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A B S T R A C T

In this work, an automatic vision-guided accurate positioning of a microstructure in an optical microscope
is presented. Microscopes for near-infrared spectroscopy are using actuators with micrometer and nanometer
precision to investigate semiconductor nanostructures. The cryostats used to cool down the structures and
other mechanical elements are an inevitable source of vibrations and sample drift in the optical setup. This
is one of the challenges of long-term experiments in obtaining reliable data that require excitation and
detection from the same spot on the sample. Consequently, the need for setup design and software that utilizes
active stabilization of a sample position has emerged. Presented Python-based software with GUI utilizes the
normalized correlation coefficient matching method from the openCV library to localize microstructure and
automatically compensate for any misalignment with pixel accuracy and 0.2 μm precision in real-time.
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. Introduction

.1. Motivation and significance

Microphotoluminescence (𝜇PL) is a standard tool for characterizing
he properties of semiconductor nanostructures. This technique allows
or the derivation of the electronic structure, the conduction and va-
ence band structure, the dynamics of relaxation and recombination in
anometer-sized semiconductor structures such as quantum dots (QDs)
ith spatial confinement leading to quantization of energy levels [1].
his is achieved by measuring their optical response, where the compo-
ition, size, strain, shape, excitonic, and many-body effects affect both
he energy and temporal statistics of the emitted photons. Experimen-
ally, the optical characterization in a microscope typically involves

E-mail address: marek.mikulicz@pwr.edu.pl.

excitation of a QD with a laser source with a focused spot spatial
resolution on the order of micrometers. Emitted photons are guided and
dispersed in the experimental setup where their energy, polarization,
and temporal statistics are measured and contain information about
the splitting between the energy bands, fine-structure splitting, single-
photon emission statistics, photon indistinguishability, and excitonic
complexes recombination dynamics.

In optical spectroscopy setups, numerous sources of vibrations and
drift can lead to misalignment and inaccuracies in data collection.
These sources include mechanical components such as cryostats, vac-
uum pumps, compressors, and air conditioning systems connected to
or near the optical table. Additionally, piezoelectric elements used for
fine adjustments of optical components, such as microscope objectives,
ttps://doi.org/10.1016/j.softx.2025.102065
eceived 4 July 2024; Received in revised form 3 December 2024; Accepted 19 January 2025
vailable online 31 January 2025 
352-7110/© 2025 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
c/4.0/ ). 

https://www.elsevier.com/locate/softx
https://www.elsevier.com/locate/softx
https://github.com/ElsevierSoftwareX/SOFTX-D-24-00363
mailto:marek.mikulicz@pwr.edu.pl
mailto:marek.mikulicz@pwr.edu.pl
https://doi.org/10.1016/j.softx.2025.102065
https://doi.org/10.1016/j.softx.2025.102065
http://crossmark.crossref.org/dialog/?doi=10.1016/j.softx.2025.102065&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Marek Grzegorz Mikulicz SoftwareX 29 (2025) 102065 
are prone to inherent factors such as hysteresis, creep, and thermal
drift. The servo motors used to move the cryostat with a sample exhibit
backlash and limited repeatability. Moreover, measurements conducted
in large magnetic fields or those dependent on temperature variations
of the sample can alter the excitation and detection spots. These dis-
turbances are particularly problematic in long-term experiments, where
consistent excitation and detection are required from the same spot on
the sample.

In this work, the focus is on software and experimental setup for
near-infrared spectroscopy used for the investigation of semiconductor
QDs emitting at the third telecom window. To repeatedly investigate
the same single QD and also to modify its properties, it is typically
embedded in the photonic micro-structure such as a mesa [2] or
microlens [3,4]. This microstructure can be fabricated as a cylin-
der embedding a single quantum dot of nanometer size. Typically,
experimental measurements of the second order autocorrelation [5]
(determining their single-photon purity) for signals from QDs in the
third telecom window require several hours of data acquisition, dur-
ing which the optical alignment must remain stable. Without active
stabilization, the sample position is usually lost within a few min-
utes, causing the signal to disappear and requiring continuous manual
adjustments, which is suboptimal for long experiments.

