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The optical and electronic properties of semiconductors are strongly affected by structural and stoichio-
metric defects. The precise incorporation of dopants and the control of impurities are essentially what
makes semiconductors useful materials for a broad range of devices. The standard defect and impurity
characterization methods are sensitive only on a macroscopic scale, like the most widely used method
of deep-level transient spectroscopy (DLTS). We perform time-resolved measurements of the resonance
fluorescence of a single self-assembled (In,Ga)As quantum dot (QD) at low temperatures (4.2 K). By
pulsing the applied gate voltage, we are able to selectively occupy and unoccupy individual defects in
the vicinity of the dot. We address the exciton transition of the QD with a tunable diode laser. Our time-
resolved measurements exhibit a shift of the resonance energy of the optical transition. We attribute this
to a change of the electric field in the dot’s vicinity, caused by electrons tunneling from a reservoir to the
defect sites. Furthermore, we are able to characterize the defects concerning their position and activation
energy by modeling our experimental data. Our results thus demonstrate how a quantum dot can be used
as a quantum sensor to characterize the position and activation energy of individual shallow defects on the

nanoscale.
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I. INTRODUCTION

The optical and electronic properties of semiconduc-
tors are strongly affected by structural and stoichiometric
defects [1]. In particular, the incorporation of impurities
as dopants alters the intrinsic properties of semiconduc-
tors and enables their use in (opto)electronic devices [2].
On the other hand, for emerging semiconductor-based
quantum-information technologies, defects can also be
detrimental. They constitute nonradiative recombination
centers and lead to dephasing in nearby quantum emitters
[3,4]. Therefore, a precise characterization of defect states
and their influence on quantum emitters, with nm spa-
tial, ueV energy and single-electron-charge resolution, is
highly desirable. Here, we use a solid-state quantum emit-
ter under resonant optical excitation as a sensitive elec-
trometer [5] to probe defect states in the surrounding, nom-
inally undoped semiconductor material. The experiments
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reveal not only the position of the defect states along the
growth direction with nanometer resolution but also their
activation energies. This is achieved by measurements of
the defects’ occupation dynamics, even for very shallow
states that are indiscernible in conventional defect spec-
troscopy [6,7]. The results highlight the significance of
impurities for the optical properties of single-photon emit-
ters. They also provide us with a deep insight into the
diffusion and segregation processes of dopants [8] and thus
pave the way towards solid-state emitters of indistinguish-
able single photons with lifetime-limited spectral purity
[9-14].

Quantum-information technologies [15,16], such as
quantum computing [17,18] and cryptography [19,20],
are the most famous and challenging visions of quan-
tum mechanics in future real-world applications. How-
ever, besides the control and manipulation of quantum
states, another relevant application is the use of quantum-
mechanical systems for metrology and quantum sensing
[21,22]. A wide range of different quantum sensors exists
[21], where the sensor is used to measure a physical
quantity with high precision. Single spins in the nega-
tively charged nitrogen vacancy center in diamond can
be used for ultralow magnetic field detection [22-24],
high-precision temperature measurements [25], or posi-
tion tracking in living cells [26]. Sensing electric fields

Published by the American Physical Society


https://orcid.org/0000-0002-5676-4988
https://orcid.org/0000-0002-2871-7789
https://orcid.org/0000-0001-9776-2922
https://orcid.org/0000-0001-5947-0400
https://orcid.org/0000-0002-0405-7720
https://orcid.org/0000-0003-3796-1908
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.15.024029&domain=pdf&date_stamp=2021-02-12
http://dx.doi.org/10.1103/PhysRevApplied.15.024029
https://creativecommons.org/licenses/by/4.0/

J. KERSKI et al.

PHYS. REV. APPLIED 15, 024029 (2021)

has been realized in single electron transistors [27] by
transport through a nanometer constriction [28,29] or by
optical means, using, for instance, exciton transitions as
a quantum-mechanical two-level system in a solid-state
quantum emitter [3,4,30,31].

We use here the excitonic transition of a single
(In,Ga)As self-assembled quantum dot in resonant exci-
tation as a highly sensitive quantum sensor (i.e., a
nanoscale electrometer) for time-resolved measurements
of the charge carrier tunneling from the n+ back con-
tact to the nearby defect states. A boxcarlike evalua-
tion method of the electron tunneling transients allows
us to obtain precisely the position and the activation
energy of the shallow defects (<100 meV). Common
techniques to investigate defects in semiconductors, e.g.,
junction spectroscopy [32], optical capacitance [33], or
deep-level transient spectroscopy (DLTS) [6,7] typically
make use of space charges near a Schottky or p-n junc-
tion. The junction (Schottky or p-n) forms in these tech-
niques a depletion region and measures a large number
of defects with activation energies typically greater than
100 meV; due to the measurement principle, where the
thermally activated emission and capture process defines
the time constant of charging and discharging transients
[34,35].

