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Abstract

Single emitters in solid state are promising sources of single and entangled photons. To boost their extraction
efficiency and tailor their emission properties, they are often incorporated in photonic nanostructures. However,
achieving accurate and reproducible placement inside the cavity is challenging but necessary to ensure the
highest mode overlap and optimal device performance. For many cavity types —such as photonic crystal cavities
or circular Bragg grating cavities — even small displacements lead to a significantly reduced emitter-cavity
coupling. For circular Bragg grating cavities, this yields a significant reduction in Purcell effect, a slight reduction

in efficiency and it introduces polarization on the emitted photons. Here we show a method to achieve high
accuracy and precision for deterministically placed cavities on the example of circular Bragg gratings on randomly
distributed semiconductor quantum dots. We introduce periodic alignment markers for improved marker detection
accuracy and investigate overall imaging accuracy achieving (9.1£2.5) nm through image correction. Since circular
Bragg grating cavities exhibit a strong polarization response when the emitter is displaced, they are ideal devices
to probe the cavity placement accuracy far below the diffraction limit. From the measured device polarizations, we
derive a total spatial process accuracy of (33.5+9.9) nm based on the raw data, and an accuracy of (15+11) nm
after correcting for the system response, resulting in a device yield of 68% for well-placed cavities.
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1 Introduction
The generation of on-demand single photons or entan-
gled photons is a key requirement for quantum informa-
tion technologies, including quantum communication,
quantum computing, and quantum metrology [1-5].
Semiconductor quantum dots (QDs) have emerged as
one of the most promising platforms as non-classical
light sources for these applications, offering high bright-
ness, high-fidelity entanglement, and near-zero multi-
photon events [6, 7]. One key advantage of QDs as
single-photon sources is their capability for deterministic
photon generation. Unlike probabilistic sources, where
single photon emission is stochastic, a resonantly excited
QD driven with a m pulse, which means that the state of
interest is populated with a probability of one, emits a
single photon per excitation cycle, achieving near-unity
internal quantum efficiency [8]. Furthermore, the emis-
sion wavelength can be tailored through material com-
position, growth conditions and strain engineering [9],
enabling integration into quantum photonic circuits [10,
11].

Beyond single-photon emission, quantum dots also
serve as highly efficient entangled photon-pair sources.

When a quantum dot undergoes the biexciton-exciton
cascade, the emitted photon pair can exhibit polariza-
tion entanglement [12]. Besides the biexciton-exciton
cascade, the spin of an electron or hole in a QD trion
state, controlled via a suitable excitation sequence and an
external magnetic field, can serve as an entangler to gen-
erate a chain of entangled photons [13].

Among the challenges of using QDs is that as grown,
in a bulk-like structure, most of the emitted light is con-
strained in the semiconductor by total internal reflection.
To increase the extraction efficiency and further enhance
the QD brightness by using the Purcell effect, the QDs
are embedded in photonic nanostructures such as micro-
pillar cavities [8], photonic crystals cavities [14] or circu-
lar Bragg grating cavities [15—19]. The latter two of these
cavity types usually have very small mode volumes with
lateral mode sizes in the order of 100 nm, which makes
the placement accuracy of the QD inside the cavity more
demanding as compared to micropillar cavities, which
have a lateral mode expansion on the micrometer scale.

In addition, typically used QDs, grown by self-assem-
bled or droplet etching techniques, exhibit random posi-
tioning and variations in size and composition, leading
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to an emission wavelength distribution [20]. This neces-
sitates precise QD localization and selection techniques.

To tackle this challenge different techniques for deter-
ministic integration of QDs in photonic nanostructures
have been developed [21]. Among the earliest approaches
was in-situ photolithography [22]. This was later fol-
lowed by marker-based photoluminescence (PL) imaging
[16, 23], cathodoluminescence imaging [24], and in-situ
electron beam lithography (EBL) [25]. Another approach
relies on atomic force microscopy to localize the topo-
graphical trace of a buried quantum dot with 30 nm accu-
racy [26, 27]. More recently, a snapshot hyperspectral
imaging approach for emitters embedded in one-dimen-
sional planar cavities has been introduced [28]. Different
studies using these approaches address the localization
accuracy of QDs or alignment marker localization accu-
racy [16, 23, 24, 29] achieving QD localization accura-
cies down to 5 nm [30]. However, as discussed in Ref.
[24] additional sources of uncertainty, e.g. image distor-
tion [29] must be considered to assess the total alignment
accuracy. Ref. [24] compares different marker based PL
imaging configurations and compares them with marker
based and in-situ EBL. They report total positioning
accuracy down to (24.+34) nm for cathodoluminescence
imaging by measuring the QD position inside circular
mesa structures using cathodoluminescence imaging.
Similarly, Ref. [31] reports an overall integration accuracy
of ~32 nm based on cathodoluminescence imaging, by
comparing the emission maps of both, QDs and circular
Bragg grating cavities (CBGs).

To our knowledge, there is no study that statistically
evaluates the positioning accuracy based on actual device
performance. Here, we use a combination of hyperspec-
tral and photoluminescence imaging to fabricate 87 cir-
cular Bragg grating cavities. We introduce a periodic
alignment marker designed to improve marker localiza-
tion accuracy. Additionally, we investigate and discuss
QD localization accuracy by analyzing alignment marker
test fields, considering not only marker and QD local-
ization accuracy but also additional uncertainties such
as image distortion. Finally, we carry out polarization-
resolved pPL measurements on the fabricated devices
and infer the QD displacement from the measured
device polarization [32]. The investigated circular Bragg
grating cavity is the ideal vehicle to probe displacement
since the device polarization allows for a determina-
tion of the positioning much better than the resolution
limit. In contrast to photonic crystal cavities the device
has cylindric symmetry, which results in a rotation of the
polarization for different directions of displacement and
the magnitude of the polarization measures the displace-
ment. In principle super resolution techniques would be
superior in resolution [33-35]. However, they would also
suffer from image distortion, which is our main source
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of errors. Furthermore, fitting QD locations is already
very precise and realizing markers out of a material that
can be super-resolved seems to be challenging, since the
marker also needs to be detectable with an electron beam
for the EBL overlay.

