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Abstract

The development of quantum-enhanced technologies requires single-photon sources, as
well as methods for their characterization and verification. Here, we describe a methodol-
ogy for measuring the correlation function of a single-photon source using an experimental
setup that comprises a laser-excited fluorescence microscope equipped with a Hanbury
Brown–Twiss intensity interferometer as one of the detection systems. Measurements of the
response function of the device and the reference samples are performed. The second-order
autocorrelation function of the exciton state of GaAs quantum dots in AlGaAs nanowires is
obtained and reveals a single-photon emission.

Keywords: single photon; lasers; fluorescence; nanowires; quantum dots; AlGaAs

1. Introduction
Luminescence in semiconductors is a fundamental optical phenomenon that occurs

due to the recombination of excited charge carriers and provides critical insight into the
electronic structure, defect states, and carrier dynamics of these materials [1–3]. Steady-
state luminescence spectroscopy, which measures the intensity of emitted light under
continuous excitation, is widely used to determine bandgaps, impurity levels, and exciton
effects in semiconductors [4,5]. By analyzing the spectral distribution and intensity of an
emission, one can determine the radiative recombination pathways and assess the quality
of the material. Therefore, steady-state luminescence is an important tool for optoelectronic
applications such as light-emitting diodes (LEDs) [6], solar cells [7], and laser diodes [8].

While steady-state luminescence provides valuable information on the equilibrium
properties of semiconductors, time-resolved luminescence spectroscopy enables dynamic
insight into carrier recombination processes by measuring the emission decay on time scales
ranging from picoseconds to milliseconds [9,10]. This method is excellent for investigating
the mechanisms of non-radiative recombination, carrier trapping, and energy transfer,
which are crucial for optimizing the performance of semiconductor devices [11].

The combination of steady-state and time-resolved luminescence methods has become
indispensable in fundamental research and semiconductor technologies. These methods
are widely used for the development of new materials, including low-dimensional sys-
tems such as quantum wells and dots (QWs and QDs) [12,13], nanowires (NWs) [14], and
nanodiamonds with nitrogen-vacancy centers [15]. Such systems can serve as efficient
sources of single photons [16,17], which play a crucial role in quantum-enhanced tech-
nologies [18–20] and enable secure communications, ultra-precise sensing, and advanced
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computing. In quantum cryptography, these objects are needed for quantum key distri-
bution, which guarantees unconditional security through the non-cloning theorem and
quantum entanglement [21].

In addition to traditional luminescence studies, measurements and manipulations
with single photons require advanced correlation methods such as two-time field-intensity
correlation. This allows for a deeper understanding of the statistical properties and fluctua-
tions of the emitted light [22]. These methods reveal hidden dynamics, including blinking
behavior in quantum dots [23] or spectral diffusion [24] in single emitters, which are not
accessible using standard time-averaged measurements. By analyzing second-order co-
herence and temporal correlations, one can distinguish between classical and quantum
light sources, study photon bunching/antibunching effects, and explore the underlying
mechanisms of light–matter interactions in semiconductors [25,26].

Correlation functions can be conveniently measured using interferometric meth-
ods [27]. One method involves measuring the temporal correlations in a light field, based
on the investigations of interference patterns between the original radiation and its delayed
analog [27]. An effective experimental implementation of this method is the Michelson
interferometer, where the precise control over the relative path length between the two
arms of the interferometer enables systematic variation in the time delay. The attenuation
of the interferogram envelope with large differences in path length allows one to obtain
the coherence time of the emitted photons and, as a consequence, an accurate quantitative
assessment of the dephasing mechanisms.

