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ABSTRACT

Single-photon emitters are essential components for quantum communication systems, enabling applications such as secure quantum key
distribution and the long-term vision of a quantum internet. Among various candidates, self-assembled InAs/GaAs quantum dots (QDs)
remain highly promising due to their ability to emit coherent and indistinguishable photons, as well as their compatibility with photonic
integration. In this work, we investigate the impact of post-growth rapid thermal annealing (RTA) on the quantum optical properties of
single self-assembled QDs embedded in a p-i-n diode structure. The annealing process induces a controlled blueshift of the emission wave-
length by promoting Ga in-diffusion and intermixing. Using resonance fluorescence measurements at cryogenic temperatures (4.2 K), we
investigate the single-photon statistics, the emission linewidths, and coherence time T, of the emitted photons. Our results show that,
despite the high annealing temperature of 760 °C, the process does not degrade the optical quality of the quantum dots strongly. Instead,
we observe single-photon emission with near transform-limited linewidths, where the dephasing time T, is only a factor 1.5 above the
Fourier-limit T, = 2T;. These findings demonstrate that rapid thermal annealing (RTA) serves as an effective tuning method that preserves
the key single-photon emission properties and may help reduce undesirable effects such as non-radiative Auger recombination in

quantum photonic applications.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0327080

INTRODUCTION

Single-photon emitters are one of the fundamental building
blocks for quantum communication systems,' enabling applications
such as secure quantum communication” or the more long-term
vision of a quantum internet.”* A variety of promising single-
photon emitters are under investigation,” ranging from defect
centers in diamond®’ and hexagonal boron nitride (hBN)* to
emerging emitters in other two-dimensional (2D) materials, such
as transition metal dichalcogenides (TMDs)'" and van-der-Waals
heterostructure.'>'* However, self-assembled quantum dots (QDs)
are still one of the promising candidates with their ability to emit
coherent and indistinguishable photons,'*™'"” along with their com-
patibility for integration into photonic circuits.'*™"*

The electronic and optical properties of such quantum dots
can be engineered by post-growth treatments such as rapid
thermal annealing (RTA).'”™*" Such a post-growth tunability by

the RTA process can be used for a controlled fine-tuning of
quantum dot samples to match the emission wavelength to pho-
tonic structures or cavities. The process modifies the dot size and
confinement potential by the in-diffusion of Ga atoms inside the
QDs,”>* resulting in an observed blueshift in the excitonic transi-
tion energies.”>”” The impact of the RTA process on the optical
properties of InAs/GaAs QDs has been explored using techniques
such as photoluminescence (PL)*“”” on ensembles of quantum
dots and micro-photoluminescence (#PL) on a single InAs
QD.**"*® Resonant excitation, such as four-wave mixing”>"’ and
two-dimensional ~ coherent  spectroscopy  experiments on
RTA-treated quantum dot ensembles,”"* is rare. However, reso-
nance fluorescence measurements on a single quantum
emitter’” ™’ provide a direct probe of coherent light-matter inter-
actions to observe their spectral linewidth, here on a RTA-treated
single quantum dot.”
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The RTA process is performed at temperatures significantly
higher than the decomposition temperature of GaAs.
Consequently, it is reasonable to assume that the rapid thermal
annealing process may cause damage to the material and degrade
the optical quality of the quantum dots. A potential negative
impact—such as additional dephasing of the exciton transition—
can be assessed through resonance fluorescence measurements. In
particular, the ratio between the coherence time T, from the mea-
sured linewidth and the radiative lifetime T, from pulsed resonant
measurements reveals the derivation from the Fourier-transform
limit T,=2T,. Additionally, second-order correlation measure-
ments ¢?(z) provide inside into the quality as a single-photon
emitter.

In this work, we present resonance fluorescence measure-
ments of a single self-assembled quantum dot that is embedded in
a p-i-n diode structure for electrical charge-state control. The
sample was treated after growth by rapid thermal annealing to
blue-shift the emission wavelength toward 950 nm. The effects of
annealing on the single-photon properties and linewidth are exam-
ined and compared to the radiative lifetime T;. The findings dem-
onstrate that post-growth annealing does not have a detrimental
effect on the optical properties, and that the near transform-
limited photons are observed.