2 Methods

We use a photoluminescence imaging technique to deter-
mine the position of QDs with respect to alignment
markers similar to the technique reported in Ref. [16]
extended with a scanning hyperspectral imaging routine
to assess the emission wavelengths in every pixel of the
image. The sample consists of a GaAs membrane with
Stranski-Krastanov grown InAs QDs embedded at the
vertical position of the calculated field maximum. The
membrane is on top of a dielectric spacer layer made of
AL, O, with a gold reflector beneath, fabricated using a
flip-chip process [18]. The QDs have a dimeter of about
20-30 nm and the selected QDs emit above 920 nm. On
top of the surface, we place alignment markers for ori-
entation on the sample which were fabricated using EBL
and subsequent gold deposition. The alignment markers
span fields of 37 x37 pum?® The sample is mounted in a
closed cycle cryostat at a base temperature of T = 4 K.
The sample is excited with a 730 nm continuous-wave
(CW) laser diode. By focusing the laser on the back-
focal plane of a 50x cover glass corrected objective with
a N.A. of 0.65 the total field of view is excited at once.
Additionally, for reflection imaging the sample surface is
illuminated with an LED around 940 nm (see Fig. 1). To
achieve optimal spatial accuracy while capturing the full
wavelength information of all the QDs, the measurement
routine is divided into two parts: a hyperspectral imaging
scan and a single snapshot photoluminescence image.

2.1 Hyperspectral imaging scan

Some of the introduced imaging methods are capable of
spectral aligning the cavity mode to the QD emission,
e.g. in-situ photolithography [22], cathodoluminescence
imaging [24] and in-situ electron beam lithography [25].
For the snapshot hyperspectral imaging approach Liu et
al. [28] calculates the relative spectrum between the QD
emission and the planar cavity mode from the observed
far-field patterns. This is a feature of planar DBRs and
their dispersion and is thus not applicable for CBGs.
Here we use another hyperspectral imaging technique.
To obtain the wavelength information of a full field, i.e.,
the sample space between the alignment markers, a real
space image of the sample is projected onto the entrance
port of a 500 mm Czerny-Turner spectrometer using a 4-f
setup, see Fig. 1. By narrowing the slit to 50 pm, a single
strip of the real space image is selected. The light emit-
ted from the real space locations within this strip is ana-
lyzed using the spectrometer grating, enabling a spectral
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resolution on the order of 0.06 nm. As a result, each pixel
row of the camera sensor corresponds to a position along
the selected strip and all columns in this row contain
the corresponding spectra. By moving the lens stepwise
in front of the spectrometer, the real space image of the
sample surface is shifted over the entrance slit. Thus,
a different strip of locations of the sample is measured.
These images, containing real space vs. wavelength infor-
mation, are combined into a 3D data cube that contains
both real space dimensions (in pixels) and the wavelength
information of each pixel as a third dimension. A scan
of one field takes about 30 min, (335 scans steps with an
integration time of 3 s each), resulting in about 1.3 GB
data. The measurement routine including the movement
between adjacent fields is automated. This significantly
increases the number of fields that can be measured
within a given time frame. Based on this data cube, the
most suitable QDs for device fabrication are selected. To
be selected the QDs should have narrow, high lumines-
cent lines in the target wavelength range and no nearby
visible neighbors. Due to the scanning approach and the
additional optical elements inside the spectrometer, like
the curved mirrors, which are optimized for spectral
resolution and not for imaging accuracy and the off-axis
grating, the hyperspectral image shows significant aber-
rations. These aberrations are so severe in our case that
we could not correct them using imaging correction
algorithms. Thus, we introduce a second step: photolu-
minescence imaging.

White-light
source

Laser
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2.2 Photoluminescence imaging

To reduce the number of optical elements and thereby
minimize image distortions, a second camera is intro-
duced into the setup, see Fig. 1. Using this camera, we can
acquire fast images with minimal distortions to assess
the position of the QDs. The wavelength range of inter-
est, 930 nm, is selected using a 10 nm FWHM band-pass
filter. Two images of the same field are acquired back-to-
back: a photoluminescence image with switched on laser
and minimal LED illumination, see red-dashed inset in
Fig. 1, and one reflection image with high LED power and
switched off laser, see Fig. 2a). The first image captures
the QD emission, while the second image clearly shows
the markers, ensuring accurate marker fitting. We cap-
ture two separate images as the emission of a QD beneath
an alignment marker changes the intensity profile along a
marker and thus reduces the ability to accurately localize
it in our fit routine. To reduce image distortion, an image
correction method based on Zhang’s method [36], imple-
mented in the cv2 model of the OpenCV Library [37]
is applied to both images. For this, a grid of gold disks
with 1.5 um diameter, patterned alongside the alignment
markers, is used as the calibration pattern. The markers
in the reflection image are fitted (see Sect. 2.3), and their
positions are translated to the photoluminescence image
to establish a coordinate system. Here the QD positions
are fitted using a 2D Gaussian function.
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Fig. 1 Schematic of the hyperspectral imaging setup. A 730 nm continuous-wave (CW) laser is focused onto the back focal plane of the objective to
simultaneously excite a large area of the sample. A 940 nm LED provides illumination for the sample surface and markers. The emitted and reflected light
is filtered through a band-pass filter (BPF) before being projected onto the entrance slit of the spectrometer. A scan lens, mounted on a motorized linear
stage, is used to focus different parts of the photoluminescence emission onto the entrance slit, enabling to analyze strip by strip of the sample image. A
second camera, integrated via a flip mirror, acquires photoluminescence (inset) and reflection images to localize the quantum dots and markers
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Fig. 2 (a) Zoomed-in reflection image of a periodic marker composed of four periodic structures and a central cross. The cross is used in the electron
beam lithography (EBL) system to localize the marker position. To determine the marker position in the reflection image, the intensity along the four
periodic features is binned and fitted. Panel (b) compares a scanning electron microscope (SEM) image, a reflection image, and the binned intensity
profile of one quarter of the marker. The binned region is highlighted (green). The intensity is fitted using a multi-Gaussian fit with fixed spacings. (c) Test
of the marker fitting routine by fitting the same double-square (inset) and periodic marker 1000 times with random variations in the starting position.
The mean position of all fits is calculated, and the distance from each fit to the mean position is plotted. For the periodic marker, the distances are orders