Another approach is based on correlation measurements of optical intensity. For this
purpose, the Hanbury Brown and Twiss (HBT) method is used [28]. In this case, the signal
arises from the intensity fluctuations and does not depend on the interference or phase
relationships in the fields. Historically, second-order correlations of strong light beams
were obtained from the correlation of the time-dependent outputs of a photodetector, I(t),
in the form

g(2)(τ) ≡ ⟨I(t)I(t + τ)⟩
⟨I(t)⟩2 . (1)

Using the photon counting method, the intensity is proportional to the number of
photons, n(t). Hence, Equation (1) can be rewritten as

g(2)(τ) =
⟨n(t)n(t + τ)⟩

⟨n(t)⟩2 . (2)

The value of g(2)(0) is particularly important, as it can be used to classify the coherent
or quantum emission. For fully coherent light, one has g(2)(0) = 1, whereas g(2)(0) > 1 for a
bunched light and g(2)(0) < 1 for an anti-bunched light.

In this paper, a self-made experimental setup based on the HBT interferometer is
methodically considered. The basic operating principle of the setup is as follows. The
radiation from the object under study is divided into two detectors to count photons. Then,
the delay time of the photon detection in one of the detectors is collected and analyzed
relative to the previous detection in the other detector. Using these data, a histogram of the
time distribution of successive detection events is constructed. The histogram yields the
second-order correlation function, g(2)(τ). It is worth noting that this method measures
the conditional probability of the successive photon emissions, which makes it robust
regarding experimental imperfections. Unlike interferometric approaches that are sensitive
to optical mismatches or mechanical instabilities, photon correlation measurements are not
affected by such technical constraints. The method’s robustness extends to systems with
non-ideal atom-like behavior, where significant contributions from pure dephasing and
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non-radiative decay processes may be present [29]. Despite this advantage, the use of the
method requires some experimental care and fine-tuning of optical measurements.

Here, we consistently describe the experimental setup for measuring the photon corre-
lations, the technical means and devices used, and the detailed measurement methodology.
The setup is based on a laser-excited fluorescence microscope, in which an HBT interfer-
ometer acts as one of the detection systems. The main emphasis of this paper is on the
original setup design, allowing for qualitative cross-correlation measurements. Single-
photon sources based on GaAs quantum dots in AlGaAs nanowires were selected as a
model [30]. The value of the second-order correlation function, g(2)(0), was demonstrated,
corresponding to the “true” single-photon sources. Quantum dots in different material
systems are widely used as a platform for quantum optical devices [30–32]. However, the
possibilities of photon correlation techniques are not limited to single-photon measure-
ments and can reveal much more information about the internal dynamics of multi-exciton
recombination [33]. Modern methods and equipment used in the setup allow one to inves-
tigate a wide range of spectral and kinetic properties of luminescence and the correlation
characteristics of different light emitters, as well as to study their behavior under different
temperatures and excitation powers.

2. Materials and Methods
2.1. General Description

The functional scheme of the setup is shown in Figure 1. The optical path of the
excitation is shown by the green dotted line. The laser beam passes through a telescope,
which enables the beam divergence to be varied in order to adjust the laser focusing point
relative to the object position in the microscope. The subsequent automated attenuator
enables measurements of the useful signal dependencies on the power density applied to
the sample. Depending on the task, various devices can be used to input the exciting laser
into the microscope, such as long-wave interference filters (Longpass Edge Filter), in the
case of the Stokes luminescence shift, or short-wave filters (Shortpass Edge Filter), in the
case of the anti-Stokes shift. The interference filters direct most of the exciting radiation onto
the sample and, at the same time, effectively separate the useful signal during detection.
When this is not required, for example, when measuring the instrumental response, beam
splitters of various ratios can be used instead.

The microscope is assembled on a Mitutoyo micro-objective with Köhler illumination.
The illumination input and image output to the camera (yellow dotted lines in Figure 1) are
performed using retractable beam splitters PBS1 and PBS2, which enable precise sample
positioning. These beam splitters can be removed during registration in order to maximize
the signal. The field of view of the objective is 100 µm, while the excitation beam is focused
into a spot with a diameter of ~1.5 µm (solid state laser, 532 nm). The sample is placed in a
Montana Instruments closed-loop helium cryostat that maintains a sample temperature in
a range of 3.5 K to 350 K, and it is equipped with optical windows for the input/output of
radiation. During optical measurements, the sample remains motionless. The scanning of
the sample is performed by moving the micro-objective and a system of mirrors installed
outside the cryo-station.