In our quantum-sensing approach, we make use of the
electric field dependence of the excitonic transitions in a
quantum dot. The permanent dipole moment of the exci-
ton [36] leads to a linear quantum-confined Stark effect.
Therefore, minute shifts in the exciton transition energy
will be proportional to changes in the local electric field.
This way, we are able to detect the electric field of a
single charge, trapped in a defect state near the quantum
dot.

Within the framework of the determined activation ener-
gies and positions in the band structure, we are not able
to conclusively answer the question about the nature of
the defects. However, we would like to suggest that they
might be donorlike defects. In this case, injection with
electrons would lead to neutralization of the initially pos-
itively charged defects. Nevertheless, our methods and
model would also apply to other defects that can change
their charging state in response to an external electric
field.

For the measurement technique used, the quantum dot is
embedded in a p-i-n diode structure with a highly n-doped
layer as electrical back contact and a Schottky contact as
top gate (see Fig. 1 and Appendix A). We use a confocal
microscope setup in a bath cryostat at a temperature 7 =
4.2 K (see Kurzmann et al. [37] and Appendix B for more
details). The quantum dot is excited resonantly by a tun-
able diode laser and the emitted photons are detected by a
photo diode and lock-in technique in differential reflection
(DR) and on an avalanche photodiode (APD) in resonance
fluorescence (RF).
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FIG. 1. Simplified illustration of sample structure and its
conduction-band edge. (a) InAs QDs are embedded in a Schottky
diode, formed by a metallic Ni-Cr gate and a highly silicon-
doped GaAs back contact. Application of a voltage V, between
gate and back contact allows the QDs to be selectively occu-
pied and their optical transitions to be tuned. (b) Corresponding
conduction-band edge. A layer of (Al,Ga)As acts as a tunneling
barrier between the QDs and the back contact.

II. RESULTS AND DISCUSSION

Figure 2(a) shows the exciton transition energy of a
single self-assembled quantum dot (QD1) versus gate volt-
age V, in differential reflection. The energy is given in
terms of a relative shift, where 0 eV corresponds to a
laser energy of 1.302962 eV. As DR is based on a lock-
in technique that shifts the optical transition in and out
of resonance with a square-pulsed gate voltage, the res-
onant condition is seen twice, shifted by the modulation
amplitude of 100 mV. In this figure, however, we show
only one feature of the measurement data. The given volt-
age value on the x axis corresponds to the upper value of
the square-pulsed voltage. This allows a direct comparison
with the data recorded with resonant fluorescence. For the
complete data set and further explanations on the method
see Appendix B.

The resonance energies monotonically shift upwards
with increasing gate voltage. However, this quantum-
confined Stark shift exhibits three distinct discontinuities
(labeled 4, B, and C) that occur at specific gate voltages
(at around 100 mV, —60 mV, and —150 mV, respectively),
which correspond to the occupation voltages of single
defects in the vicinity of the dot [3,31]. A fourth defect D
at an even smaller occupation voltage (V, ~ —300 mV)
is not visible in the DR scan, but can be identified in
the nonequilibrium measurements below, as they allow
characterization of the defects with much higher sensitiv-
ity. Features of a second quantum dot are visible at gate
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FIG. 2. Resonant exciton spectra of single quantum dots. The excitation laser energy is given in ueV detuning, where zero detuning
corresponds to 1.302962 eV. (a) Differential reflection characteristics of two quantum dots (QD1 and QD2). QD1 is used as the
nanoscale electrometer. The continuous shift of the resonance energy with applied gate voltage (i.e., the quantum-confined Stark
effect) is interrupted by three distinct gaps 4, B, C, indicating single occupation events in the vicinity of the QD. (b) High-resolution
RF of the exciton transitions. The discontinuity 4 can be observed at 100 mV. (¢) Normalized resonance-fluorescence spectra of QD1
and QD2 at —57.9 peV detuning [white box in (b)] with Lorentzian fits (blue lines).

voltages below V, = —50 mV in Fig. 2(a), marked as
QD2. Above V, = 100 mV, the energy difference between
QD1 and QD2 decreases with increasing gate voltage due
to the difference in the Stark shift of both dots.

The DR technique allows it to obtain an overview over
a large parameter range [Fig. 2(a)], but it is limited in
energy and time resolution. Therefore, we use the more
time consuming technique of resonance fluorescence (RF,
see Appendix B) in the following. As an example, Fig. 2(b)
shows an RF scan in the vicinity of occupation event A.
The abrupt shift in resonance energy is again visible [white
circle in Fig. 2(b)]. Furthermore, the spectral features of
both dots QD1 and QD2 can clearly be observed in the RF
spectra, as shown, for example, in Fig. 2(c). For the chosen
detuning of —57.9 ueV [see white box in Fig. 2(b)], the
fine-structure-split exciton transitions of QD1 are excited
at gate voltages of 168 and 184 mV, the ones of QD2 at
176 and 190 mV. The intensity of QD2 is approximately
50% lower compared to QD1, as QD1 is in the center of
the optical focus.