of magnitude smaller

2.3 Alignment marker localization

The concept behind determining the position of the
alignment markers is to fit the intensity profiles over fea-
tures in the reflection image. The basic variant is to use
two features per x- and y-direction, like the four legs of
a cross [16, 24, 30] or the steps over the edges of two
squares meeting at one corner (double square marker,
compare Fig. 2¢) inset). We introduce markers with two
periodic structures per x- and y-direction, each con-
sisting of six gold strips surrounding a cross (periodic
marker, see Fig. 2a)). The cross is needed on our EBL
machine for the overlay of the cavity structure. We fit a
section of each periodic structure with a multiple Gauss-
ian fit with fixed spacing (Fig. 2b)) to get the position
of the marker. We expected the periodic structures to
increase the localization accuracy by increasing the num-
ber of features n by a factor of six compared to a cross
and thus reducing the error o 1/y/n. However, due
to fit constraints on the relative distance the fit error is
reduced much more than this, see Fig. 2c) and the results
section for a detailed explanation.

2.4 Circular-bragg grating fabrication

The determined QD positions are translated to coordi-
nates for the EBL system. For each individual selected
QD, a circular Bragg grating tailored to its emission
wavelength by adjusting the center disk diameter is
defined. The CBGs are patterned on the sample using the
EBL. During this process, the EBL scans the crosses of
the alignment markers to establish a reference coordinate
system. The CBGs are structured by chemical dry etching
using an inductively coupled Cl/Ar plasma.

2.5 Alignment analysis by polarization resolved
measurements

If an emitter within a CBG cavity is not centered, its
emission will be polarized [32]. This allows you to draw
conclusions about the positioning of a QD in the device.
To measure the device polarization a half-wave and quar-
ter-wave plate together with a linear polarizer placed
above the objective are used. By adjusting the waveplates
accordingly, the QD emission under 730 nm CW laser
excitation is recorded for six polarization states (H, V, D,
A, R, L) using a spectrometer. As the laser passes through
the waveplates as well, the excitation must not transfer its
polarization to the QDs, as this would lead to an unex-
pected bias in the photoluminescence analysis. The used
wavelength, which is above the GaAs band gap, ensures
a polarization scrambling, which can be seen by the ref-
erence measurements, see Fig. 3 grey datapoints. The
exact point from which the signal of a CBG is collected
can influence the measured polarization [38]. To over-
come this, the spectrometer slit is increased to 750 pm.
Thus, the emission of the whole device is collected but
the spectral resolution is reduced. The intensity for all
emission wavelengths where the intensity of at least one
polarization projection is above an arbitrary (but con-
stant) threshold is summed up and the Stokes parameter
S, Sy and S, are evaluated. Since the circular degree of
polarization S; shows zero, within the measurement
uncertainty, as expected from the simulations, we con-

sider the linear degree of polarization I = \/S? + S3.
Using the simulation from Ref. [32] this degree of polar-
ization is translated to displacement. A small spectral
detuning between the quantum dot and the cavity modi-
fies this relationship only slightly, especially for small
displacements (see Supplementary Information Fig.
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Fig. 3 (a) Spectra of a representative device for different polarizations (top)

and the corresponding Stokes parameters for all wavelengths (bottom).

To reduce position-dependent variations in the measured polarization [38], the spectrometer slit was widened to 750 um, resulting in these broad QD
emission lines. (b), and (c) Stokes parameters S; and S, of the CBGs and quantum dots in the membrane without cavity as reference measurements. The
Stokes parameters are calculated by summing up the intensities above the threshold (red line in (a) top) first. (d) Linear polarization of the devices plotted
in'S; vs. S,. The devises show a small offset towards negative S,. (e) linear degree of polarization calculated from S; and S,. The linear degree of polariza-
tion is translated to displacement (f) for each devise. The references QDs are treated as the system response function (SRF) and fitted with a Nakagami
distribution, yielding a mean displacement of (22.2 +5.9) nm. The CBGs exhibit a mean displacement of (37 £ 14) nm without fitting. They are then fitted
with a convolution of the SRF and a Nakagami distribution. The corrected, deconvoluted Nakagami distribution gives a mean displacement of (15+11)

nm demonstration the accuracy of the device placement

S1). As a reference, we collected data from QDs outside
the processed cavities, which should have no degree of
polarization. The width of the reference signal cannot be
explained by shot noise and may be explained by imper-
fect wave plates. To define a system response function
(SRF), we treat these reference QDs analogously to the
devices, including the displacement extraction proce-
dure. In this way, the SRF captures both the measurement
process and the mapping from polarization to displace-
ment, although the displacement-polarization relation
does not have meaning by itself for bare QDs. The result-
ing reference signal is fitted with a Nakagami distribution
and taken as the SRF. To correct the measured displace-
ment with the SRF, the data is fitted with a convolution
of SRF and a Nakagami distribution. We chose the Naka-
gami distribution to model the displacement magnitude,
as it generalizes the Rayleigh and Rician distributions and
provides a better empirical fit when their assumptions
(e.g. equal variances or zero mean) do not strictly hold
[39, 40]. Since zero displacement cannot be resolved even
in the reference measurement, we account for this offset

by shifting the x-axis range of the SRF such that its peak
aligns with its mean value, rather than the center of the
axis, before performing the deconvolution. This approach
ensures that the corrected distribution reflects the true
displacement relative to the system’s intrinsic offset.