To stabilize the sample, various methods are used. One of the most
precise are the laser interferometer position measurement systems with
nm-precise positioning control, but they require costly additional hard-
ware, which is more suited for more advanced systems such as electron-
beam lithography [6], scanning electron microscopes [7], or atomic
force microscopy [8]. This method is not easily available to custom-
made optical setups with cryostats operating at the liquid helium
temperature.

To provide an accurate, customizable, and low-cost solution, mi-
croStabilize has been developed, an open-source software with a graph-
ical user interface that allows researchers to use already existing hard-
ware (actuators and camera) in the optical setup and, without ex-
tensive modification to the setup, to achieve pixel-accurate long-term
stabilization of the sample.

The software uses information from the microscope camera to con-
tinuously determine the position of the microstructure inside a cryostat.
The cryostat is mounted on a stage with in-plane motorized steppers,
and a microscope objective is mounted on a stage with piezo actuators.
Stabilization is achieved by either moving the cryostat with a sample
or an objective depending on the setup configuration (moving the
objective introduces a slight misalignment in the detecting axis, which
is not preferable). By continuously comparing a template image to
the current frame in the microscope, detection and correction for any
misalignment is possible by compensating it with actuator movement,
ensuring that the sample remains correctly aligned throughout the data
acquisition.

In the following discussion, the basic structure and architecture
of microStabilize are detailed, and its software capabilities are high-
lighted. An illustrative example and performance evaluation are also
provided.

1.2. Software contribution

The program has been tested and used internally in the laboratory
for Optical Spectroscopy of Nanostructures (https://osn.pwr.edu.pl) by
Ph.D. students and researchers, and was instrumental in enabling long-
term measurements of the photon statistics [4,9–11]. In a publication
investigating the excitonic and optical properties of single quantum
dots [9] the results for autocorrelation measurements are presented for
15 quantum dots, accounting in total for at least 150 h of measurement
for which active stabilization with the use of the microStabilize was
maintained. The software can also be used in multiple excitation and
detection configurations, for example, where the sample is placed
perpendicularly and the signal collection is on a different axis from the

Fig. 1. Experimental setup used for the performance evaluation of the software.

excitation and image collection [10]. In investigating the microstruc-
ture in the bullseye cavity design, active stabilization was also used
and allowed the measurement of autocorrelation for a few hours [11]
measuring the single-photon emission of the QDs.

1.3. Experimental setup

Data presented here are from a setup for near-infrared 𝜇PL shown
in Fig. 1 which consists of an infinity corrected microscope objectives
(magnifications from 10× to 100×, Mitutoyo, presented data are for
M Plan Apo NIR HR 50× with NA of 0.65), tube lens (focal length
20 cm), LED microscopy illumination source (830 nm), monochrome
camera (WAT-902B Watec), excitation laser (𝜆 = 787 nm Coherent
CUBE), spectral filter (fiber-based – WL Photonics or monochromator –
Acton SP2500), signal detector (superconducting nanowire single pho-
ton detectors – Scontel or InGaAs – PyLoN-IR) all spectrally matched
to the investigated spectral window (i.e. 1550 nm). The sample is
mounted inside an evacuated continuous-flow liquid helium cryostat
(ST-500 JANIS), which provides an operating temperature of about
5 K. The cryostat is mounted on an x–y stage with servo actuators.
The calculations in the performance evaluation section were performed
using a resolution test target (Thorlabs) placed in a sample position.
The software was tested using two types of actuators; one of them is
a 3-axis stage with an open-loop piezoelectric actuator from Thorlabs
(NanoMax). These piezo actuators offer 20 μm of travel with a reso-
lution of up to 1 nm. They are connected to the three-channel piezo
controller with driving voltage up to 150 V. The control voltage can be
modified by rotary knobs or by an external signal via USB 2.0 or BNC.