The occupation of the different defects manifests itself
very differently in a shift of the optical transition of the QD.
For defect B, for example, it is very large, for defect D it
cannot be resolved by DR, and for defect 4 it even occurs
in the opposite direction. This considers the fact that the
energy shift due to the change of the electric field caused
by the occupation of the defect is not trivial.

This is because the field vector has both a vertical and
a horizontal component at the location of the quantum
dot. The influence of an electric field in vertical direc-
tion is experimentally easily accessible via the observed
shift due to the gate voltage. The only unknown factor
is on which side of the quantum dot the defect is located
and thus whether the defect amplifies or compensates the
electric field that falls across the diode. However, the influ-
ence of the horizontal component cannot be determined in
our experiment. Rather, for a precise explanation of the
observed energy shifts one would have to consider that
the electric fields of the different defects compensate each
other as soon as they are occupied. For example, it would
be possible that the horizontal component of the electric
field change of defect A4 is opposite to that of defect B.
The observed energy increase would then result from the
vertical component of the field of defect 4. Due to the
above-mentioned points, we do not consider the energy
shift itself as a suitable quantity for determining the posi-
tions of the defects and the precise explanation of the
energy shifts is beyond the scope of this paper.

In a next step, the brighter QD1 is used as a quan-
tum electrometer to determine the activation energies and
positions of the defect states. We assume that the defects
are donors and can be in two charging states, i.e., they
are either positively charged (unoccupied) or electrically
neutral (occupied with a single negative charge). The
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occupation and unoccupation takes place by electron tun-  are either associated with QD2 or are simple replicas of
neling between the highly n-doped back contact and the  the QD1 resonances, shifted by the fine-structure split-
defects. These assumptions are in agreement with previ-  ting of 20 weV. The RF time evolution at Vg = 152 mV
ous studies [3] and are further supported by our own data [red line, bottom trace in Fig. 3(e)] is characterized by an
evaluation below. instantaneous onset and a continuous decay to zero that

The measurement technique is shown in Fig. 3. Start-  corresponds to a single exponential function. We therefore
ing from a preparation voltage Vyep = —680 mV, at £ =0  attribute this signal to the initial state, where all defects

a detection pulse bias Vg of variable amplitude is applied  are unoccupied [see insets in Fig. 3(e)]. The signal at a
[Fig. 3(a)]. In an n-shot measurement, the time-resolved  detection voltage of 206 mV [green line, middle trace in
resonance-fluorescence signal is recorded for each Vi, Fig. 3(e)] increases more slowly, goes through a maximum
see Fig. 3(b). For sufficient long times (¢ > 400 us), the  at t~ 100 us and then decreases again to almost zero.
resulting spectrum, shown in Fig. 3(c), corresponds to  This indicates an intermediate state where some but not
the equilibrium spectrum shown in Fig. 2(c). At shorter  all defects are occupied. The time trace that leads to the
times (¢ &~ 100 us), however, the spectra exhibit additional  equilibrium configuration (184 mV, blue line) is shown in
resonances that are absent in the equilibrium state, for  the top panel of Fig. 3(e). Remarkably, there is a consider-
example at Vger = 152 mV and Vyey = 206 mV [red and able latency before the RF signal turns on. This behavior
green line in Fig. 3(b)]. As the amplitude of the voltage  cannot be described by simple parallel or sequential occu-
pulses, Vet — Vprep, Spans the entire range of occupation pation events of the different defects, which would result in
voltages of the defects A—D, the time evolution of the RF  a polynomial increase of the signal at ¢ & 0, similar to the
signal reflects some of the possible occupation sequences,  one at Vgey = 206 mV, middle panel. The 100 ws dark time
depicted in Fig. 3(d). We emphasize that for all detection = before the onset of the equilibrium signal therefore sug-
voltages Vg the same state (all defects are occupied) is  gests a more complicated arrangement and rearrangement
reached for long periods of time. The variation serves only  of charges before the final configuration can be reached.
for the spectral investigation of the quantum dot. So far, all possible occupation sequences are probed
For a more detailed evaluation, we choose some char-  simultaneously by the application of a large gate-voltage
acteristic time traces, highlighted by colored lines in  pulse, spanning all four defect states. In order to investigate
Fig. 3(b). Other time traces are not considered, as they  the dynamics of a specific single defect, a different pulse
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FIG. 3. Time-resolved detection of different defect charge configurations. (a) Illustration of the measurement by pulsing the gate
voltage. The preparation voltage Vi, for £ < 0 is fixed at Vyep = —680 mV, while the detection voltage Ve for # > 0 is increased
stepwise to scan the exciton transitions of QD1 and QD2. (b) Time-resolved resonance-fluorescence amplitude as a function of Ve.
Transient signals are clearly observed. The fluorescence amplitude at = 500 us, shown in (c), corresponds to the equilibrium case [cf.
Fig. 2(c)]. (d) Illustration of possible occupation sequences of the defects in the vicinity of the QD. The system is prepared in an initial
state, where all defects are unoccupied for # < 0 and relaxes by intermediate states (partly occupied defects) into the thermodynamic
equilibrium (completely occupied defects). (e) Three transients as line cuts taken from (b), displaying the probability evolution of
different charge-carrier configurations inside the defect states (blue line, completely occupied defects; green line, partly occupied
defects; red line, completely unoccupied defects).
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FIG. 4. Defect characterization by time-resolved resonance-fluorescence spectroscopy. (a) Illustration of the measurement sequence.
The preparation voltage V., for t < 0 is increased stepwise, while the detection voltage Ve for £ > 0 is fixed at 184 mV. (b) Time-
resolved RF measurement for different preparation voltages between Ve, = —100 mV and —20 mV, including the occupation voltage
of defect B at V; & —65 mV. (c) Normalized resonance-fluorescence signal at time ¢ = 100 us from the transients in (b). The solid
red line displays a fit to the data using Eq. (1). (d) Schematic representation of the sample structure, including the n-doped GaAs back
contact, the undoped GaAs and (Al,Ga)As barriers, and the (In,Ga)As layer, where the quantum dots are located. Data points show
the positions of the four different defects A—D. The defect positions are determined by the lever arm A, which is a fitting parameter in