3 Results and discussion

3.1 Periodic marker localization precision and accuracy

To get a better understanding of the reliability of the
marker localization routine we repeatedly fitted the posi-
tion of one double square marker (one periodic alignment
marker) 1000 times in the same image using different
initial guesses for the fit routines starting positions. We
then calculated the distance of each result to the mean
fit position of all fits. The result is shown in Fig. 2 c). For
the double square markers, we get a mean distance of
(0.38+0.14) px or (38 +14) nm, as one pixel corresponds
to (99.56 £ 0.08) nm. For the periodic marker the distance
to the mean position is (2+1) *107° px, or (2+1) *1073
nm. This shows that our fitting routine is robust, repro-
ducible and satisfying the required precision. However,
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the marker fitting precision does not reflect the marker
fitting accuracy at all, as just one marker from one image
is considered multiple times. To quantify the periodic
marker fitting accuracy, marker test fields are investi-
gated. These marker test fields (see Fig. 4 inset) have nine
markers with a distance of 18.5 pum. One marker test field
is measured 500 times consecutively and all the mark-
ers are fitted. As integration time 1500 ms are chosen, a
typical time used for the photoluminescence and reflec-
tion images. Due to vibrations of the cryostat cold head,
the position of the same marker shifts back and forth by
(6.07 +£0.67) nm in consecutive measurements. The dom-
inant source of vibration is the Pulse Tube of the cryo-
stat, operating at approximately 1 Hz. Each expansion
pulse excites fast sample vibrations, which decay rapidly
well before the next Pulse Tube cycle occurs. At the used
integration time the vibrations blur out the observed
image. However, the distance between two neighbored
markers should stay the same. We do observe a change
of distance between two adjacent markers between two
consecutive measurements as (2.87 +0.65) nm, which is
our true marker fitting accuracy. Compared to previously
reported marker location uncertainties, which some-
times reflect precision, the accuracy in marker fitting is
increased by a factor of about 1.5 to 6 [16, 24].

A robust marker fitting routine is essential to achieve
sufficient spatial accuracy as the markers are used to set
up a coordinate system in which the QD are localized.
As shown here on these periodic markers, exploiting an
alignment marker design with an increased number of
features with a known arrangement, e.g. a periodicity,
can help to improve the robustness and accuracy of the
marker fitting.

3.2 Imaging accuracy

The accuracies of marker and QD fitting alone are insuf-
ficient to reliably estimate the precision with which the
cavities can be positioned around the QDs. Image dis-
tortions introduce additional errors [29]. To test the
imaging accuracy inside a coordinate system, which
is set up by the markers, we use the marker test field
described in Sect. 3.1 (see Fig. 4 inset). The marker test
field is considered as two different sets of markers: the
corner markers (Fig. 4 A-D), which span our reference
coordinate system, and the field markers (Fig. 4 1-5),
which are the remaining five. To assess the imaging
accuracy, we acquire reflection images of 30 test fields
and apply the image correction on each. For both the
four corner markers as well as for the five additional
markers, the offset between their nominal position
given by the sample layout and the fitted position is
calculated and plotted, see Fig. 4. We observe two dif-
ferent sets of inaccuracies: First, the corner markers
scatter around the origin, which leads to an imperfect
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Fig. 4 Evaluation of the marker test fields (inset). The positions of the nine
markers in each test field are determined. The four corner markers are used
to define a local coordinate system, and the offsets between the mea-
sured marker positions and their intended positions (as specified in the
layout) are calculated and presented. The average offset across all markers
is (5.12+3.08) nm, indicating the accuracy of the established coordinate
system

coordinate system adding uncertainties to the QDs
localized within it. Second, the markers inside the field
have some systematic offsets from zero depending on
their position inside the field. This suggests incomplete
correction of image distortion, also reducing the total
QDs localization accuracy. The coordinate system accu-
racy can be calculated as the mean of all markers, cor-
ner and field, and is (5.12 + 3.08) nm, which includes the
marker fitting accuracy from above. This value reflects
the accuracy and precision of the established coordi-
nate system used to determine the QD positions, tak-
ing into account errors arising from image distortions,
marker fitting and potential inaccuracies arising from
EBL. Slight deviations in marker shape or position due
to EBL imperfections may contribute to errors in estab-
lishing the coordinate system. These deviations are
inherently included in the measured coordinate system
accuracy discussed above.

The QDs are fitted with a 2D-Gaussian function. The
QD fit error is given by the standard deviation of the fit
parameters and amounts to (4.4+3.7) nm for 155 fitted
QDs. Two primary factors that can increase this error are
low QD photoluminescence intensity and close proximity
to neighboring QDs, both of which reduce the reliability
of the localization fit. These error sources, the imper-
fect coordinate system, together with not completely
corrected distortions, both including the marker fitting
accuracy and the QD fitting uncertainty, together with
the transfer of the marker position between the reflec-
tion- and photoluminescence-image (See Sect. 3.1), adds
up to (9.1+2.5) nm. This shows that photoluminescence-
imaging is a viable option to localize QDs with respect to
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the markers that can be used for device fabrication. Note
that for the total device positioning accuracy additional
error sources have to be considered, e.g., the EBL overlay
accuracy and the EBL writing accuracy. The total device
placement accuracy is addressed in the next section.

