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Charge-driven feedback loop in the resonance fluorescence of a single quantum dot
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We demonstrate a feedback loop that manifests itself in a strong hysteresis and bistability of the exciton
resonance fluorescence signal. Field ionization of photogenerated quantum dot excitons leads to the formation
of a charged interface layer that drags the emission line along over a frequency range of more than 30 GHz.
These measurements are well described by a rate equation model. With a time-resolved resonance fluorescence
measurement we determined the buildup times for the hole gas in the orders of milliseconds. This internal
charge-driven feedback loop could be used to reduce the spectral wandering in the emission spectra of single

self-assembled quantum dots.

DOI: 10.1103/PhysRevB.95.115305

I. INTRODUCTION

A vision in quantum information technology is a quantum
network [1,2], where quantum bits (qubits) are stored in
nodes and connected via quantum channels. Semiconductor
quantum dots (QDs) are one possible candidate for such a
quantum node [3]. They can host, for instance, a spin qubit
[4] and the quantum information can be transferred between
different nodes via single photons [5-7]. However, these
photons suffer from frequency noise, induced by charge and
spin fluctuations in the environment of the dot [8,9], which
reduces the coherence [10,11] and indistinguishability [12,13]
of the photons.

These residual charges can be generated by different
mechanisms: On one hand, the charge carriers in the vicinity
of the dot can be produced in a nonresonant excitation process.
For instance, Houel et al. [14] observed in a resonance
fluorescence (RF) measurement on a single InAs QD that
an additional nonresonant laser generates residual holes that
are captured in defects and induce a shift of the resonance
energies by the quantum-confined Stark effect. On the other
hand, the residual charges can be generated directly by the
resonant laser in an Auger-type process [15], photogeneration
from a charge reservoir [16,17], or electron/hole tunneling out
of the dot [18,19]. The tunneling of holes from resonantly
excited excitons out of the dot was observed by Kroner et al.
[18] in an absorption experiment on a single dot. These holes
are trapped at an interface and, as a consequence, the Fano
effect is observed as an asymmetry of the absorption line.
Another experiment from Bakker et al. [20] uses QDs in
a micropillar cavity, where hole tunneling leads also to a
line-shape modification and a hysteresis in the resonance [20].

A possibility to reduce this spectral jitter by residual charges
is a feedback loop that counteracts the external fluctuations.
One option is an external feedback that measures the emission
frequency and then corrects it by setting a gate voltage,
using the Stark effect [21,22]. For example, the RF of a
self-assembled QD produces single photons while simultane-
ously the emission energy is determined from the differential
transmission [21]. Alternatively, the feedback can be based on
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internal mechanisms, using the coupling of the electron-hole
pairs to the environment. In magnetic fields, the interaction
of the excitons with the nuclear spins in the dot leads to a
dragging-like hysteresis of the resonance fluorescence. The
hysteresis is caused by dynamic nuclear spin polarization
[23,24] and can also be used to stabilize the emission line
[25,26].

In this paper, we observe without a microcavity a strong
influence of such residual charge generation on the resonance
fluorescence signal of a single InAs quantum dot. Electric-
field ionization of quantum dot excitons and charge carrier
tunneling builds up a hole gas at an AlGaAs/GaAs interface
that leads to an asymmetric line shape of the excitonic
transition and a strong hysteresis in the exciton resonance
fluorescence signal. The resonance of the QD is dragged
along by a feedback loop, due to the dependence of the
hole gas population on the absorption rate of the dot. A
rate equation model that explains the observed hysteresis and
bistability region is in good agreement with the experiment.
The buildup rates of the hole gas are in the order of 10 ms and
were determined with time-resolved resonance fluorescence
measurements. This charge-driven feedback loop could be
used in the future for an internal stabilization of the resonance
fluorescence of a single quantum dot.