As previously demonstrated by Gawarecki et al.”” for self-
assembled quantum dots, changes in the material composition
within the dot can significantly influence its physical properties,
such as the radiative Auger recombination rate. In colloidal
quantum dots (nanoparticles), it has been shown that interfaces
play a significant role in modifying or suppressing undesirable
effects such as non-radiative Auger recombination.”’ Controlled
alloying has been demonstrated as an effective strategy to tailor
these interfaces.”’ Similarly, in self-assembled quantum dots, rapid
thermal annealing (RTA) could be employed in the future to tune
the emission wavelength and to reduce or suppress detrimental
processes such as non-radiative Auger recombination’” or internal
photoemission.*’

The self-assembled quantum dots are embedded in a p-i-n
diode structure for electrical control and cooled in a bath cryostat
to 4.2K. The sample was grown using molecular beam epitaxy
(MBE). The structure consists of a layer of InGaAs quantum dots
in a GaAs matrix embedded in a microcavity (distributed Bragg
reflector; 15 layers of 73 nm GaAs/86 nm AlGaAs) that creates a
standing wave electric field with an antinode at the position of the
QD layer."* The n-doping of the diode acts as an electron reser-
voir, enabling charging and discharging of the QD via an applied
gate voltage V, and allowing for a tunable shift of the exciton/
trion transition energies via the quantum-confined Stark effect.
The QD layer is 30 nm above the electron reservoir and 366 nm
below the top gate. Following the growth phase, the sample was
subjected to ex situ rapid thermal annealing (RTA). The RTA
process starts with acetone and isopropanol cleaning of the
sample. After this, a bare GaAs waver piece is used as a proximity
cap, while the chamber is evacuated below 1 mbar and purged
with N, gas at 2 SCCM. Under constant pumping and gas flow,
the sample is slowly (~6 min) heated to 420 °C. Then, a fast ramp
(20°C/s) is used to get to 760 °C. After 30 s the heating is turned
off and the free falling temperature is below 600 °C after 15s. The
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temperatures are controlled by a pyrometric measurement on a
Si-support wafer and temperatures above 600 °C allow Ga atoms to
diffuse into the QDs and promoting intermixing. The annealed
sample was then characterized using photoluminescence spectro-
scopy to analyze its optical properties.

The initial characterization of the single self-assembled
quantum dot (QD1) is shown in Fig. 1 as color-coded micro-
photoluminescence (u-PL) intensity map for different applied gate
voltages and an excitation laser at 785nm with an intensity of
1.78 uW/um®. The two marked emission lines correspond to the
neutral exciton (X°) and negativity-charged trion (X") transition;
confirmed by their energies in the resonance fluorescence mea-
surement in Fig. 2. These lines show the well-known quantum-
confined Stark shift, while the other lines are due to different
charge configurations in the quantum dot.”>*° There are no sharp
transitions between different charge state configurations at specific
gate voltages. Indeed, all excitonic transitions in Fig. 1 can be
observed over a broad range of applied gate voltages. This behavior
results from the weak coupling between the dot and the electron
reservoir, caused by a thick tunneling barrier consisting of 10 nm
Alp34GapesAs and 20 nm GaAs. As a consequence, the average
electron tunneling rate is low, on the order of 1 ms~'.”” and the
charge state in the QD is therefore not necessarily in equilibrium
with the chemical potential in the back contact if the optical
pumping rate exceeds the tunneling rate. As a result, multiple
charge states can coexist and are visible in the excitonic transitions
at the same gate voltage, as shown in Fig. 1.
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FIG. 1. Color-coded photoluminescence (PL) intensity map of the single
quantum dot (QD1) as a function of the gate voltage and emission wavelength
for an excitation laser intensity of 1.78 W/umZ. The color scale represents the
PL intensity in counts per second. Two emission lines corresponding to the
neutral exciton and the charged trion transition are visible with their voltage-
dependent shift by the quantum-confined Stark effect.