3.3 Device positioning accuracy

Beside the QD localization with respect to the mark-
ers, fabrication of the CBGs afterwards and the marker
deposition beforehand are additional sources for dis-
placement. To test the total accuracy, we measured the
polarizations of 87 devices and translated them to dis-
placements (see Sect. 2.5). Figure 3a) presents the polar-
ization-resolved spectra of a representative device, along
with the corresponding Stokes parameters, which are
calculated separately for each wavelength. Due to imper-
fections during the device process some of the CBGs
showed significant mode splitting. Since mode splitting
can also lead to polarized emission when the QD is spec-
trally aligned more with one mode than the other, we
exclude devices with a mode splitting exceeding 2.5 nm
(25) from our analysis. In Fig. 3b)-f) the Stokes Param-
eters of the remaining 62 devices are shown. As compari-
son 20 QDs outside of CBGs are measured. Since we use
above band excitation, the relaxation of carriers into the
quantum dot leads to spin randomization, such that no
specific spin-state is favored. Therefore, the emission is
expected to be unpolarized for time integrated measure-
ments and all measured Stokes parameters to be zero.
These 20 QDs are referred to as reference QDs. Addition-
ally, 21 intentionally displaced CBGs are measured. The
data is shown and discussed in the Supplementary infor-
mation S2. Most of the CBGs have a polarization of S,
and S, smaller than 25% with small tendencies towards
negative S; (Fig. 3b)-f)). This hints a small systematic
error, which could come from a systematic displacement
in the order of 23 nm, or it could come from the fact that
although the mode splitting of the cavities is small, it is
almost never exactly zero and almost all the measured
signal from the QDs is slightly blue detuned with respect
to the cavity mode and is therefore spectrally overlapping
more with the vertical mode of the cavity. However, since
we cannot further quantify this effect, we assume that the
measured polarization comes from device displacement
and include the offset into our analysis. The mean of the
Stokes parameter S; (S,) is -0.05+0.15 (0.02 £ 0.15) show-
ing small average polarization but noticeable spread. The
spread is an order of magnitude higher than for the refer-
ence QDs although the signal is at least an order of mag-
nitude brighter. This indicates a random displacement
of the devices with a spread around zero displacement.
The Stokes parameter S3 shows a close to zero value of
0.026 +0.049 (-0.001 + 0.023 for the reference QDs) and is
therefore not shown. The absence of circular polarization
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is expected [32] and confirms the reliability of the mea-
surement procedure. For each device the linear degree
of polarization is calculated from S; and S,, see Fig. 3e)
and then translated to displacement using the simula-
tions from Ref. [32]. The result is presented in Fig. 3 f).
As described in Sect. 2.5, the displacement distribution is
fitted with a convolution of the reference data and a Nak-
agami distribution. This results in an average displace-
ment of (15+11) nm. This can be interpreted as a total
cavity placement accuracy of 15 nm with a precision of
11 nm. However, due to the limited reference dataset (20
QDs) and the dependence of the result on the exact SRF
position, these values should be interpreted with caution.
To give the complete picture we also report the raw val-
ues obtained directly from the data by fitting a Nakagami
distribution without any correction, yielding a displace-
ment of (33.5+9.9) nm.

The raw (corrected) values are about a factor of 4 (2)
higher compared to the evaluation of the marker test
fields (Sect. 3.2). This could come from the fact that the
bare imaging evaluation does not include the displace-
ment errors introduced by the CBG fabrication process
with the marker-based EBL. Furthermore, for imaging
the sample, a camera with an InGaAs sensor was used as
the setup is used for QDs from 780 nm up to Telecom
C-band 1550 nm QDs. This camera exhibits a significant
number of hot pixels with their occurrence increasing as
the integration time lengthens. To balance signal qual-
ity and the occurrence of hot pixels, an integration time
of 1500 ms is chosen, during which approximately 2.1%
of the pixels exhibit abnormally high intensity values.
A longer integration time would improve the signal-to-
noise ratio and enhance QD localization precision but
would also increase the number of hot pixels. Although
correction algorithms are used to mitigate their effect,
the information of these pixels is inevitably lost. Also,
as mentioned before, a splitting of the cavity mode can
introduce polarized emission [41]. This can lead to an
overestimation of the displacement determined from the
polarization.

Compared to previously reported QD localization and
positioning techniques, our method shows improved
accuracy relative to previous photoluminescence imaging
approaches. Although the achieved accuracy is compa-
rable to that of cathodoluminescence imaging and in-situ
electron beam lithography, the precision attained in our
method surpasses all previously reported techniques
[24], resulting in an overall high device yield of 68%, if a
residual polarization of 10% and an expected reduction
of the Purcell effect by 20% (due to diminished mode
overlap, caused by the displacement) is acceptable. To
calculate the device yield for polarization values below
10%, the linear degree of polarization was fitted with a
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convolution of a Nakagami distribution and the SREF, sim-
ilar to the approach used in the displacement evaluation.
Although a statistical analysis of the achieved Purcell
enhancement is not part of this work, time-resolved pho-
toluminescence measurements on selected devices reveal
a significantly reduced lifetime, consistent with strong
Purcell enhancement (see Supplementary Information
S3). Further lifetime measurements on deterministically
placed devices will be presented in future publications.

4 Conclusions

In summary, we introduced a periodic alignment marker
design and achieved a marker localization accuracy of
(2.87£0.65) nm. We believe that these or similar periodic
markers can contribute to improved QD imaging within
the research community. By arranging these markers
in a grid with a spacing of half the field size, we investi-
gated the total QD localization accuracy within a coor-
dinate system defined by the markers. Considering QD
and marker localization uncertainties, coordinate sys-
tem imperfections, and marker position transfer errors
between reflection and photoluminescence images,
we determined a total QD localization uncertainty of
(9.1+2.5) nm.

