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Internal photoeffect from a single quantum emitter
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We demonstrate by time-resolved resonance fluorescence measurements on a single self-assembled quantum
dot an internal photoeffect that emits electrons from the dot by an intraband excitation. We find a linear
dependence of the optically generated emission rate on the excitation intensity and use a rate equation model
to deduce the involved rates. The emission rate is tunable over several orders of magnitude by adjusting the
excitation intensity. Our findings show that a process that is well known in single atom spectroscopy (i.e.,
photoionization) can also be observed in the solid state. The results also quantify an important, but mostly
neglected, mechanism that may fundamentally limit the coherence times in solid-state quantum optical devices.
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The nonresonant excitation of electrons from a bound state
into a continuum plays an important role in both basic and
applied physics. The best-known example is the explanation
of the photoelectric effect by Einstein [1], which laid the
groundwork for the development of quantum mechanics. In
solid-state physics, a similar internal photoeffect, i.e., the non-
resonant excitation of defect-bound charge carriers into the
conduction or valence band continuum, is the basis of numer-
ous photodetectors [2–4]. Both of these nonresonant processes
are accessible only through ensemble measurements. Reso-
nant excitation, on the other hand, has been refined in both
atomic and solid-state physics to enable studies on the energy
structure and charge dynamics in single, confined quantum
systems [5–16]. In single atom spectroscopy, nonresonant
electron excitation into the vacuum, called photoionization, is
a well-studied effect that is generally considered detrimental,
because it will destroy the object under investigation, i.e., the
neutral atom in the magneto-optical trap [17]. Similar studies
for solid-state single quantum emitters, however, have so far
been missing.

Here, we report on the tunable bound-to-continuum excita-
tion of electrons from a single confined system, specifically
a single InAs quantum dot (QD). The dot is embedded in
a GaAs matrix, and the GaAs conduction band constitutes
the continuum, into which the electron is excited. We use
resonance fluorescence [18,19] with high spatial and energy
resolution [20–22] to monitor the charging state of the quan-
tum dot, while it is illuminated with pulsed nonresonant laser
light. This way, we are able to observe the electron ejec-
tion as well as the reoccupation in a time-resolved n-shot
measurement. We find that the emission rate is tunable over
several orders of magnitude by adjusting the intensity of the
nonresonant laser excitation. The repopulation of the ionized
quantum dot, which takes place by tunneling of electrons into
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the dot from a charge reservoir, is found to be unaffected by
the intensity of the nonresonant laser light. Model calculations
confirm our picture of light-induced emission and the subse-
quent refilling of the quantum dot by tunneling.

The measurements were performed on a sample grown
by molecular beam epitaxy (MBE) [23]. A single layer of
self-assembled In(Ga)As QDs is embedded in a p-i-n diode,
where a highly p-doped GaAs layer on top defines an epitaxial
gate. A degenerately n-doped GaAs layer acts as an electron
reservoir, which is weakly coupled to the QDs with tunneling
rates below 1 ms−1 (see Ref. [24] for details about the sam-
ple). The QD states can energetically be shifted with respect
to the Fermi energy in the electron reservoir by an applied gate
voltage VG [25]. This way, the charge state of the dots can be
controlled by electron tunneling through the AlGaAs/GaAs
barrier [26]. In a confocal microscope setup within a bath
cryostat at 4.2 K, the sample is investigated by resonance
fluorescence (RF, see Ref. [27] for details about the setup and
RF measurements). When the dot is in a neutral charging state,
the RF signal corresponds to the creation and recombination
of an electron-hole pair or exciton (X 0). When the quantum
dot is charged with a single electron, the RF excites the trion
(X −), i.e., a bound state of two electrons and one hole.

Figure 1(a) shows a map of the RF intensity of the ex-
citon X 0 and the trion X − transition versus gate voltage VG

and laser frequency ν. All measurements of the X 0 (ν >

325.755 THz) were performed at a laser intensity of 4 ×
10−2 μW/μm2. The measurements in the X − region of area
B (ν < 324.512 THz) were performed at lower laser intensi-
ties (7.9 × 10−6 μW/μm2). The fine structure splitting of the
exciton [28] and the upward shift with increasing gate voltage,
caused by the quantum confined Stark effect [29], are visible
as expected. In area B (VG = 0.384–0.579 V), one electron
occupies the QD, and the trion transition X − is possible. At
higher gate voltages in area C, a second electron tunnels into
the QD and the trion transition quenches again. Surprisingly,
the exciton transition X 0 is visible even in area B of Fig. 1,
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FIG. 1. (a) Resonance fluorescence intensity of the exciton X 0

and trion X − transition at different gate voltages and laser excitation
frequencies. Dashed lines mark the gate voltages where the first (at
1) and the second (at 2) electron tunnels into the QD, respectively.
The X − transition is observed at gate voltages VG = 0.38-0.58 V
and frequencies 324.5095–324.5115 THz where one electron occu-
pies the QD. The X 0 transition should be forbidden in this voltage
range. (b) Schematic representation of photoemission which allows
X 0 transitions at high gate voltages. For gate voltages in area B, the
photoemission removes the access electron (left figure) so that the
exciton transition X 0 is visible at frequencies 325.7575–325.762 THz
(middle figure) until the QD is recharged from the reservoir (right
figure).