II. EXPERIMENTAL METHODS

The investigated quantum dots were grown using the now
well-established Stranski-Krastanov growth mode and consist
of InAs, embedded in a GaAs/(AlGa)As field-effect-transistor-
like heterostructure [27]. The electrically and optically active
part of the sample is sketched in Fig. 1(a). It consists (along the
growth direction from right to left) of a highly doped, metallic
GaAs back contact, a GaAs-(AlGa)As tunneling barrier, the
quantum dot layer, a GaAs spacer layer, and an (AlGa)As
blocking layer. In a pregrowth etching process the sample
was patterned into cylindrical mesas of ~18.6 um diameter
[28,29]. Lithographically-defined contacts on top of a single
mesa allow for controlling the electric field at the quantum
dots by applying a gate voltage. A more detailed description
of the layer sequence and the growth and patterning processes
can be found in the Supplemental Material [30].
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FIG. 1. The formation of a hole gas shifts the exciton resonance. (a) Band structure of the active region of the device (see also Supplemental
Material). AlGaAs and GaAs layers are shades in dark and gray, respectively. Arrows indicate the processes involved in the hole gas formation:
(1) Exciton generation in the QD, (2) tunneling of electron and hole, (3) and leakage of the hole gas. (b) Measured fluorescence for increasing
(red) and decreasing (blue) gate voltage at 0 and 4.5 T (shifted vertically by 1800 counts/s for clarity). The detuning is given with respect to the
exciton resonance in the absence of a hole gas (deduced from a fit of the line shape to our rate equation model). (¢) Schematic illustration of
two absorption lines (in blue) for two fixed hole gas populations n,,. The solid red line depicts schematically the measured fluorescence curve
when the absorption line is dragged along by the feedback of the hole gas.

The optical response of a single quantum dot was probed by
resonance fluorescence (see, for instance, Refs. [8,11] for more
details). Resonance between the fixed laser frequency and the
excitonic transition in the dot was achieved by applying a
voltage between a gate electrode on top of the heterostructure
and the back contact. The resulting change in electric field
across the quantum dot leads to a linear Stark shift of the exci-
ton transition [31]. This shift can be calibrated using different
laser frequencies and is given in GHz. All experiments were
carried out with the sample placed in a helium bath cryostat at
4.2 K. A confocal dark-field microscope was used to focus the
beam of a tunable diode laser onto a single dot and detect its
resonance fluorescence with an avalanche photodiode (APD).
To increase the collection efficiency, a zirconia solid immer-
sion lens was placed on top of the sample and centered above
a mesa. By the use of superconducting magnetic coils inside
the bath cryostat parts of the experiments were performed at a
magnetic field of 4.5 T along the sample growth direction. For
time-resolved measurements, a function generator was used to
apply voltage pulses either directly at the gate contact or to the
driver of an acousto-optic modulator, switching a laser beam on
and off. The counts of the APD were then binned by a quTAU
time-to-digital converter triggered by the pulse generator.

III. FEEDBACK LOOP

The bottom trace in Fig. 1(b) shows the resonance fluo-
rescence (RF) signal when the exciton transition is shifted
upwards or downwards across the laser frequency (blue and
red lines, respectively) by sweeping the voltage that is applied
to the device. Compared to the commonly found Lorentzian
line shape of excitons in single InAs quantum dots [32], the
resonances observed here show several distinctly different
characteristics. They are much broader and exhibit a strongly
asymmetric shape with a gradual increase on the low-energy
side and an abrupt decrease on the high-energy side, similarly
to quantum dots in a microcavity-QED system [20]. More
importantly, the traces show a pronounced hysteresis over a
range of 15 GHz not only in the absence of magnetic field
(B = 0) but also for both Zeeman-split exciton transitions
atB=45T.

The width and the asymmetry of the resonance as well as
the hysteresis indicate that the resonance is “dragged along”
as the excitation frequency is shifted. This can be explained
by a three-step process that leads to the buildup of transient
charge at the GaAs/(AlGa)As interface, as indicated in
Fig. 1(a) [18,33-35]: (1) Upon resonant excitation, bound
electron hole pairs are generated in the dot. (2) These excitons
can be field ionized by tunneling [19]. The electron escapes
to the back contact, while the hole becomes trapped in the
triangular well at the GaAs-(AlGa)As interface. (3) The stored,
positive charge in that well will slowly drain, e.g., by tunneling
through the (AlGa)As barrier. Process (3) depends on the total
number of holes in the well, so that for a given pumping
efficiency [process (2)], a specific amount of transient positive
charge will be stored at the interface. This charge affects the
electric field across the dot, which will slightly detune the
resonance with respect to the laser frequency.