A useful signal (red dotted line in Figure 1) is collected in the same micro-objective
through which the excitation occurs. The flipping mirror, FM, directs the entire signal
either into the spectrometer M150 (Solar Laser Systems, Minsk, Belarus) or into the HBT
interferometer. This scheme helps to significantly speed up the registration of the emis-
sion spectra and to carry out a preliminary assessment of the signal before much longer
measurements of the correlation functions. In the HBT interferometer, the radiation from
the sample is divided by a beam splitter cube (BS) in a ratio of 50/50 and enters the two
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identical Lomo MDR41 monochromators. After that, the radiation is fed via an optical fiber
into the Scontel single-photon detection system. To obtain the temporal and correlation
characteristics of the samples, the time-correlated single-photon counting (TCSPC) method
is used [34]. Electrical response processing is performed using a TimeTagger Ultra (Swabian
Instruments, Stuttgart, Germany) streaming time-to-digital converter. The setup allows
for fully automated photoluminescence experiments and detailed object mapping, as well
as single-photon counting, lifetime measurements, and auto- and cross-correlations. The
setup provides stability for 5 days without the need for any adjustment, even for very long
measurements.

 

Figure 1. Functional scheme of the experimental setup. The setup is based on a laser-excited
fluorescence microscope, in which an HBT interferometer acts as one of the detection systems. The
optical path of the excitation, useful signal, and illumination is shown by the green, red, and yellow
dotted lines, respectively.
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2.2. Microscope
2.2.1. Microscope Illumination

Microscope illumination is performed using the method of Köhler [35]. The method
allows for uniform illumination of the object across the entire field of view, even when
using sources with non-uniform luminous bodies of complex shapes. In this case, we use
a KL 1500 LCD (Schott, Wolverhampton, UK) cold light source with adjustable illumina-
tion intensity and an output in the form of a multi-fiber bundle. Let us briefly consider
the illumination method of Köhler [35]. According to Abbe’s theory, the resolution and
similarity between a non-self-illuminating object and an image are affected not only by
the lens but also by the lighting system. The method introduced by Köhler allows one to
obtain uniform illumination over the field of view and simultaneously achieve an increase
in resolution by using a special condenser. Illumination in reflected light, according to
Köhler, is also called the bright field method in reflected light, and the device itself is called
an opaque illuminator.

The Köhler illumination is performed as follows. Collector L6 projects an image of the
fiber optic bundle into the plane of the ID1 iris aperture diaphragm, which is imaged by
lens L8 in the plane of the exit pupil of the micro-objective. Lens L7 projects the collector
frame into the plane of the ID2 iris field diaphragm. Lens L8 and the micro-objective
project an image of field diaphragm ID2 into the plane of the sample, using an inclined
semitransparent plate that directs part of the light beam from the source into the objective to
illuminate the surface of the object. The light reflected from the surface of the object enters
the micro-objective. Eyepiece L5, in turn, forms an enlarged image of the sample in the
camera matrix. Thus, the illumination of the specimen is performed from above through
the objective, which simultaneously plays the role of both an objective and a condenser.

2.2.2. Microscope Objective

In our experimental setup, we use a Mitutoyo infrared objective with a 50-x magnifica-
tion, a numerical aperture of NA 0.42, and a working distance of 15 mm. This objective is
selected taking into account the assembly of the whole setup on a Montana Instruments
cryostat, which has no option for a built-in microscope. Therefore, the microscope is as-
sembled outside of the cryostat. This feature necessitates the use of objectives with a large
working distance. Additionally, we use a relatively low numerical aperture due to the
presence of an additional 2 mm glass window between the object and the objective, which
leads to a significant decrease in the signal intensity [36].