Eq. (1).

technique is used, as schematically shown in Fig. 4(a).
Here, defect B is probed, which has an occupation voltage
of V7 = —65 mV [see Fig. 2(a) and Appendix B]. Accord-
ingly, the preparation voltage is varied across Vy = —65
mV [dashed line in Fig. 4(a)]. The detection voltage is kept
constant at Vg = 184 mV (all defects occupied) and the
RF signal of the electrometer QD1 is monitored as before.

Figure 4(b) shows characteristic transients for some
selected preparation voltages between Ve, = —100 and
—20 mV. The data shows a clear transition from a situ-
ation where both defects (4 and B) need to be occupied
(Vorep < —65 mV, black and purple lines) to one where
only defect 4 has to be filled (Vprep > —65 mV, orange and
yellow lines). It can also be seen that this transition is not
abrupt. For a more quantitative evaluation, the normalized
RF signal at a representative time ¢ = 100 us is plotted
in Fig. 4(c). As in the boxcar evaluation of DLTS data
[7], this resonance-fluorescence signal 7 (Vprep, = 100 ws)
reflects the occupation probability ng(Vyep) of defect B at
the chosen time ¢t = 100 us (see Appendix C). The occupa-
tion energy of a single defect is expected to be sharp. The
reason that the occupation probability of defect B changes
smoothly lies in the thermal distribution of the back con-
tact. As shown by the red solid line in Fig. 4(c), the data
can be well fitted by a Fermi function.

This makes it possible to determine two characteristic
parameters of this single defect: its activation energy Ejp,
i.e., its energetic position below the GaAs conduction-band

edge, and its location—more specifically its distance dp
from the back contact.

To determine dp, we make use of the fact that the con-
version factor between gate voltage V, and energy, AE =
eAVg/A, is given by the lever arm A = dya/dp, Where
dgare = 170 nm is the distance between the back contact
and the top gate [38]. Recently, we had shown that this
allows one to use a quantum-dot state as an energy probe
to map out the Fermi distribution in the back contact [37].
Here, we take the inverse approach and use a Fermi-Dirac
fit for the resonance-fluorescence intensity

1

e(Vr— Vprep)/)L
kpT ] +1

I (Veps £ = 100 1) 1

-

to determine (via A) the separation between the defect and
the back contact. The resulting fit for defect B is shown
as a solid line in Fig. 4(c), with V7 = —65 mV being the
voltage at which the chemical potential of the back contact
is in resonance with the defect state. We find dg = 11.2 &+
1.4 nm for defect B. From similar evaluations of defects 4,
C,and D, we obtain dy = 5 4+ 2 nm, dc = 16 &= 3 nm, and
dp =10.9 £ 1.5 nm (see Appendix D). These values are
summarized in Fig. 4(d), which depicts the location of the
defects with respect to the back contact, the quantum-dot
layer, and the (Al)GaAs layers in between.
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With the such determined spatial positions of the
defects, we can now also derive their energetic positions
below the GaAs conduction-band edge, by comparing
Vr to the gate voltage Vs, where flat band condition is
achieved E = e(Vs — V7) /X (see also Fig. 9 of Appendix
C). The flat band voltage is simply given by the sur-
face Schottky barrier height eVg = 600 meV [37]. From
an evaluation of all four defects (see Appendix D), we
find E4,=15+7 meV, Eg =44+ 6 meV, Ec =69 £
16 meV, Ep = 58 &+ 8 meV.