The resulting feedback loop (pumping efficiency —
amount of trapped charge — resonance position — pumping
efficiency) can explain the resonance width and shape as well
as the bistability: When the pumping frequency is on the
low-energy side of the exciton resonance line [red point at
zero detuning in Fig. 1(c)], the feedback will be negative, so
that a stable configuration is achieved: A small increase in
the number n,, of stored holes will blueshift the resonance to
more positive detuning, as indicated by the arrow. This will
reduce the overlap of the exciton line with the laser, reduce the
pumping efficiency, and decrease n;, again. Correspondingly,
there will be a positive feedback on the high-energy side of the
resonance, which explains the abrupt drop of the fluorescence
on this side. When the laser coincides with the maximum of
the exciton line [red point at 30 GHz detuning in Fig. 1(c)],
a small decrease in n; will redshift the resonance. This will
further reduce the pumping efficiency until the resonance has
almost completely shifted out of resonance.

IV. RATE EQUATIONS

Just below the maximum, there will be two possible stable
configurations, as depicted in Fig. 2(a). For a more quantitative
description of the observed line shape and hysteresis, we model

115305-2



CHARGE-DRIVEN FEEDBACK LOOP IN THE RESONANCE ...

(a)

Absorption

Fluorescence

30 0 30
Detuning (GHz)

(b)

Fluorescence

30 0 30

Detuning (GHz)

FIG. 2. Explanation of the optical bistability and hysteresis curve.
(a) The upper panel shows schematically the resonance line for two
different hole gas populations. The blue absorption curve exists for a
small hole gas population. The red curve is an example for a higher
population, e.g., shifting the resonance to more positive detuning. As
aconsequence, an excitation laser with fixed frequency (black vertical
line) can drive the transition on the high-energy side (blue solid dot)
and on the low-energy side (red solid dot). The resonance florescence
signal will be different in this region of bistability and a strong
hysteresis is observed (see lower panel for calculated fluorescence
curves). (b) The measured resonance fluorescence for increasing
(red line) and decreasing detuning (blue line) is compared with
the stationary solutions of a rate equation model (black line; see
Supplemental Material for details on the model).

the system by a rate equation approach. The number 7n; of
trapped holes is given by the interplay between processes (2)
and (3), described by the rates ypump and yieax, respectively.
Ypump 18 determined by an ionization probability Piopize and the
overlap between the laser line and the Lorentzian line shape
Z(ny) of the exciton absorption line, with a position that
depends on n;,. The leakage rate is assumed to be proportional
to nj,. The resulting differential equation,

dn h

dt
is solved numerically, taking the proportionality factors y,ps,
Pionize, and Yesc as experimental parameters. For more details
on the modeling, see the Supplemental Material. The stationary
solutions of Eq. (1) are shown as a black line in Fig. 2(b). Our
model can well account for all characteristics of the observed
resonances. The hysteresis regime of the fluorescence curves
is given by the foldover region [between 20 and 30 GHz

= Ypump — Vleak = Vabs L(ny) Pionize — Vesclhs (1
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FIG. 3. Resonance curves from the rate equation model with
asymmetry and hysteresis for different parameter sets. Without the
formation of a hole gas or for a negligible Stark shift by the positive
charges, the shape of the exciton absorption line is a Lorentzian.
As the maximum frequency shift §vy,, increases or the linewidth I'
decreases (curves stacked from top to bottom), the absorption curve
becomes more asymmetric and develops a hysteresis.

in Fig. 2(b)] in which three stationary solutions for a fixed
detuning exist. Only two solutions are stable, corresponding to
the observed fluorescence states, and switching occurs when
the edge of the foldover region is reached (solid dots). As
already suggested above, the broad, triangular shape of the
resonance results from the dragging along of the resonance.

The line shape and the width of the hysteresis strongly
depend on the ratio between the linewidth and the maximum
frequency shift §vyax, as shown in Fig. 3. A larger value of
OVmax first leads to an asymmetric resonance shape and also
to a hysteresis when a certain threshold vy / " > 0.77 has
been passed (see also Supplemental Material). That means a
narrower linewidth or an increased maximum frequency shift
by the hole gas §vp,x leads to a more pronounced bistability
and hysteresis. The maximum frequency shift can be increased
by an enhanced field ionization of the excitons, suppressed
draining of the stored charges from the interface, or a stronger
backaction by a larger Stark shift.

So far, the observed phenomena share some characteristics
with the recently observed nuclear-spin-induced dragging
and the resulting hysteresis [23,25]. In the present system,
however, the feedback is based on photoionization in elec-
tric fields rather than a magnetic interaction with nuclear
spins, which makes the response orders of magnitude more
rapid and allows for fast manipulation by externally applied
voltage or light pulses. This will be demonstrated in the
following.