To assess the final integration accuracy, we processed
87 CBGs and evaluated their positioning by measuring
the device polarization. With a mean displacement of
(33.5+9.9) nm (raw) and (15+11) nm (corrected), our
approach reaches the accuracy of cathodoluminescence
imaging or in-situ e-beam lithography, and it significantly
improves the precision. While in-situ e-beam lithogra-
phy integrates low-temperature cathodoluminescence
and e-beam lithography within a single setup, thereby
increasing system complexity, marker-based photolu-
minescence imaging relies on two separate setups that
can be individually optimized for their respective pur-
poses. We believe that the photoluminescence imaging
accuracy can be improved further by reducing the setup
vibrations; replacing the InGaAs sensor with a scientific-
grade CMOS camera, which would offer a better signal-
to-noise ratio and fewer hot pixels, however, only in the
near infrared and not in the telecom wavelength range;
or improving image correction methods like e.g. using
Zernike polynomials [29]. Additionally, uncertainties
from the marker-based e-beam lithography opens room
for further investigation and improvements.

Our findings demonstrate that photoluminescence
imaging is an effective method to enable the determin-
istic fabrication of nanophotonic devices specifically
tailored to the optical emitter properties, and whose per-
formance is sensitive to small displacements, as seen in
circular Bragg gratings. With a device yield of 68%, this
method ensures the reliable fabrication of high-quality
devices across each sample.

Page 9 of 10

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/540580-025-00501-5

[ Supplementary Material 1 J

Acknowledgements

We would like to express our sincere gratitude to Silke Kuhn for her invaluable
assistance in sample fabrication and to Johannes Michl for his excellent work
in creating the graphical abstract.

Authors’ contributions

QB and CK performed the experiments, measured the data and analyzed the
data. QB and CK wrote the software for measuring and evaluating the imaging
data. OB compiled the data and wrote the manuscript draft. AZ helped
writing the code of the marker fitting routine. GP helped to develop the idea
of periodic features for markers. MH wrote the software for the polarization
resolved measurement. YR did simulation for the dependence between
displacement and polarization in CBGs. AP SHTHL supervised the work and
reviewed and edited the manuscript. All authors commented and revised the
manuscript and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. The authors
acknowledge the support of the state of Bavaria and the German Ministry for
Research and Education (BMBF) within the projects QR.X (FKZ: 16KISQ010),
QRN (FKZ: 16KIS2209), PhotonQ (FKZ: 13N15759), Qecs (FKZ: 13N16272)

and QD-E-QKD (FKZ: 16KIS1672K). We also acknowledge financial support

by the German research foundation (DFG) under the project reference DIP
F1947/6-1.

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details

'Physikalisches Institut, Lehrstuhl fiir Technische Physik, Julius-
Maximilians-Universitat Wiirzburg, Am Hubland, Wiirzburg
97074, Deutschland

“University of Arizona, Wyant College of Optical Sciences, 1630 E
University Blvd, Tucson Arizona, USA

Received: 7 April 2025 / Accepted: 4 July 2025
Published online: 16 July 2025

References

1. C. Schimpf, M. Reindl, D. Huber, B. Lehner, S.F. Da Covre Silva, S. Manna, M.
Viyvlecka, P. Walther, A. Rastelli, Sci. Adv. (2021). https://doi.org/10.1126/sciadv.
abe8905

2. C-Y.Lu, J-W.Pan, Nat. Nanotechnol. (2021). https://doi.org/10.1038/541565-0
21-01033-9

3. DA Vajner, L. Rickert, T. Gao, K. Kaymazlar, T. Heindel, Adv. Quantum Tech.
(2022). https://doi.org/10.1002/qute.202100116

4. R Raussendorf, H.J. Briegel, Phys. Rev. Lett. (2001). https://doi.org/10.1103/Phy
sRevLett.86.5188

5. C. Couteauy, S. Barz, T. Durt, T. Gerrits, J. Huwer, R. Prevedel, J. Rarity, A. Shields,
G. Weihs, Nat. Rev. Phys. (2023). https://doi.org/10.1038/542254-023-00589-w

6. D.Huber, M. Reindl, S.F. Da Covre Silva, C. Schimpf, J. Martin-Sanchez, H.
Huang, G. Piredda, J. Edlinger, A. Rastelli, R. Trotta, Phys. Rev. Lett. (2018). https:
//doi.org/10.1103/PhysRevLett.121.033902

7. P.Michler, S.L. Portalupi, Semiconductor Quantum Light Sources (De Gruyter,
2024)


https://doi.org/10.1186/s40580-025-00501-5
https://doi.org/10.1186/s40580-025-00501-5
https://doi.org/10.1126/sciadv.abe8905
https://doi.org/10.1126/sciadv.abe8905
https://doi.org/10.1038/s41565-021-01033-9
https://doi.org/10.1038/s41565-021-01033-9
https://doi.org/10.1002/qute.202100116
https://doi.org/10.1103/PhysRevLett.86.5188
https://doi.org/10.1103/PhysRevLett.86.5188
https://doi.org/10.1038/s42254-023-00589-w
https://doi.org/10.1103/PhysRevLett.121.033902
https://doi.org/10.1103/PhysRevLett.121.033902

Buchinger et al. Nano Convergence

22.

23.

24.

25,

26.

27.

