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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 π 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 

Graphical Abstract

Keywords  Quantum dot, Circular bragg grating, QD imaging, Hyperspectral imaging, Deterministic fabrication, 
Single-photon source, Photoluminescence imaging



Page 3 of 10Buchinger et al. Nano Convergence           (2025) 12:36 

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 µPL 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 

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 
Al2O3 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 × 37 µm2. 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 μm, 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.

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 μm 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.

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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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. 2c) 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 ∝ 1/

√
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 μm. 
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 
S1, S2 and S3 are evaluated. Since the circular degree of 
polarization S3 shows zero, within the measurement 
uncertainty, as expected from the simulations, we con-

sider the linear degree of polarization Π =
√

S2
1 + S2

2 . 
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. 

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
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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) *10− 5 px, or (2 ± 1) *10− 3 
nm. This shows that our fitting routine is robust, repro-
ducible and satisfying the required precision. However, 

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 μm, resulting in these broad QD 
emission lines. (b), and (c) Stokes parameters S1​ and S2​ 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 S1 vs. S2. The devises show a small offset towards negative S1. (e) linear degree of polarization calculated from S1 and S2. 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

 



Page 7 of 10Buchinger et al. Nano Convergence           (2025) 12:36 

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 µm. 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 

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 

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
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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 S1 
and S2 smaller than 25% with small tendencies towards 
negative S1 (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 S1 (S2) 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 

is expected [32] and confirms the reliability of the mea-
surement procedure. For each device the linear degree 
of polarization is calculated from S1 and S2, 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 SRF, 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.
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