J. Appl. Phys. 139, 204301 (2026); doi: 10.1063/5.0327080
© Author(s) 2026

139, 204301-2

8Z:LETT 920Z AewW 8T


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

311.62
311.60 g 18 o=
311.58 @ §

(&}
1.0 2
311.56 g =

E 31154 § 05 E

2

5

S 311528

o

]

[ 9

310350 g 4
£
=

2 o

310.325 &8 3

-0.50  -0.25 0.00 0.25

Gate voltage (V)

FIG. 2. (a) Resonance fluorescence measurement of the exciton (X°), with its
fine structure splitting (146 «eV), and trion (X™) for different laser frequencies
and gate voltages. (b) The trion transition becomes visible for gate voltages
above 50 mV (indicated by the dashed line), where the quantum dot (QD) is
charged with a single electron by tunneling from the electron reservoir. Below
this voltage, the QD remains uncharged, and at higher frequencies, the
exciton transition can be observed.

A sharp transition between the exciton and trion transition
can be seen in the resonance fluorescence measurement of QD1 in
Fig. 2, where the excitonic transitions can only be excited if the
quantum dot is in defined charge state, given by the applied gate
voltage V,. Although the same quantum dot is shown, the wave-
length scale in Fig. 1 may be shifted by up to 1 nm due to a posi-
tioning uncertainty of the spectrometer grating. In Fig. 2(a), two
distinct spectral lines are now visible that are due to the two bright
exciton transitions that are separated by the fine-structure split-
ting, shifting in energy via the quantum-confined Stark effect. A
clear charge transition between exciton X and trion states X~
occurs at Vo =0.05V (dashed line). At this voltage, the Fermi level
in the electron reservoir is aligned with the s-shell of the dot,
allowing an electron to tunnel into the dot. As a result, the trion
transition appears at lower energy, as shown in the lower panel,
Fig. 2(b). For the same laser excitation intensity, the resonance
fluorescence (RF) intensity of the trion transition is two to three
orders of magnitude weaker than of the neutral exciton. This
reduction is attributed to non-radiative Auger recombination of
the trion state, combined with the weak tunnel coupling to the
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electron reservoir.””"” Therefore, the linewidth analysis in the fol-
lowing focuses on the high-intensity neutral exciton transition.

Figure 3(a) shows a saturation curve of QD1, illustrating the
relationship between the laser excitation intensity and the intensity
of the emitted QD photons, which corresponds to the average
exciton occupation probability. At low excitation intensities, the
emission increases linearly as more and more excitons are gener-
ated in the quantum dot. With increasing laser power, however,
the intensity gradually approaches a maximum value and exhibits
characteristic saturation behavior, reaching the average occupation
probability of 0.5. As a result of this saturation, power broaden-
ing"® of the linewidth can be observed in Fig. 3(b) for a laser
intensity between 100 and 400 uW/um®. The frequency detun-
ing is obtained here by shifting the QD exciton transition with
the quantum-confined Stark effect—by the applied gate
voltage—in relation to a fixed laser frequency. The linewidth
broadening Awprwpy (full width half maximum—FWHM) is
given by:*

R R —
ACOFWHM = ? 1+ Qle Tz. (1)

2

Dephasing processes are measured at low excitation intensities,
where power broadening is absent. The linewidth is then given
directly by the dephasing T,-time by Awpwum(Q =0) = T%, ie.,
Av = -, which is the same result as the relation between the spec-
tral width and coherence time for a Lorentzian line shape; see
Saleh and Teich.” Figure 3(c) shows the measured linewidth as a
function of excitation power. At high laser intensities, the line-
width increases to 1.5 GHz due to power broadening. In the low-
power regime, a minimum linewidth of 360 MHz is observed for
QD1 at an excitation intensity of 0.5 nW/um?®. The corresponding
resonance fluorescence data are shown as blue dots in Fig. 4(a),
where we measured the linewidth with higher accuracy by fixing
the gate voltage at V,=-39.7mV and tuning the diode laser in
frequency steps of 10 MHz. Each data point is integrated for 2s, so
that spin-and charge noise as dephasing processes are included in
our measurement.”’ A Lorentzian fit to the data gives a linewidth
of 360 MHz (equals 1.49 ueV and corresponds to T, =880 ps),
while a second dot (QD2) shows for comparison an almost identi-
cal linewidth of 310 MHz (1.28 eV and T, = 1.03 ns) for the same
excitation intensity, but a gate voltage of V,=19.5mV.