2.2.3. Microscope Camera

The sample image obtained with the microscope is captured by a DCC3260C CMOS
camera (Thorlabs, Newton, NJ, USA) with a 1936 × 1216-pixel resolution. Light from the
micro-objective is directed to the camera through an automated moving beam splitter plate.
The plate is mounted on the same translator as the illumination beam splitter plate. This
allows one to compensate for the beam shift relative to the optical axis of the microscope.

2.2.4. Microscope Translator

This setup does not have a microscope stage in the usual sense. The sample remains in
a stationary position, and its scanning is carried out by moving the microscope itself. The
same beam path is ensured by installing mirrors on the movable translators along each of
the axes. MTS25-Z8 (Thorlabs, Newton, NJ, USA) motorized translators enable movement
along the specified axes with a minimum step of 0.05 µm and a bidirectional repeatability
of 1.6 µm. This is sufficient for precise positioning on a sample of about 1 µm in size, as
well as for precise mapping in the transverse coordinates.
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2.3. Excitation
2.3.1. Light Source

Luminescence excitation is performed using the laser light sources. Continuous wave
(CW) diode-pumped solid state lasers (DPSSLs) ATC-53-500 (ATC-SD, Saint Petersburg,
Russia) with a wavelength of 532 nm are used to collect emission spectra and to obtain
the second-order correlation function. The excitation source for time-correlated photon
counting is a picosecond laser, PicoQuant LDH-IB-450-B (PicoQuant, Berlin, Germany),
with a radiation wavelength of 450 nm. The characteristic pulse time of this laser is less
than 70 ps (FWHM), and the maximum repetition frequency is 80 MHz.

It should be noted that our experimental setup has the ability to excite luminescence
with a wide range of laser sources, including picosecond lasers of the PicoQuant LDH
series, as well as a femtosecond laser complex (Mira Optima 900D (Coherent, Saxonburg,
PA, USA)). This enables the tunability of the excitation in the entire optical and near-IR
range, with different pumping modes.

2.3.2. Beam Input

The laser radiation is introduced through a telescope with a variable focal length
to compensate for divergence and adjust the laser focus with the sample plane under
the microscope. The excitation power is tuned using an attenuator assembled from two
Glan–Taylor prisms and a λ/2 plate inserted between them. The first Glan prism serves to
improve the polarization extinction ratio. The second prism acts as an analyzer. The λ/2
plate is installed in a PRM1Z8 (Thorlabs, Newton, NJ, USA) automated rotating translator.
The repeatable incremental motion of this translator is 0.03 degrees, which allows for the
precise and highly repeatable adjustment of the excitation power.

2.4. Registration System
2.4.1. Detectors

Single optical photons are detected using the ECOPRS-CCR-SW/TW-85 system
(SCONTEL, Moscow, Russia). The system is based on a closed-loop cryostat (OPRS-CCR)
and is designed to detect photons using superconducting single-photon detectors (SSPDs)
combined with a single-mode optical fiber. By using the SSPD photoresponse mechanism,
it is possible to achieve high quantum efficiency and time resolution. The detector used
has 8 channels, pairwise optimized for four wavelength ranges. The quantum efficiency is
about 85% at wavelengths 780 nm, 930 nm, 1200 nm, and 1550 nm and 50% over the entire
working range. The time resolution is 50 ps, with a dead time of 10 ns at a wavelength of
780 nm and 15 ns at 1550 nm.

The emission spectra are recorded using a high-speed spectroscopic CCD camera
ANDOR DV420-BV (Andor Technology, Belfast, Northern Ireland) with a matrix size of
1024 × 255 pixels and a pixel size of 26 × 26 µm.