Note that all defects that lead to discontinuities in the
dot spectra are located between the QD layer and the back
contact. More precisely, three of them are located in the
GaAs layer above the back contact and the fourth defect,
C, is located at the interface between GaAs and (Al,Ga)As
layer. Because of the high purity of the epitaxially grown
material, we identify the highly Si-doped back contact
as the most likely source of defects. Si-dopant segrega-
tion in GaAs is commonly observed [40] and in general
limits the performance of epitaxially grown devices until
today [41]. However, only the activation energy of defect
A is in reasonable agreement with the silicon donor level,
6 meV below the GaAs conduction-band edge [42]. So
far, we have not been able to identify the nature of the
other defects. However, little is known about other impu-
rities that may exhibit more than one charging state. Note
that the defect states B and D are located at the same dis-
tances from the back contact and as the activation energy
of defect B is 14 meV smaller, therefore it is possible that
these states correspond to the same defect, energetically
separated by a Coulomb charging energy. And even less
is known about the corresponding energy levels. Possible
candidates for such impurities would be vacancies, inter-
stitials, and combinations thereof (maybe even combined
with substitutional impurities as the famous N-J centers
in diamond). Also, it should be noted that—because InAs
has a 7% larger lattice constant than GaAs—the quantum
dots are surrounded by a field of substantial crystal strain
that might shift the energy levels of any impurity consid-
erably. We believe that our results raised some interesting
questions regarding the origin of the spectroscopic finger-
prints of the impurities, which warrants further investi-
gations. Without additional experimental and theoretical
work, however, we do not want to further speculate on the
origin of these chargeable electronic states.

In conclusion, we use a solid-state emitter, a self-
assembled QD, as a quantum sensor to characterize shal-
low defects on the nanoscale. Time-resolved resonance-
fluorescence measurements enable us to associate disconti-
nuities in the Stark shift of the exciton transitions to single
defects in the vicinity of the quantum dot. These defects
are occupied by electron tunneling from the back contact of
the Schottky diode structure. Evaluation of the time evolu-
tion of one exciton transition gives access to their positions
along the growth direction and their activation energies.

This method can be used more generally for nanoscale
defect characterization in different materials with different
quantum emitters (N-V centers in diamond, defects in A-
BN, etc.). Moreover, this nanoscale defect characterization
gives further information about dopant segregation, occur-
ring in crystal-growth techniques [like, for instance, MBE
and metal organic chemical vapor deposition (MOCVD)],
hence, it could be an additional tool for adjusting the
growth process to suppress the appearance of defects in
semiconductors and insulators.

ACKNOWLEDGMENTS

This work is funded by the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation)—Project-
ID 278162697—SFB 1242 and the individual Research
Grants No. GE2141/5-1 and No. LU2051/1-1. Ar.L. and
A.D.W. acknowledge gratefully support of DFG-TRR-
160, BMBF-Q.Link.X 16KIS0867, and the DFH/UFA
CDFA-05-06.

JK., PL., M.G.,, AK,, and A.L. planned the exper-
iments. Ar.L. designed the heterostructure. Ar.L. and
A.D.W. grew and A.K. fabricated the sample. J.K. and
P.L. performed the measurements. J.K. evaluated the data.
A.L. supervised the data analysis and M.G. supervised
the experimental work. J.K., A.L., and M.G. wrote the
manuscript.

APPENDIX A: SAMPLE AND DEVICE
FABRICATION

The investigated sample material is grown by molec-
ular beam epitaxy and represents a Schottky diode with
embedded InAs QDs. Figure 5(a) displays schematically
the MBE-grown layer sequence and Fig. 5(b) shows the
calculated conduction-band edge and Fermi energy of our
sample for zero applied gate voltage along the growth
direction.

In detail, on top of a GaAs substrate a superlattice con-
sisting of AlAs and GaAs is deposited, followed by a
300 nm layer of GaAs to provide a smooth surface for
the low-defect growth of the diode structure. The back
contact is formed by depositing a 50 nm thick layer of
highly Si-doped GaAs. The quantum dots are separated
from the back contact by a tunneling barrier, which con-
sists of 15 nm GaAs, 10 nm of Al 34Gag ¢sAs, and another
5 nm of GaAs. The quantum dots are formed by depositing
1.9 monolayers of InAs while interrupting the rotation of
the sample holder. The dots are then capped with 2.5 nm
of GaAs, followed by a 600 °C flush to shift their emis-
sion wavelength to about 950 nm (1.3 eV). An additional
layer of 27.5 nm GaAs, a second 100-nm-thick superlattice
of AlAs and GaAs, and a layer of 10 nm GaAs suppress
undesirable currents through the diode.