at gate voltages, where it should be forbidden, as one electron
should constantly be present in the dot. This can be explained
by the internal photoeffect, which is schematically depicted in
Fig. 1(b). A laser photon interacts with the electron in the dot
and the internal photoeffect excites it into the conduction band
[left panel in Fig. 1(b)]. This empties the quantum dot and
makes it possible to drive the exciton transition X 0 in the QD
at a gate voltage, where it is usually forbidden [middle panel
in Fig. 1(b)]. The exciton transition quenches again, when an
electron tunnels into the dot from the reservoir [right panel in
Fig. 1(b)].

To validate this model, two-color time-resolved RF mea-
surements were performed. The gate voltage was set to 0.53 V,
which is in area B. Laser 1 is tuned into resonance with
the X 0 transition at this gate voltage (νres = 325.7592 THz
or Eres = 1.347 eV). This laser is constantly switched on at
a low intensity [1.6 × 10−3 μW/μm2, see light blue line in
Fig. 2(a)], so that it causes nearly no internal photoemission.
Laser 2 is tuned out of resonance to νnonres = 324 THz (or
Enonres = 1.340 eV), a frequency that is below all excitonic
resonances, ruling out any band-to-band transitions. As the

energetic offset between the bound state of the electron in the
InAs quantum dot and the conduction band of the surrounding
material (GaAs, band gap energy Eg,GaAs = 1.519 eV [30])
is smaller than Eg,GaAs − Eres = 0.172 eV, the photon energy
of laser 2 suffices to lift the electron far above the GaAs
conduction band edge. This second laser is switched on for
3 ms at an intensity of 3.2 × 10−2 μW/μm2, higher than the
first resonant laser 1. Consequently, resonant laser 1 detects
the empty state of the QD by driving the exciton transition
X 0, while the nonresonant laser 2 induces the photoeffect.
In short, no X 0 photon means no photoeffect has occurred.
Figure 2(b) shows an n-shot pulsed measurement (dark blue
line). After the nonresonant laser is switched on at t = 0,
the RF intensity increases until it saturates at t = 3 ms. This
is governed by two processes: The internal photoemission,
driven by the nonresonant laser, ionizes the dot with the rate
γE and enables exciton transition. At the same time, electrons
from the reservoir can tunnel into the QD with the tunneling
rate γIn and repopulate it. The RF intensity increases until
a steady state between emission and tunneling is reached.
After switching off the nonresonant laser, only the electron
tunneling remains and quenches the QD transition, starting
at t = 3 ms in Fig. 2(b). Therefore, the decreasing RF signal
after switching off the nonresonant laser can be fitted by a
single exponential function [see the green line for t > 3 ms in
Fig. 2(b)]. The increasing RF intensity in the QD ionization
regime between t = 0 and 3 ms in Fig. 2(b) can be described
by a simple rate equation, where we use the probabilities that
the QD is unoccupied (P0) or occupied with one electron (P1),
with P0 + P1 = 1. In a first step, we neglect laser 1 and look
at the occupation dynamics induced by the nonresonant laser
2. Then, the probability of an unoccupied QD changes in
time as Ṗ0(t ) = −γInP0(t ) + γEP1(t ). Together with the initial
condition that one electron is charged in the QD, P0(0) = 0,
one finds

P0(t ) = γE

γIn + γE
(1 − e−(γIn+γE )t ). (1)

The RF probing of the occupation state (by laser 1) is much
faster than the dynamics of charging and discharging the dot.
Therefore, the RF signal accurately reflects the occupation of
the dot: Whenever the dot is empty, the RF signal is “on”, with
an intensity I0. When the dot is occupied, the fluorescence
intensity vanishes, I = 0 (see Refs. [9,27]). Consequently, the
n-shot average of the RF intensity I (t ) is directly proportional
to the probability that the dot is empty,

I (t ) = I0P0(t ). (2)

The tunneling rate γIn for electron tunneling from the reservoir
into the QD can be obtained by a fit to the data in Fig. 2(b)
(solid green line for t > 3 ms). The green line for t < 3 ms
is a fit using Eqs. (1) and (2). In order to rule out the possi-
bility that the observed increasing RF intensity is due to the
nonresonant laser, this measurement is repeated with only the
nonresonant laser 2 being switched on and without the reso-
nant laser 1. The gray line in Fig. 2(b) shows no RF intensity,
thus, the observed RF transients indeed reflect the probability
for the dot being empty, which is a further indication that here,
the internal photoeffect is observed.
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FIG. 2. Time-resolved RF n-shot measurement of the internal photoeffect. (a) Measurement scheme: One laser (bright blue) at constant,
low intensity is tuned to the exciton resonance. A second laser (dark blue) is switched on for 3 ms at a frequency of 324 THz, which is
energetically below all interband transitions. (b) Electron emission and tunneling transient at a laser intensity of 3.2 × 10−2 μW/μm2 of the
nonresonant laser: After the laser is switched on, an increasing RF emission from the X 0 transition can be detected. After switching off the laser
at 3 ms, the X 0 emission quenches again (dark blue line). Green lines are fits to the data using the rate equation given in the text (increasing
part) and using a simple exponential decay function (decreasing part), respectively. The gray line shows that no RF counts are detected if the
nonresonant laser is switched on without the resonant one. (c) The RF amplitude of the transient in (b) increases with increasing intensity of
the nonresonant laser. The green line is a fit to the data using the rate equation for the limit of t → ∞. (d) For increasing laser intensities of
the nonresonant laser, the tunneling rates (dark blue) remain constant and the emission rates (green) increase linearly. Due to a constant offset,
the straight does not look straight in the double logarithmic depiction.