2.4.2. Monochromators

In order to measure the luminescence spectra, a spectrometer based on a Solar Laser
Systems M150 monochromator and an ANDOR DV420-BV CCD camera is constructed.
The M150 monochromator is assembled using an optimized Czerny–Turner scheme and
is equipped with three diffraction gratings of 300 gr/mm, 600 gr/mm, and 1200 gr/mm
(the inverse linear dispersions are 20, 9.4, and 4.9 nm/mm, respectively). High luminosity
(aperture ratio 1:3.6) allows for the acquisition of emission spectra at low pump power
and low quantum yield of the samples. The photon correlation measurements in the HBT
scheme, as well as the correlated photon counting time, are performed using monochro-
mators MDR-41 (LOMO, Saint Petersburg, Russia). These monochromators, equipped
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with 1500 gr/mm gratings, have a reciprocal linear dispersion of 2 nm/mm and a relative
aperture of 1:6. Low astigmatism allows one to obtain a point image at the monochromator
output, which is critical for further input of radiation into the single-mode optical fiber of
the detection system.

2.4.3. Time-to-Digital Converter

The implementation of the TCSPC method is carried out using a TimeTagger Ultra
(Swabian Instruments, Stuttgart, Germany) streaming time-to-digital converter. This time
converter has a time jitter of 8 ps (FWHM) and a dead time of 2.1 ns. In conjunction
with picosecond lasers, this enables accurate measurements of short lifetimes, along with
correlation measurements.

3. Results
Here, we describe a detailed procedure for measuring the instrument response function

(IRF) of the experimental setup, demonstrate the fluorescence kinetics of the reference
samples, and discuss a methodology for studying the correlation of photons emitted by an
optically pumped radiation source.

3.1. Instrument Response Function

Before conducting studies of new samples, it is crucial to ensure the correctness of the
methods and equipment used for measurements. Verification of the setup can be carried
out by several methods, such as measuring the signal from the excitation pulse or the
known reference samples (e.g., organic dyes fluorescein, rhodamine, erythrosine B [37–39],
and others).

In order to measure the IRF, the excitation laser radiation should be directed to the
detecting system. In this case, the LEF (Figure 1) in the optical system should be replaced
with a beam splitter. Additionally, a highly reflective object, such as a mirror or polished
silicon, should be placed instead of the sample. The detection system is configured in such
a way that detection occurs at the laser wavelength. A synchronized pulse from the laser
control unit is fed to the start channel of the time-to-digital converter using the TCSPC
method, and a signal pulse from the detector is fed to the stop channel. The instrument
response function (IRF) measured in this way is approximated by a Gaussian function. For
the typical results shown in Figure 2a, the half-width at half-maximum (FWHM) is found
to be 103 ps. The temporal width of the IRF is usually determined by the total contributions
of the excitation laser pulse width, the detector response width, and the electronics. The
IRF half-width calculated using the device parameters provided by the manufacturer is
90 ps, which is in fairly good agreement with the experimentally measured value.

The organic dye fluorescein was dissolved in water at pH = 11 and a concentration
of 10−4 M to demonstrate the measurement of the reference lifetime. The experimental
setup is configured in such a way that the exciting laser radiation is completely cut off by
the LEF filter, and the luminescence signal is directed to the detecting system. Fluorescein
has fairly wide spectral bands of emission and excitation, with the maxima at 520 nm
and 490 nm, respectively. Thus, to collect the luminescence decay curve, a laser with a
wavelength of 450 nm and an LEF of 500 nm is selected. The lifetime is collected at a
wavelength of 520 nm. The electronics for the TCSPC method are configured similarly to
IRF measurements. The lifetime of organic dyes is highly dependent on the environment,
concentration, and solvent [40,41], which should be taken into account when conducting
measurements. The resulting luminescence decay curve is shown in Figure 2b. The decay
lifetime is found to be 4.1 ns, which correlates well with the literature data [38].
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Figure 2. Temporal measurements corresponding to (a) IRF of the experimental setup and (b) lumines-
cence decay curve of fluorescein in water at pH = 11 and a concentration of 10−4 M. Black dots refer to
experimental data; red curves refer to approximation by a Gaussian function (a) and by exponential
decay (b).