(2025) 12:36

X.Ding, Y. He, Z-C. Duan, N. Gregersen, M.-C. Chen, S. Unsleber, S. Maier, C.
Schneider, M. Kamp, S. Hofling, C-Y. Lu, J-W. Pan, Phys. Rev. Lett. (2016). https:
//doi.org/10.1103/PhysRevLett.116.020401

C. Becher, W. Gao, S. Kar, C.D. Marciniak, T. Monz, J.G. Bartholomew, P. Goldner,
H. Loh, E. Marcellina, KEJ. Goh, T.S. Koh, B. Weber, Z. Mu, J.-Y. Tsai, Q. Yan, T.
Huber-Loyola, S. Hofling, S. Gyger, S. Steinhauer, V. Zwiller, Mater. Quantum
Technol. (2023). https://doi.org/10.1088/2633-4356/aca3f2

AW. Elshaari, W. Pernice, K. Srinivasan, O. Benson, V. Zwiller, Nat. Photon.
(2020). https://doi.org/10.1038/541566-020-0609-x

X.Zhou, L. Zhai, J. Liu, PI (2022) https://doi.org/10.3788/P1.2022.R07
0.Benson, C. Santori, M. Pelton, Y. Yamamoto, Phys. Rev. Lett. (2000). https://d
0l.0rg/10.1103/PhysRevLett.84.2513

D. Cogan, Z-E. Su, O. Kenneth, D. Gershoni, Nat. Photon. (2023). https://doi.or
9/10.1038/541566-022-01152-2

KH. Madsen, S. Ates, J. Liu, A. Javadi, SM. Albrecht, . Yeo, S. Stobbe, P. Lodahl,
Phys. Rev. B (2014). https://doi.org/10.1103/PhysRevB.90.155303

J. Scheuer, A. Yariv, IEEE J. Quantum Electron. (2003). https://doi.org/10.1109/J
QE.2003.819548

L. Sapienza, M. Davanco, A. Badolato, K. Srinivasan, Nat. Commun. (2015). http
s://doi.org/10.1038/ncomms8833

M. Davanco, M.T. Rakher, D. Schuh, A. Badolato, K. Srinivasan, Appl. Phys. Lett.
(2011). https://doi.org/10.1063/1.3615051

M. Moczata-Dusanowska, . Dusanowski, O. Iff, T. Huber, S. Kuhn, T. Czysza-
nowski, C. Schneider, S. Hofling, ACS Photonics. (2020). https://doi.org/10.102
1/acsphotonics.0c01465

H.Wang, H. Hu, T-H. Chung, J. Qin, X. Yang, J-P. Li, R-Z. Liu, H.-S. Zhong, Y.-M.
He, X. Ding, Y-H. Deng, Q. Dai, Y.-H. Huo, S. Hofling, C-Y. Lu, J-W. Pan, Phys.
Rev. Lett. (2019). https://doi.org/10.1103/PhysRevLett.122.113602

PB. Joyce, T.J. Krzyzewski, G.R. Bell, T.S. Jones, S. Malik, D. Childs, R. Murray,
Phys. Rev. B (2000). https://doi.org/10.1103/PhysRevB.62.10891

S. Liu, K. Srinivasan, J. Liu, Laser Photonics Rev. (2021). https://doi.org/10.1002
/lpor.202100223

A. Dousse, L. Lanco, J. Suffczyriski, E. Semenova, A. Miard, A. Lemaitre, I.
Sagnes, C. Roblin, J. Bloch, P. Senellart, Phys. Rev. Lett. (2008). https://doi.org/1
0.1103/PhysRevLett.101.267404

S.M.Thon, M.T. Rakher, H. Kim, J. Gudat, W.T.M. Irvine, PM. Petroff, D. Bouw-
meester, Appl. Phys. Lett. (2009). https://doi.org/10.1063/1.3103885

AA. Madigawa, J.N. Donges, B. Gadl, S. Li, M.A. Jacobsen, H. Liu, D. Dai, X. Su, X.
Shang, H. Ni, J. Schall, S. Rodlt, Z. Niu, N. Gregersen, S. Reitzenstein, B. Munkh-
bat, ACS Photonics. (2024). https://doi.org/10.1021/acsphotonics.3c01368

M. Gschrey, F. Gericke, A. SchiBler, R. Schmidt, J.-H. Schulze, T. Heindel, S.
Rodt, A. Strittmatter, S. Reitzenstein, Appl. Phys. Lett. (2013). https://doi.org/10
.1063/1.4812343

K. Hennessy, A. Badolato, PM. Petroff, E. Hu, Photonics and Nanostructures -
Fundamentals and Applications. (2004) https://doi.org/10.1016/j.photonics.2
004.07.001

K. Hennessy, A. Badolato, M. Winger, D. Gerace, M. Atatire, S. Gulde, S. Falt, E.L.
Hu, A. Imamoglu, Nature. (2007) https://doi.org/10.1038/nature05586

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 10 of 10

S. Liu, X. Li, H. Liu, G. Qiu, J. Ma, L. Nie, Y. Meng, X. Hu, H. Ni, Z. Niu, C-W. Qiu, X.
Wang, J. Liu, Nat. Photon. (2024). https://doi.org/10.1038/541566-024-01449-4
CR. Copeland, A L. Pintar, R.G. Dixson, A. Chanana, K. Srinivasan, D.A. Westly, B.
Robert llic, M.I. Davanco, S.M. Stavis, Optica Quantum. (2024). https://doi.org/
10.1364/0pticaq.502464

J. Liu, M.I. Davanco, L. Sapienza, K. Konthasinghe, J.V. de Cardoso, J.D. Song, A.
Badolato, K. Srinivasan, Rev. Sci. Instrum. (2017). https://doi.org/10.1063/1.497
6578

L. Rickert, D.A. Vajner, M. von Helversen, J. Schall, S. Rodt, S. Reitzenstein, H.
Liu, S. Li, H. Ni, Z. Niu, T. Heindel, ACS Photonics. (2025). https://doi.org/10.102
1/acsphotonics.4c01873

G. Peniakov, Q. Buchinger, M. Helal, S. Betzold, Y. Reum, M.B. Rota, G. Ronco,
M. Beccaceci, TM. Krieger, S.F.C. Da Silva, A. Rastelli, R. Trotta, A. Pfenning, S.
Hofling, T. Huber-Loyola, Laser Photonics Rev. (2024). https://doi.org/10.1002/
lpor.202300835