The sample surface is partly covered with a transpar-
ent Schottky gate of 7 nm Ni-Cr. Au-Ge, and Ni are
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FIG. 5. Sample structure. (a) Illustration of the layer structure of the investigated sample. The quantum-dot layer (red) and the
tunneling barrier (purple) are highlighted. The Ni-Cr gate (yellow) and the highly Si-doped GaAs back contact form a Schottky diode.
(b) Conduction-band edge and Fermi energy along growth direction for zero applied gate voltage, calculated with the Poisson solver

[39].

deposited and annealed using photolithography to contact
the Si-doped GaAs, which acts as the Ohmic back con-
tact. The conduction-band edge energy at the gate interface
(z = 0) of 600 meV relative to the Fermi energy E of the
Ohmic back contact (175 nm < z < 225 nm) is the built-in
Schottky barrier.

APPENDIX B: OPTICAL MEASUREMENTS

To perform optical measurements, the sample is
mounted in a bath cryostat cooled with liquid helium
to 4.2 K. The resonant exciton excitation is performed
with a frequency-stabilized tunable diode laser and a con-
focal microscope setup. Using an objective lens with

(a) T T T T (b)1_| =T T L
Vi free e e ke e e e e N /\
g oF -+ —/\/_ i
8 @ qLo=0m 1 o=m4 |
QVep——d====Hf=———f———F———- =———===q 2 4 f — f H
Q Q
T AV T ) \/\
o or T -
V) e e 0 =nf2 \ / 0=3m/a
1 1 1 1 —1 C 1 | I i | 1 |
0 1 2 3 -10 0 10 -10 0 10
Timein T Detuning in y
(¢
( )0.04 T T T T
0.02
S
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€
o
O
-0.02
-0.04

-250 —-200

-150 -100

Average gate voltage V, (mV)

FIG. 6. Differential reflection. (a) Square-pulsed voltage with amplitude AV brings optical transition periodically in and out of
resonance. (b) Depending on phase difference ¢ between QD and reflected laser photons, different line shapes can occur [43]. (c)
Exemplary DR spectrum for an irradiated laser energy detuning of approximately equal to —562 neV. Two optical transitions each of
QD1 and QD2 are visible. Due to the DR method every optical transition is observed twice with opposite sign and separated by the
amplitude AV = 100 mV. The blue line is a model calculation based on adjusting the amplitude and phase for both QDs [see (b)].
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NA = 0.65, single quantum-dot resolution is achieved by
a focal spot size of about 1 um. We present data taken
with differential reflection [cf. Fig. 2(a)] and resonance
fluorescence [cf. Fig. 2(b)].

1. Differential reflection

Differential reflection is an optical characterization
method in which electron-hole pairs are resonantly excited
in the quantum dot, and the photons emitted during recom-
bination are detected. However, the irradiated photons can
also be reflected both inside and on the surface of the sam-
ple without interacting with the QD. To separate these two
types of photons, DR uses a lock-in procedure. In this
method, a square-pulsed gate voltage is used to periodi-
cally shift the optical transition into and out of resonance
with the irradiated laser [see Fig. 6(a)]. The two values of
the gate voltage are separated by the amplitude AV, which
is 100 mV in our experiment.

Figure 6(c) shows an example of a spectrum acquired
with DR. The energy of the laser is fixed and the offset of
the square-pulsed gate voltage is gradually increased. This
way, each optical transition gets in resonance twice, once
with the upper gate voltage value and once with the lower
one. Although the line of the optical transition is actually
Lorentz shaped, it can deviate greatly in DR [see Fig. 6(b)].
This is caused by interference with the reflected photons
that are also detected and depends on the phase relationship
¢ between the signals [43].

The interpretation of such a spectrum is very compli-
cated and often only possible by additional spectra with
different laser energies. For this reason we decide to give
only a simplified representation of our measurement data in
the main text by showing only the feature that is observed
by resonance at the upper voltage value. An overview of
the complete data set is given in Fig. 7.