To extract the natural linewidth from the radiative lifetime
T;, we employed a pulsed measurement scheme to record the
time-resolved decay of the resonance fluorescence (RF) intensity,
as shown in Fig. 4(b) as blue dots. The time-resolved measure-
ments were enabled by short optical pulses generated via an
electro-optical modulator (iXblue NIR-MX950-LN) and a pulse
pattern  generator (Anritsu MP1652A), modulating the
continuous-wave diode laser (Toptica CTL950) with a repetition
rate of 71 MHz and a pulse width of 700 ps. The individual RF
photons were measured with an avalanche photon diode (ID
quantique ID100) and time-correlated with the optical pulse using
a time-to-digital converter (Swabian instruments Time Tagger
Ultra). The solid orange line represents a fit to the data, yielding a
radiative lifetime T of 670 £ 30 ps. The fit function is obtained by
convolving the system response with a single-exponential decay
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FIG. 3. (a) Average exciton occupation probability, obtained from integrated photon counts per second for increasing laser excitation intensity. At saturation
(Q ~ I'/+/2, with T'=1/T; and occupation probability equals 0.25) an RF signal of about 1 Mcounts per second is observed. The excitation intensity is also scaled in
units of the saturation power Q2 =I"%/2. The solid orange line is a fit to the data. (b) Power broadening of the exciton transition for selected intensities between 100 nW/
um? and 400 nW/um?. The measured data are shown as dots, while the fits are shown as solid lines. (c) Linewidth of the resonant fluorescence from a single quantum
dot as a function of excitation intensity. The increase in linewidth at higher intensities is due to power broadening caused by stronger coupling between the excitation

field and the dot.

model corresponding to the quantum dot’s spontaneous emission.
The system response is primarily determined by the timing jitter
of the pulse pattern generator and the avalanche photodiode
(APD) and measured to be 270 ps. This was characterized in a ref-
erence measurement where QD1 was detuned from the excitation
laser and limits the temporal resolution for determining the rise
and fall times of the laser pulse.

A radiative lifetime of T, =670 ps for QD1 corresponds to a
Fourier-limited linewidth of 238 MHz, calculated using
Av = ﬁ,’r’“ which equals 0.98 4eV in energy. For this particular
dot QD1, we are by a factor of 1.5 above the Fourier limit, due to
additional pure dephasing T;. This factor is within the reported
values of about 1.4-1.5 of near transform-limited photons from
InAs/GaAs quantum dots,'>”' demonstrating the high structural
quality of quantum dots exposed to the RTA process. The dephas-
ing time T, of QDI obtained from the linewidth measurement in
Fig. 4(a) is T, = 880 ps. Together with the radiative lifetime T; and
using 1/T, = 1/2T, + 1/T;, we derive a pure dephasing time of
T; = 2.6ns.

Finally, Fig. 5 shows the normalized second-order correlation
function gz)(r) of QD1 for increasing laser excitation intensities
from 0.4 to 40 nW/um® intensity, represented as blue dots. The
emitted photons were analyzed using a Hanbury-Brown-Twiss-
Setup with beam-splitter, two avalanche photodiodes (Excelitas
SPCM-AQRH-14-FC) and a time-to-digital converter to measure
the g(z)(r)-function. A pronounced dip at zero time delay (r=0) is
clearly visible in all three measurements, indicating the photon
antibunching. The depth of the dip increases with decreasing exci-
tation power, with the strongest antibunching observed at the
lowest excitation power, reflecting a minimal probability of multi-
photon emission under these conditions. In order to obtain the
values of g(z)(rz 0), we fitted the experimental data with a
convolution of the system response and the theoretically

(2)( 36,48,52

predicted g '(7)-function,

@@ =1—Ae M [cosh(z|f|) i gsmhwq)],

ERN
=T Tary @)