Figures 2(c) and 2(d) show the dependence of the internal
photoeffect on the laser intensity of the nonresonant laser
2. The rates are displayed in Fig. 2(d). The tunneling rate
remains constant at a value of γIn = (0.82 ± 0.02) ms−1 for
all laser intensities of the nonresonant laser 2. This is in
agreement with tunneling rates, which were measured on the
same sample before [27]. At the same time, the photoemission
rate increases linearly with increasing laser intensity of the
nonresonant laser ILaser2: γE = (18.8 ± 0.3) ms−1

μW/μm2 ILaser2 [see
green fit in Fig. 2(d); the data point at highest laser intensity
(1.6 μW/μm2) of the nonresonant laser 2 is excluded from
the fit. Here, the fluorescence intensity decreases again, due to
photon-induced electron capture into the QD; see Kurzmann
et al. [31]]. Also, note that the influence of the constant illumi-
nation by the probe laser 1 only leads to a constant shift of the
data points in Fig. 2(d) [offset: (18.8 ± 0.3) ms−1

μW/μm2 ILaser1], so
that the linear dependence is not affected. Thus, the emission
rate is tunable over several orders of magnitude by adjusting
the laser intensity. The linear dependence on the laser inten-
sity supports the explanation of an internal photoemission.
In Fig. 2(c), the steady state RF intensity increases with in-
creasing laser intensity: At higher laser intensity, the electron
is emitted more often from the QD by the photoeffect. The
empty dot can be excited more often on the exciton transition
and the RF intensity increases accordingly. The data points
can be fitted by I (t → ∞) = I0P0(t → ∞) [green line in
Fig. 2(c)].

We would like to point out that the weak coupling of the
dot to the electron reservoir in our sample is the reason why
the internal photoeffect is so clearly observed in the present
experiment. After the photoemission, the small tunneling rate

leaves the dot empty, on average for ms, so that the intensity of
the X 0 suffices to detect an internal photoemission in a single
semiconductor quantum dot.

To answer the question, which effect the photoemitted
electrons in the vicinity of the QD have on the QD emission,
the evolution of the Lorentzian line shape of the exciton
transition after switching on the nonresonant laser is inves-
tigated (Fig. 3). The measurements were conducted as the
measurements in Fig. 2, with a nonresonant laser 2 intensity

FIG. 3. Gate-voltage-dependent RF intensity of the exciton tran-
sition after the nonresonant laser 2 is turned on for t = 0–2 ms. The
intensity increases and the maximum shifts to lower gate voltages.
At all times, the line shape is Lorentzian.
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of 1.6 × 10−1 μW/μm2. The X 0 resonance was scanned by
detuning the gate voltage from 0.47 to 0.59 V. Cuts through
the RF intensities at times t = 0–2 ms, after switching on the
nonresonant laser 2, yield the results in Fig. 3. With increasing
time t , the RF intensity increases at all gate voltages, until
it saturates. For all times, the X 0 resonance is Lorentzian
shaped (see the fitted lines in Fig. 3). The maximum of the
resonance shifts to lower gate voltages with increasing time.
In this sense, Fig. 3 shows an energetic shift of the exciton
transition due to changes in the electrostatic environment of
the dot. The photoemitted electrons accumulate at interfaces
in the vicinity of the dot and shift the exciton resonance due
to the quantum confined Stark effect [29,32,33]. These results
are in good agreement with the measurements of Kurzmann
et al. [31], where the capture of photogenerated electrons into
a quantum dot was shown.

In conclusion, we have observed the internal photoeffect on
a single semiconductor quantum dot. The electron emission
rate was found to be tunable over several orders of magnitude,
following a linear dependence on the incident laser intensity.

We believe that our findings are of quite general relevance
for all building blocks of quantum information technologies.
Such devices are commonly described as ideal two-level sys-
tems. However, in most practical implementations, such as
atoms, defects in solids, or semiconductor nanostructures,
the confinement is limited, and nonresonant excitation into
continuum states is possible. Photoionization and the inter-
nal photoeffect demonstrated here are additional decoherence
channels that limit the lifetimes of quantum states under op-
tical excitation. Therefore, such processes should be taken
into account when considering specific optical protocols for
quantum information technologies.
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