2. Resonance fluorescence

For resonance-fluorescence measurements, the cross-
polarization technique is used, where one polarizer polar-
izes the laser light linearly before it is guided to the
quantum-dot sample. A second polarizer absorbs the
reflected laser light, giving a laser background suppres-
sion of up to 107. The photons emitted by the quantum dot
exhibit a different polarization and are partially transmit-
ted. The signal is detected with an avalanche photodiode.
Time-resolved resonance-fluorescence measurements (cf.
Figs. 3 and 4) are recorded by analyzing the signal of the
APD with a time-to-digital converter with a time reso-
lution of 81 ps. Furthermore, the gate voltage is pulsed
according to the specific experiment. For a high signal-
to-noise ratio, the measurement is repeated in an n-shot
measurement.

Contrast (%)
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-100

-200 -

-300 -

-400
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-400 -300 -200 -100 0 100 200 300
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FIG. 7. Differential reflection characteristics of QD1 and QD2.
QD1 is used as the nanoscale electrometer. The continuous shift
of the resonance energy with applied gate voltage (i.e., the
quantum-confined Stark effect) is interrupted by three distinct
gaps 4, B, C, indicating single occupation events in the vicinity
of the QD. The DR signal is recorded with a voltage modulation
of 100 mV. Therefore, all spectral features are seen twice, with
inverted contrast (see top scale).

APPENDIX C: MODEL OF THE RELAXATION
PROCESS

The activation energies and positions of the defects are
obtained from a Fermi-Dirac fit [Eq. (1) in the main text] to
the resonance-fluorescence amplitude, taken from the tran-
sients /(Vprep, 1) in Fig. 4(b) in the main text. We present
here a more detailed explanation of the underlying model.

Let us first consider the occupation of a single defect in
time. For a given time ¢, there is a probability for the defect
a to be either occupied P, (f) or unoccupied P—, (¢). This
can be described by the expression

Py(H) + Po(t) = 1. (CD
We assume that the defect becomes occupied by an elec-
tron, which originates from the back contact and tunnels
through a barrier. This process is taken into account by the
tunneling rate y, = 1/7,. If the occupation process begins
at t = 0, the probability for the defect to be unoccupied is
given by
P () = Py exp(—t/ta), (C2)
where Py is a constant, corresponding to the probability of
the defect to be unoccupied before the tunneling occurs.
P, can be derived from Eq. (C1). This expression is valid
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for low enough temperatures and detection voltages higher
than the defect’s tunneling voltage Vyer > V7.

Within the experiment in Fig. 4(b), more than one
defect is occupied. So let us consider now two defects
(o and B), which are occupied simultaneously. These two
defects are assumed not to interact with each other, e.g.
have independent tunneling rates 1/7, and 1/7g. In this
approach, the state of the system is described by the
probabilities Pynpg, Pur—g, P-anp and P—ys-p, Which cor-
respond to the situation, that both, only one or none of
the defects are occupied. The probabilities for the state
of the system can be derived from the probabilities for
the single defects (e.g., Puap = Py x Pg). The equilib-
rium resonance-fluorescence transients /(Vprp, ), which
are investigated in Fig. 4(b), are proportional to the prob-
ability P,.g, where both defects are occupied for ¢ —
00.

Finally, we have to consider that one defect at higher
gate voltages (here, defect §) is always unoccupied at the
beginning of the transient ( = 0) and completely occupied
in equilibrium (¢ — o0). The other defect (here, defect «)
is completely occupied in equilibrium, however, the occu-
pation state at the beginning of the transient depends on
the preparation voltage Vp. This is taken into account by
the fact that the constant in Eq. (C2) equals 1 for defect 8
and depends on the preparation voltage Py = Po(Vprep) for
defect o:

PaA,B(Vprep:t) = Poz(Vprep:t) X Pﬁ(t)
= Py(Vprep) [exp(—1/7) — exp(—1/74)]
+ 1 —exp(—t/1p)

= PO(Vprep) x c1() + 2 (1), (C3)
with 1/t =1/7, + 1/13 and two time-dependent con-
stants ¢ (¢) and ¢, (). So the probability P g is for a given
time ¢ proportional to the constant Po(Vrp). Since this
constant corresponds to the probability that the defect «
is unoccupied before the pulse occurs at # = 0, it can also
be expressed by the probability of occupation 7(¥prep):
n(Vprep) =1- PO(Vprep)- (C4)
This occupation probability at the beginning of the tran-
sient is different for every defect (set by the preparation
voltage) and depends on two characteristic parameters, i.e.,
its position in the diode structure and the activation energy
E,. As the defect « is in thermal equilibrium with the back
contact at # = 0, a bound state in the defect with the energy
E is occupied according to the Fermi-Dirac distribution of
the back contact n(E). The energy of the state E(Vpep)
in respect to the chemical potential of the back contact
consists of two contributions. The first one reflects the sta-
tionary electric fields and is therefore called electrostatic
energy E. It takes the built-in Schottky voltage Vg and

Back
Gate contact

3
|
w
5 eV1 ——————
2 eAV
L

eVz ....................................................................