For high laser intensities, i.e., high Rabi frequencies Q, the
parameter / becomes imaginary. This changes cosh/sinh to cos/
sin, enabling Rabi oscillations to be fitted to the measured g'?(z)
data. The parameter A accounts for deviations from a perfect
single-photon emitter. The background signal was negligibly small
and therefore not taken into account in the analysis. The instru-
ment response function (IRF) was measured to be 670 ps, shown
in Fig. 5 as purple dots with purple lines as fits to the data. The
solid orange lines in Fig. 5 represent fits to the measured g'(z)
data, obtained by convolution of the IRF with the theoretical func-
tion in Eq. (2) and using the Rabi frequency Q, the dephasing
time T; and A as free fitting parameters. The fits as orange lines
show very good agreement with the measured g®(z) data (blue
dots in Fig. 5) for the fitting parameters Q=5.1, 1.44, 0.73 GHz,
T; = 0.46, 0.89, 10 ns, and A = 0.69, 0.85, 0.86.

To extract the values of g”(r=0) that quantifies the single-
photon purity, we evaluated the theoretical function ¢*(z)
without convolution with the IRF. The solid red lines in
Fig. 5 represent these correlation functions, and the fit parameter
A directly corresponds to the single-photon purity. The maximum
measured value of 86% for the lowest excitation intensity in
Fig. 5(c) is a lower bound for the single photon purity of the
quantum emitter.
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FIG. 4. (a) Linewidth measurement on two different rapid-thermally annealed
quantum dots, QD1 and QD2, receptively. The spectra were obtained for a
fixed gate voltage of Vg =—39.7mV (QD1) and Vy=19.5mV (QD2), while a
narrow-band single-mode laser (<1MHz) is tuned in frequency steps of
10 MHz across the resonances of the exciton transition. A low excitation inten-
sity of 0.5nW/um? was used to reduce power broadening and the spectra
were fitted with a Lorentzian line shape. (b) Time-resolved QD1 fluorescence
measurement under resonant pulsed excitation, where an excitation pulse of
1ns was obtained by using an electro-optical modulator. The fit is a convolu-
tion of the system response (270 ps) and an exponential decay that yields a
T;-time of 670 £ 30 ps. The inset shows the data on a semi-logarithmic scale,
demonstrating the single-exponential decay.

Due to the finite temporal response of the instrument
response function (IRF), the measured g(z)(z')-function is inher-
ently smoothed and broadened by its convolution with the IRF.
Consequently, even for an ideal single-photon emitter with a true
§2(0) = 0, the experimentally observed minimum after deconvolu-
tion of the IRF remains finite when the IRF width is comparable
to, or exceeds, the emitter’s characteristic lifetimes T, and T, as in
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FIG. 5. Normalized second-order correlation measurements g®(z) of QD1
¢@(z) (blue dots) for three different excitation intensities in (a)—(c). The orange
line represents a fit to the data, convolved with the instrument response func-
tion (IRF) as purple line. All correlation measurements exhibit pronounced anti-
bunching at zero time delay. The deconvoluted data, shown as solid red lines,
yield a second-order correlation function g®(z) without the instrument
response function. The solid green lines represent fits to the data without con-
sidering the instrument response function, assuming an ideal single-photon
emitter with the parameter A fixed to unity (see text).

our experiment. When fitting the data, the theoretical function
can either be fixed to §?(0) =0 (green lines in Fig. 5), assuming
an ideal single-photon source, or include an amplitude parameter
A as a free fitting variable to account for deviations from perfect
single-photon emission (red lines in Fig. 5). In the latter case, A
provides only a lower bound for the single-photon purity. The
accuracy of this lower bound could be further improved by
enhancing the temporal resolution of the detection system, i.e., by
using a narrower instrument response function.

In conclusion, we have investigated the quantum optical
properties of single self-assembled InAs/GaAs quantum dots sub-
jected to post-growth rapid thermal annealing (RTA). Despite the
high annealing temperature of 760 °C, we demonstrate that the
quantum dots maintain excellent optical quality. Resonance fluo-
rescence measurements reveal linewidths close to the transform
limit, with a dephasing time T, only 1.5 times above the Fourier
limit T, =2T;. Moreover, second-order correlation measurements
show single-photon emission and a single-photon purity at least
86%, mainly limited by the instrument response function. These
findings confirm that RTA can be effectively employed to tune the
emission wavelength of InAs quantum dots without compromising
coherence or single-photon purity.
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