The other actuator is a Z925B servo motor actuator with a travel of
25 mm and a minimum incremental motion in the nanometer range. Its
backlash and repeatability in the micrometer range make it less precise
to use than a piezo actuator, but the large travel range allows it to cover
a wide sample area. This actuator is driven by the controller (KDC101)
via USB 2.0.
2 
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2. Software description

The microStabilize code is available to the public on GitHub,
omplete with documentation. Given that Python, NumPy [12] and
penCV [13] libraries are open source and cross-platform (the software
an run on Windows, Linux, and macOS), while LabView requires
 paid license, Python was chosen, also because of its easier code
ustomization compared to C++. Additionally, Python’s clear syntax,
ast libraries, and large user community make it an ideal choice for
pen-source projects. PySimpleGUI was chosen as the GUI framework
ecause it prioritizes simplicity, rapid development, and ease of use
or the user, which are crucial for the laboratory setting. Installation
s straightforward and does not require specialized expertise. It can
e easily implemented in standard spectroscopy laboratories, and the
oftware can be integrated with the same hardware quickly and with
ustomized hardware in a few hours.

2.1. Algorithms

2.1.1. Normalized correlation coefficient matching
The core functionality of the program is based on the normal-

zed correlation coefficient matching method from the openCV library.
uring development, all template matching algorithms in the library
ere tested, as well as the phase correlation approach [14] and the

Haar cascade classifier. The correlation coefficient matching method
rovides the most precise and distinct match; however, it increases the

computational cost that limits the frame size depending on computer
resources. It is more versatile than neural network-based models, as
there is no need to provide training examples and only one template
snapshot is required for tracking. The algorithm works for differences
in translation, brightness, and contrast, which are typically present in
an optical microscopy setup. The algorithm adjusts the template and
image to have a zero mean by transforming the dark parts of the image
into negative values and the bright parts into positive values. This
adjustment ensures that when bright regions of the template overlap
with bright regions of the image, the resulting dot product is positive.
Similarly, when dark regions overlap, the product of two negative
values also results in a positive score. Therefore, positive scores indicate
matches between the corresponding bright and dark regions of the
template and image. In contrast, mismatches, such as a dark region in
the template overlapping with a bright region in the image, result in
negative values. The calculations are as follows:

𝑅(𝑥, 𝑦) =
∑

𝑥′ ,𝑦′
(

𝑇 ′(𝑥′, 𝑦′) ⋅ 𝐼 ′(𝑥 + 𝑥′, 𝑦 + 𝑦′)
)

√

∑

𝑥′ ,𝑦′ 𝑇 ′(𝑥′, 𝑦′)2 ⋅∑𝑥′ ,𝑦′ 𝐼 ′(𝑥 + 𝑥′, 𝑦 + 𝑦′)2
(1)

𝑇 ′(𝑥′, 𝑦′) = 𝑇 (𝑥′, 𝑦′) − 1
(𝑤 ⋅ ℎ)

⋅
∑

𝑥′′ ,𝑦′′
𝑇 (𝑥′′, 𝑦′′) (2)

𝐼 ′(𝑥 + 𝑥′, 𝑦 + 𝑦′) = 𝐼(𝑥 + 𝑥′, 𝑦 + 𝑦′) − 1
(𝑤 ⋅ ℎ)

⋅
∑

𝑥′′ ,𝑦′′
𝐼(𝑥 + 𝑥′′, 𝑦 + 𝑦′′) (3)

where: I is the source image, 𝑇 is the patch image that is compared
o the source image, w and h are equal to the width and height of the

template image, respectively. The 𝑥′ = 0⋯𝑤− 1, and the 𝑦′ = 0⋯ℎ− 1.
he template is moved one pixel at a time (left–right, up-down). And
or every location, a metric R is calculated that returns values between
−1 and 1 indicating the degree of correlation between 𝑇 and I at a given
position, forming a result matrix R where in the software the function
minMaxLoc() is used to return the highest value in the R matrix. In the
program, this newfound location (𝑋′, 𝑌 ′) is compared in every frame
with the old location (𝑋 , 𝑌 ) set when the user was selecting the region
of interest (ROI). The difference between these locations (𝑋−𝑋′, 𝑌 −𝑌 ′)
is calculated and returned (𝛥𝑋 , 𝛥𝑌 ). If the set pixel threshold value (for
highest accuracy, typically set to 0) is exceeded, the program moves the
motors until the difference is not higher than the threshold (typically
when 𝛥𝑋 = 0 and 𝛥𝑌 = 0), which causes ROI to return to its origin
position.