dgate
1 0
Relative position 1/A
FIG. 8. Illustration of the lever arm. The lever arm A is defined

for a specific position in the diode structure as the ratio of the
distance between the back contact and the specific position d and
the distance between the back contact and the gate dgyc.

the preparation voltage V., into account. Since the volt-
ages are applied over the whole sample structure (between
back contact and gate), there is also a geometric factor A,
which incorporates the vertical position of the defect (see
Fig. 8). Itis called lever arm A = dgate /dstare [38]. The con-
stants dgate and dare correspond to the distance between the
back contact and the gate or the defect of the state, respec-
tively. The second contribution is the activation energy E,
of defect «, i.e., the difference of the state’s energy and the
conduction-band edge:

E(Vprep) =E,—E,
Vs — Vprep

e

e
= X(VT - Vprep)a (CS)

with the elementary charge e and the tunneling voltage
VT = VS — kEa/e.

Using Eq. (C5) and the Fermi-Dirac distribution func-
tion, one finds an expression for the voltage-dependent
probability of occupation of the defect state «:

1
- 1
o [ — V)| + 1

n( Vprep) =

., (Co)

with the thermal energy k7. The influence of activation
energy and lever arm are illustrated in Fig. 9. The left pan-
els show the conduction-band edge, including two defect
states for two different preparation voltages. The right pan-
els show the occupation probability of the states for a
continuous scan of voltage.

The occupation probability of two defects with the same
activation energy but different lever arms differs in a scan
of the preparation voltage, illustrated in Fig. 9(a). The
defect having a larger lever arm [Fig. 9(a), green level]
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Illustration of the influence of lever arm and activation energy on the occupation probability. Left panels show conduction-

band edge for two different preparation voltages. Right panels show the occupation probability (V) as a function of the preparation
voltage. (a) Increasing the lever arm A moves the relative position of the defect closer to the back contact (1/A < 0). The orange defect
level has a small lever arm (left panel) and exhibits larger voltage range (right panel), where the defect level is in resonance with
the chemical potential of the back contact. The lever arm also influences the charging voltage V'r; and V5. (b) A defect at the same
position with different activation energy (left panel) shifts the charging positions of the defect level without changing the resonant

voltage range (right panel).

is closer to the back contact and therefore gets in reso-
nance with its chemical potential for a smaller preparation
voltage V'r;. A larger lever arm results also in a smaller
energy change for a given change in voltage. Therefore,
the voltage range, where the defect is occupied, is larger in
comparison to defects (the Fermi distribution is “smeared
out”), which have a larger distance from the back contact
[orange line in Fig. 9(a) with occupation voltage V'r»].

Figure 9(b) demonstrates the influence of the activation
energy on the occupation voltages. A smaller activation
energy (orange line) shifts the occupation voltage to a
larger preparation voltage; however, the occupation range
stays unchanged, visible for the orange and green line of
the occupation distribution.

From Egs. (C3), (C4), and (C6) follows

Purp(t, Vprep) = na(Vprep)Cl(t) + (0

_ c1(9) ¥ o).

exp [#;T(VT - Vprep)] +1

(C€7)

In conclusion, one finds a simple expression for the data
in Fig. 4(b) for a given time ¢, which can be fitted to it and
allows determination of the position of the occupied defect
in growth direction as well as its activation energy. This
relation is independent of the choice of ¢, just changing
the constants ¢ (f) and ¢, (f). The considerations are more
general as they also apply for situations of more than two

defects. An approach using a set of master equations is also
possible and will give the same expression.

APPENDIX D: FURTHER DATA OF DEFECT
CHARACTERIZATION

We investigate four defects in this study. In the main text
the data and its evaluation is shown exemplary for defect
B. In the following, we present the data for the defects 4,
C, and D [Figs. 10(a)-10(c), respectively].

The measurements differ to the one in the main text by
different values for the preparation voltage Vpyrep. In the
case of defect 4, the measurement suffered from a low
signal-to-noise ratio. Therefore, we evaluate and present
here a different data set for defect 4, where the detection
voltage is 169 mV. Using this voltage, we probe the reso-
nance fluorescence of the second fine-structure split line of
the exciton transition [cf. Fig. 3(c)].

In the left panels of Fig. 10 transients for selected prepa-
ration voltages are shown. Dashed lines indicate the time,
where the evaluation of the amplitudes takes place. In
the right panels the corresponding amplitudes are shown
for all transients, as well as a fit using Eq. (C7). Defect
D especially causes a big difference in the normalized
resonance-fluorescence amplitude [see Fig. 10(c)]. This
allows us to characterize a defect, whose impact on the
energy scale is smaller than our resolution in equilibrium
measurements of the differential reflection amplitude [cf.

Fig. 2(a)].
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