V. TIME-RESOLVED MEASUREMENTS

Figure 4(a) shows how the resonance fluorescence in the
hysteresis region is affected by an interruption of the laser
excitation. The quantum dot is first initialized in the high-
fluorescence “on” state by laser irradiation and application
of a suitable gate voltage. Then, the gate voltage is switched
to the hysteresis region [at time ¢ = 400 ms in Fig. 4(a)]. At
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FIG. 4. Time-resolved optical switching between the on and off state in the bistability region. (a) The lower panel shows the switch-off
sequence for the gate voltage (black line) and laser excitation power (red line). At + = 400 ms, the gate voltage is switched to a position in
the hysteresis region. The QD is now in resonance with the excitation laser [region between 20 and 30 GHz in Fig. 2(b)] and a strong RF
signal is visible in the upper panel. At + = 600 ms, the laser is interrupted for a variable duration and the QD resonance will be redshifted
as the stabilization by the hole gas population is switched off. Depending on the interruption time, the dot will be in the on or off state after
switching the laser on again (blue and red RF traces in the upper panel, respectively). (b) Probability of recovering the QD fluorescence as a
function of the interruption time. (c) Lower panel: Switch-on sequence for gate voltage (black line) and laser power. Laser 1 (red line) is set to
the hysteresis region, while laser 2 (blue line) is in resonance with the unshifted transition. Switching on laser 2 at t = 600 ms blueshifts the
transition until laser 1 is within the RF linewidth. Depending on the pumping time of laser 2, the system is in the on or in the off state (blue and
red line in the upper panel, respectively) after switching off the second laser. (d) Success probability as a function of the pumping time with

laser 2.

600 ms, the laser excitation is interrupted for a short, variable
time span A¢. Subsequently, it is recorded whether the system
is in the “on” state (blue curve) or the “off” state (red curve).
In Fig. 4(b), the on-state probabilities are plotted as a function
of the interruption time Az. We observe a latency time (time
required for the on-state probability to drop below 50 %) of
roughly 22 ms.

Similarly, the fluorescence can be switched on by optical
means, using a second laser. Laser 1 is set to the hysteresis
region and the QD is initialized in the off state [Fig. 4(c)].
Then, for a short pumping time At, laser 2 is turned on, which
is resonant with the initial exciton frequency. This populates
the hole gas and shifts the transition to higher frequencies,
closer to laser 1 in the hysteresis region. Depending on the
length of the additional laser pulse, the system will afterwards
be in the off or on state with respect to laser 1 [red and
blue traces in Fig. 4(c), respectively]. Again, a latency period
can be observed, which is 70 ms for the present experimental
conditions.

The time dependence of the switch-off process is given
by the leakage rate of the hole gas [process (3) in Fig. 1(a)].
Note, however, that for very short interruption times At, the
negative feedback mechanism will ensure a fast recovery of

the RF signal. Only for sufficiently long At, the resonance
position will have shifted far enough that a recovery is no
longer possible. This explains the observed latency time.
Correspondingly, the observed latency period of the switch-
on process reflects the pumping rate of the hole gas by
exciton generation and field ionization. It is worth noting
that the particular characteristic times strongly depend on the
excitation power and the position of the laser frequency within
the bistability region.

The operation principle of our feedback loop, which is
based on simple charge transport and therefore offers great
tunability, opens up a broad variety of possibilities. Similar to
the proposal based on the nuclear dragging effect [25], the
charge-driven feedback loop may be used for stabilization
of the QD resonance position. In a practical realization,
the micropatterned mesa and the band structure have to
be optimized to realize a fast response of the hole gas
to residual charge and spin fluctuations. These fluctuations
exhibit frequencies up to 10 kHz [8], i.e., a switch-on
and switch-off time below 0.1 ms is necessary for an
effective stabilization. This can be achieved by an thinner
hole tunneling barrier and/or a smaller size of the mesa
structure.
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VI. CONCLUSION

In conclusion, we investigated a feedback loop, based on
field ionization of the resonantly excited exciton. We found an
asymmetric line shape and a hysteresis, due to the filling of a
hole gas at the GaAs/AlGaAs surface. The measurements can
be described by a rate equation model and show pumping
rates of the hole gas in the order of 10 ms. This internal
feedback loop could be used in the future to reduce the spectral
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jitter in the photon emission of single self-assembled quantum
dots.
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