2.1.2. Focus detection
The focus value for the frame is determined by calculating the

variance of the Laplacian of the frame. The Laplacian of an image
represents a two-dimensional isotropic measure of the second spa-
tial derivative of an image. This Laplacian emphasizes areas of quick
change in brightness, which for moving the microscope objective in the
z direction, allows finding the position with the highest image contrast
— the in-focus position. For an image, the Laplacian can be calculated
using a convolution filter with a frame with a small kernel:
⎡

⎢

⎢

⎣

0 −1 0
−1 4 −1
0 −1 0

⎤

⎥

⎥

⎦

and
⎡

⎢

⎢

⎣

−1 −1 −1
−1 8 −1
−1 −1 −1

⎤

⎥

⎥

⎦

2.2. Software architecture

Fig. 2 illustrates the workflow of the image processing and motor
control system, which integrates three levels: GUI and frame, Software,
and OpenCV library. At the GUI Level (blue), the user initiates the
process, initializes actuators and joystick, selects the Region of Interest
(ROI), stabilizes the ROI, exits the application, the frame size can be
changed and its brightness and contrast can be modified, and the user
can add an indicator of a laser spot. The Software Level (green) handles
initialization, frame reading, ROI management, actuator movements,
and joystick inputs in various directions. It captures image frames,
calculates FPS, processes user inputs, and adjusts motor positions as
needed. The OpenCV Library Level (red) performs key image processing
tasks. It uses the Laplace operator to calculate the focus value and
normalized correlation coefficient matching to track the ROI position
on the window.

2.3. Software functionalities

The main purpose of the software is to track and automatically
stabilize with high precision the sample in the 𝜇PL setup. The following
are the key features and functionalities:

• Sample stabilization — after selecting the ROI and initializing
the actuators by the user, the selected ROI is compared to the
frame, and the difference to the ROI origin position is calculated.
With stabilization active, the actuators are moved to minimize the
calculated difference. This movement is continuously adjusted to
ensure the ROI remains at the origin position, effectively stabiliz-
ing the sample. The software utilizes the normalized correlation
coefficient matching method to determine the 𝑥 and 𝑦 shifts
required for alignment. Throughout the stabilization process, the
software continuously monitors frame metrics such as confidence
and difference values, and the user can observe real-time feedback
on the frame window.

• Sample position control — in software there is implemented
a connection with the joystick controller which enables users
movement in x, y, and z axes. The software allows users to
adjust the speed of the movement and also for small incremental
steps to the sample’s position, which is particularly useful for
high-magnification setups.

• Remote control — combination of displaying of the frame window
and position control in one software enables easy remote control
of the experimental setup. Isolation of the experimental setup
minimizes physical disturbances and optical noise.

• Extensive GUI — intuitive user interface lowers the barrier for the
users with less experience to start experiments. The GUI allows
user to change brightness and contrast of the frame from the
optical microscope. The functionality to add laser spot at the
desired position allows user to track the position of the laser even
if it is filtered before the imaging camera — this functionality
commonly used in 𝜇PL experiments where user do not want laser
to obstruct the view of the structure but to know its position.
3 
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Fig. 2. The flowchart demonstrates the integration between GUI, software, and OpenCV library levels. Solid arrows show the standard order of operations in the workflow.

Fig. 3. Graphical user interface for controlling the software, modifying the frame,
setting up stabilization and controlling actuators.

• Finding template — user can load an image in which loaded
template will be localized and its coordinates will be printed in
console along with confidence level.

• Background subtraction — in low light sample illumination con-
ditions the background subtraction enables user to increase the
visibility of the investigated structure.

• Focus detection — by creating a metric for the focus value, this
functionality helps users track and return to the same experimen-
tal conditions.

3. Illustrative examples

In Fig. 3 the graphical user interface of the program is presented
with every element described. This interface is divided into three sec-
tions: Frame, Stabilize, and Actuators, each responsible for controlling
respective functionality. The second window of the software is the
frame from the camera visible in Fig. 4 displaying the view from the
microscope. It allows the user to see the current FPS, the focus value,
the percentage value of the R metric, and the difference between the
current ROI position and its origin position. These two windows are
separated to allow the user to split them between the monitors in
the laboratory for easier operation. After starting the software, the
typical workflow is as follows: the user initializes the motors and
joystick, moves the actuators to localize the structure, selects ROI, starts
tracking, and stabilizing.

