is confirmed experimentally. The
validity of the expression defining PClim relies on the fact that
the splittings between 7_; and Ty with hole spin both up and
down are the same, and the thermalizations of both 7; towards
the ground trion states are identical. Taking into account all
the perturbative terms in Eq. (4) would lead to nontrivial
expression of P'™ and may explain the difference between
the theoretical value of P'™ and the maximum experimental
negative degree of polarization of ~ — 15%. It should be
noted that the limitation of the degree of negative circular
polarization is linked to the nanohole etching conditions used,
which yielded relatively deep and wide nanoholes that had an
asymmetric profile along [—110] and that were only partially
infilled. Other work has shown that it is possible to have
high-symmetry GaAs/AlAs QDs in nanoholes with the use
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of smaller initial droplets, leading to less deep nanoholes, an-
nealing under an As, overpressure, and complete hole infilling
with GaAs [32]. This means that further optimization of the
diode structure and dot growth conditions should improve the
degree of negative circular polarization observed here.

This simple model, based on the effect of symmetry break-
ing of the QD confinement potential, explains simultaneously
the appearance of absorption of the dark spin configuration
hot trion and the reduction of negative circular polarization
of X~.

III. CONCLUSION

In this paper, we demonstrated electrical control of the
exciton charge state of a GaAs/AlAs quantum dot fabricated
by in situ droplet etching of nanoholes and partial infilling.
Using P-shell excitation, electrical control of the degree of
circular polarization of the X~ state, going continuously
from positive (copolarized) to negative (contrapolarized), was
demonstrated. This control over the sign of the degree of
circular polarization is due to a modification of the relative
occupation of the hot triplet states either by the Stark shift or
by the laser excitation energy within the P-shell resonance.
This voltage dependence means that modulation of the bias
component, while remaining within the stability region of the
negative trion, could be used to provide on-demand control
of the sign of the circular polarization from a single quantum
emitter. This has potential application in quantum information
protocols.

A higher degree of negative polarization can be achieved
by optimization of the diode structure to increase the stability
region of the negative trion together with improvement in the
growth conditions during nanohole formation and infilling to
give QDs with higher symmetry.
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APPENDIX A: EXPERIMENTAL ESTIMATION OF A, FOR
A SINGLE GaAs/AlAs QD FABRICATED BY NANOHOLE
INFILLING

We present here the experiments which provide quantita-
tive measurements of the energy splittings used in the main
text. All the experiments were performed on the same QD
used previously with green laser excitation at a temperature
of 4 K.

When the green laser excites the QD, new lines associated
with a highly charged exciton appear when the applied bias
is inside the domain of existence of X~ (see Fig. 1). In order
to confirm the estimation of A,, done using PLE experiment
via the Sj-P, transition, the optical spectroscopy of the doubly
charged exciton stands as a good tool for estimating A,

~ 8000} X5 X5
E R I 2X0°
> Ace ~ ImeV _
S 6000} ﬂ /. X~ ]
<
2" 4000} ]
[=]
S 2X~
= 2000} B .
—
o-‘ ﬂ
0_ : : . ; .
1732 1733 1734 1735 1.736 1.737
Energy (eV)

FIG. 6. Photoluminescence spectrum from the studied QD show-
ing the fine structure of X2~.

provided both triplet and singlet components can be detected
[25]. In Fig. 6, we distinguish the weak PL associated with
the singlet appearing on the low-energy side of the charged
biexciton 2X ~, as well as the two triplet components. This
provides an estimation of A, of 1 meV, in good agreement
with the experimental determination given in Fig. 5(a).

Also, in Fig. 7 we show the experimental result leading to
the estimation of 83 ~5". We analyze the neutral exciton X°
emission energy position as a function the linear polarization
by rotating a A /2-wave plate placed before the linear polarizer
and from the amplitude of the sinusoidal fit we extract (Sf"_s”
of ~95 ueV.

APPENDIX B: ANALYSIS OF THE CIRCULAR
POLARIZATION DYNAMICS

The objective of this Appendix is to present a consistent
determination of 7, giving the experimental result in Fig. 3.
This requires, first, calculating the PL. dynamics using a sim-
ple rate equation model [15] and, second, taking into account
the time response of the APD.

1.73748 1~
1.73746
1.73744
&3 1.73742
1.73740
1.73738 :

0 50 100 150 200 250 300 350

Polarisation angle (deg)

Energy (eV)

FIG. 7. Neutral exciton emission energy as a function of polar-
ization angles (red points). A fine-structure splitting of ~95 peV is
deduced from the sinusoidal fit (blue line).
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FIG. 8. (a) Gaussian response of the APD to a 2-ps laser pulse
excitation. The red curve is a fit. We discard in the calculations the
weak discrepancy at long-delay positive time where the intensity is
very weak. (b) and (c) Deconvoluted signals corresponding to the
experimental data presented in Fig. 3.

1. APD temporal response

The APD response is shown in Fig. 8(a) when a 2-ps
laser pulse is sent to the detector. We extract then a Gaussian
response G(t) with a FWHM of 240 ps.

The intensity signal C(z) measured by the detector is then
equal to the convolution G(¢) x [H(¢)S(¢)], where H(¢) is the
Heaviside distribution and S(¢) is the deconvoluted PL signal.

2. Rate equation model for the PL dynamics

We present here the rate equation model used to fit the PL
time dynamics in Fig. 2 when the laser is tuned to the P-shell
resonance, considering the following reasonable assumptions:
(i) the hole relaxation time from the P to S orbital is extremely
fast, Tp,—5, ~ 1 ps, (ii) the relaxation of the triplet 7 towards
the trion is much faster than 7, for the triplet 7_;, (iii) all the
bright triplet states with hole spin up or down can be populated
after the hole thermalization due to the possible fast hole spin

relaxation time when the hole occupies the P level [33] or due
to the fact that the broad picosecond-pulse ot laser can excite
both |7_y, ftp,) and |Tp, {p,), and (iv) we neglect the role of
the dark spin hot trion configuration.

This leads to
) St THSo. 4y T MUSouts,) YT 4k
So,s,) = — T - 278 + T ’
rad h rr
. o s usy Seuts,) TS U8 TITLs,)
Mo, 4%) = 77— T 270 T
rad h fr
n N
. TR
M,y = ——rff ’
. Ty
Ty qs,) = _T’

where 7., 1s the radiative lifetime of the trion.
The initial conditions according to assumptions (i) and (ii)
are defined as

Wso.ts,) (0 = 0) = nygy 4, (1 = 0), (B1)
s,y (8 = 0) = ng, ymy (t = 0), (B2)
n|T,1,ﬂSh)(l‘ =0) = I’Z‘Til,mw(l‘ =0), (B3)
nry, @ =0) =ng, gy (@ =0), (B4)
and
.y @ =0) + 4, = 0)
+ g yry = 0) + gy gyt =0)=1.  (BS)

The fitting parameters are T/, T, and 7/ as well as the
initial conditions which are susceptible to variations according
to different applied biases used in Fig. 2. Finally, the PL dy-
namics detected by the APD is given by I,+,=(¢) = ﬁG(t) *
[H (t)nl Sofhs, (U5 ))(,)]. When fitting simultaneously the co- and
contrapolarized intensities for biases of 0.78 and 0.87 V,
we find then 17y = 70ps, Trq = 380ps and rsh = 2.7ns. We
present the deconvolution of the dynamics in Figs. 8(b)
and 8(c).
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