E. Betzig, GH. Patterson, R. Sougrat, O.W. Lindwasser, S. Olenych, J.S. Boni-
facino, MW. Davidson, J. Lippincott-Schwartz, H.F. Hess, Science (New York,
N.Y) (2006) https://doi.org/10.1126/science.1127344

SW. Hell, J. Wichmann, Opt. Lett. (1994). https://doi.org/10.1364/0L.19.00078
0

M.J. Rust, M. Bates, X. Zhuang, Nat. Methods. (2006). https://doi.org/10.1038/n
meth929

Z.Zhang, IEEE Trans. Pattern Anal. Mach. Intell. (2000). https://doi.org/10.1109
/34.888718

OpenCV: Camera Calibration, (2025). https://docs.opencv.org/4.0.1/dc/dbb/t
utorial_py_calibration.html. Accessed 16 June 2025

A. Laneve, M.B. Rota, F.B. Basset, M. Beccaceci, V. Villari, T. Oberleitner, Y. Reum,
T.M. Krieger, Q. Buchinger, S.F.C. Da Silva, A. Pfenning, S. Stroj, S. Hofling, A.
Rastelli, T. Huber-Loyola, R. Trotta, Wavevector-resolved polarization entangle-
ment from radiative cascades (2024). http://arxiv.org/pdf/2409.07875v1

E. Gomez-Déniz, L. Gdmez-Déniz, Wirel. Netw. (2024). https://doi.org/10.1007/
s11276-024-03713-5

S.Sharma, R. Mishra, ijacsa (2015) https://doi.org/10.14569/1JACSA.2015.0610
40

H.Wang, Y-M. He, T-H. Chung, H. Hu, Y. Yu, S. Chen, X. Ding, M.-C. Chen, J. Qin,
X.Yang, R-Z. Liu, Z-C. Duan, J-P. Li, S. Gerhardt, K. Winkler, J. Jurkat, L-J. Wang,
N. Gregersen, Y.-H. Huo, Q. Dai, S. Yu, S. Hofling, C-Y. Lu, J-W. Pan, Nat. Photon.
(2019).https://doi.org/10.1038/541566-019-0494-3

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1103/PhysRevLett.116.020401
https://doi.org/10.1103/PhysRevLett.116.020401
https://doi.org/10.1088/2633-4356/aca3f2
https://doi.org/10.1038/s41566-020-0609-x
https://doi.org/10.3788/PI.2022.R07
https://doi.org/10.1103/PhysRevLett.84.2513
https://doi.org/10.1103/PhysRevLett.84.2513
https://doi.org/10.1038/s41566-022-01152-2
https://doi.org/10.1038/s41566-022-01152-2
https://doi.org/10.1103/PhysRevB.90.155303
https://doi.org/10.1109/JQE.2003.819548
https://doi.org/10.1109/JQE.2003.819548
https://doi.org/10.1038/ncomms8833
https://doi.org/10.1038/ncomms8833
https://doi.org/10.1063/1.3615051
https://doi.org/10.1021/acsphotonics.0c01465
https://doi.org/10.1021/acsphotonics.0c01465
https://doi.org/10.1103/PhysRevLett.122.113602
https://doi.org/10.1103/PhysRevB.62.10891
https://doi.org/10.1002/lpor.202100223
https://doi.org/10.1002/lpor.202100223
https://doi.org/10.1103/PhysRevLett.101.267404
https://doi.org/10.1103/PhysRevLett.101.267404
https://doi.org/10.1063/1.3103885
https://doi.org/10.1021/acsphotonics.3c01368
https://doi.org/10.1063/1.4812343
https://doi.org/10.1063/1.4812343
https://doi.org/10.1016/j.photonics.2004.07.001
https://doi.org/10.1016/j.photonics.2004.07.001
https://doi.org/10.1038/nature05586
https://doi.org/10.1038/s41566-024-01449-4
https://doi.org/10.1364/opticaq.502464
https://doi.org/10.1364/opticaq.502464
https://doi.org/10.1063/1.4976578
https://doi.org/10.1063/1.4976578
https://doi.org/10.1021/acsphotonics.4c01873
https://doi.org/10.1021/acsphotonics.4c01873
https://doi.org/10.1002/lpor.202300835
https://doi.org/10.1002/lpor.202300835
https://doi.org/10.1126/science.1127344
https://doi.org/10.1364/OL.19.000780
https://doi.org/10.1364/OL.19.000780
https://doi.org/10.1038/nmeth929
https://doi.org/10.1038/nmeth929
https://doi.org/10.1109/34.888718
https://doi.org/10.1109/34.888718
https://docs.opencv.org/4.0.1/dc/dbb/tutorial_py_calibration.html
https://docs.opencv.org/4.0.1/dc/dbb/tutorial_py_calibration.html
http://arxiv.org/pdf/2409.07875v1
https://doi.org/10.1007/s11276-024-03713-5
https://doi.org/10.1007/s11276-024-03713-5
https://doi.org/10.14569/IJACSA.2015.061040
https://doi.org/10.14569/IJACSA.2015.061040
https://doi.org/10.1038/s41566-019-0494-3

	﻿Deterministic quantum dot cavity placement using hyperspectral imaging with high spatial accuracy and precision
	﻿Abstract
	﻿Graphical Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Methods
	﻿2.1﻿ ﻿Hyperspectral imaging scan
	﻿2.2﻿ ﻿Photoluminescence imaging
	﻿2.3﻿ ﻿Alignment marker localization
	﻿2.4﻿ ﻿Circular-bragg grating fabrication
	﻿2.5﻿ ﻿Alignment analysis by polarization resolved measurements

	﻿3﻿ ﻿Results and discussion
	﻿3.1﻿ ﻿Periodic marker localization precision and accuracy
	﻿3.2﻿ ﻿Imaging accuracy
	﻿3.3﻿ ﻿Device positioning accuracy

	﻿4﻿ ﻿Conclusions
	﻿References