Fig. 4. Real-time microscope view display of a semiconductor microlens with a
quantum dot using a microscope camera. The displayed frame includes key metrics:
current frames per second (FPS), calculated focus value, confidence percentage of the
R metric, and detected displacement of the region of interest (ROI). These metrics aid
in assessing the stability and focus of the sample during long-term experiments. The
ROI highlights the tracked area.

4. Performance evaluation

Performance of the detection algorithm was evaluated with the
microlens [4] shown in Fig. 4 with a 50× microscope objective and
a motorized actuator as shown in the experimental setup section. After
selecting the ROI, its position was tracked without stabilization as
shown in Fig. 5, and a 6.5 μm drift of the microstructure was observed
during 6 min, the setup vibrations are also visible. After starting the
stabilization, the sample returned to its origin position in 20 s. Long-
term tracking with and without stabilization of the position of the
sample on the 𝑥 and 𝑦 axes is shown in Fig. 6 showing a large drift of
up to 6 μm in one axis. With stabilization on, the accuracy, taken as the
mean position, is below the single pixel level, and the precision, taken
as the standard deviation, is below 1.5 px. In practice, this precision is
enough for stable operation for long-term experiments without loss of
signal intensity.

To evaluate the robustness of the software to the data with de-
creasing quality, 40 images with increasing Gaussian blur [15] were
generated. This represents a situation when the microscope objective
(or a lens) is slightly de-focused, which can happen in the experimental
setup. A result of the correlation coefficient value in template matching
as a function of blur radius is shown in Fig. 7; it was fitted with a
4 
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Fig. 5. 2D trajectory of the ROI displacement before and during the active stabilization.
The figure illustrates a microstructure drift of 6.5 μm in 6 min. Active stabilization
achieves a pixel-accurate return to origin position with stabilization speed of 0.3 μm∕s.
Without active stabilization the microstructure vibrations within a few pixels range are
also visible.

Fig. 6. Comparison of displacement over time with and without stabilization. a)
Displacement of the X and Y axes in pixels and micrometers over 60 min without
stabilization. Significant drift is observed in both axes. (b) Displacement of the X and Y
axes in pixels and micrometers over 6 min with stabilization. The mean displacements
in both axes are close to zero and standard deviation in pixel range translates to
precision of 0.2 nm which effectively reduces drift in both axes.

Gaussian function (𝜎 = 12). In the software, the threshold for the R
value is set to 0.70, if the correlation coefficient drops below that level,
the software stops tracking.

5. Conclusions and impact

MicroStabilize, an open-source vision-guided software, has been
developed to stabilize microstructures in near-infrared optical micro-
scopes. This software utilizes micro- and nano-actuators to achieve fast
operation and pixel-level accuracy. To use the software with the de-
scribed hardware, no programming knowledge is required. Modifying a
program can be done easily, and the system can be versatilely deployed
using arbitrary actuators and optical imaging. This software overcomes
limitations in terms of drift and vibrations in optical setups, especially
for long-lasting 𝜇PL experiments. Existing commercial mechanical and
piezoelectric micro- and nano-actuators are mainly operated manually
despite having some semiautomatic features for programmed or stored
positions, and this software offers easier operation and the possibility
of remote control of an experimental setup. The prospective exten-
sion of this work is to perform pixel-accurate 2D 𝜇PL mapping of
the structure, and with the z actuator, it is possible to create 3D
photoluminescence tomography images, for example, to visualize the
kinetics of charge carrier recombination [16]. The software facilitates

Fig. 7. Confidence of matched template as a function of blur radius. 1.0 (100%
confidence) indicates a perfect match. The threshold value is a point where a matched
template starts to shift by at least 1 pixel indicating decline in accuracy. Three images
with an increasing level of blur are added to the graph.

the investigation of single-photon purity as a function of excitation
power and temperature, quasi-resonant excitation photoluminescence
scans, investigation of resonance fluorescence, and increased resolu-
tion of polarization-resolved measurements of fine-structure splitting.
Precise localization also allows prospectively to perform vision-guided
autonomous sequential localization and characterization of a large
number of devices.
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