3.2. Autocorrelation Measurements

In this section, we demonstrate a detailed procedure for autocorrelation measurements
using the example of exciton states of GaAs quantum dots in AlGaAs nanowires. These
hybrid nanostructures were grown by molecular beam epitaxy on Si(111) substrate using
the Au-catalyzed vapor–liquid–solid method [42]. Prior to measurement, the sample is
placed on a holder inside the cuvette compartment of the Montana Instruments cryo-station
and held with low-temperature grease. After that, the sample is cooled to a temperature
of 6 K, which is necessary because exciton states occur only at low temperatures, and the
emission intensity increases at lower temperatures. Due to the location of the objective
and translators outside the sample chamber and the submicron size of the investigated
structures, it is necessary to ensure a stable ambient temperature for a long time. Otherwise,
a temperature change would lead to the “drift” of the objects from the focal point.

The study of the samples starts with a visual search for individual nanowires since the
dense arrangement can lead to re-emission, energy exchange, and the presence of more
than one emitter in focus at the same time. An example of the selected area is shown in
Figure 3a. A quick check of the nanowires is performed using the steady-state emission
spectrum obtained in an M150 spectrometer. The luminescence is excited using a 532 nm
laser. The excitation power for the given measurements is 1 µW under the objective. The
selected samples show the broad emission peaks from the AlGaAs shell, with the maxima
at 720 and 740 nm, as well as narrow spectral lines from the GaAs quantum dots (Figure 3b).
This approach allows us to cut off the defective structures and to select NW with the most
intensive radiation. The next important step is the selection of the excitation power using
an automated attenuator. One should avoid too-high powers that lead to heating of the
sample, broadening of the spectral lines, and anti-bunching. At the same time, the signal
intensity should be sufficient to register the correlation function.

The next step of the study is the precise measurement of the selected spectral line
from the selected quantum dot using monochromators in the HBT interferometer. In this
case, the spectrum is obtained point-by-point using the single-photon detectors directly.
In the presented example, a line with a wavelength of 775 nm was selected (Figure 4a),
whose half-width turned out to be narrower than or equal to the maximum resolution of
the monochromator used (0.1 nm). After selecting the wavelengths in both monochromators
of the HBT interferometer, one can start measuring correlations. For the measurements of the
autocorrelation function from the exciton states of the GaAs quantum dots, the two wavelengths
are equal. It should be noted that this setup also allows for cross-correlation measurements.
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Figure 3. (a) Microscopic image of AlGaAs nanowires with GaAs quantum dots placed under Mitutoyo
×50 micro-objective, NA 0.42; the selected nanowire is marked with a red circle. (b) Emission spectrum
from the selected nanowire obtained using an M150 spectrometer, an excitation wavelength of 532 nm,
and a power under the objective of 1 µW.

  

Figure 4. (a) Detailed emission spectrum corresponding to the exciton luminescence of a GaAs
quantum dot. (b) Autocorrelation function at a wavelength of 775 nm, count rate of 9000 counts/s
per channel, total accumulation time of 28,800 s, and time bin of 250 ps.

The autocorrelation function is measured under constant pumping. The measuring
equipment is configured in such a way that a signal from one monochromator is fed to
the start channel by the TCSPC method, and a signal from the other monochromator is
fed to the stop channel. Then, a bidirectional histogram of the photon distribution is
constructed by registering the times of the two signals relative to each other (Figure 4b).
The duration of the measurement depends on the photon count rate, which in this case is
about 9000 counts/s per channel. The total accumulation time is 28,800 s, and the time bin
is 250 ps. The analysis of the obtained data is carried out using the known formula for the
autocorrelation function [43]:

g2(τ) = 1 + a2
[

be−
(τ−τ0)

τb − (1 + b)e−
(τ−τ0)

τa

]
. (3)

Here, a is the background illumination; b is the bunching coefficient; τ is the zero-time
shift; and τa and τb are the effective lifetimes of the antibunching and bunching effects,
respectively. The measured data correspond to the convolution of the g2(τ) function with
the IRF of the setup, which in this case equals 103 ps. The value of g2(0) obtained from
Equation (3) is 0.01, with τa = 1.6 ns and τb = 3.8 ns. Thus, it can be concluded that the
radiation source is in the illuminated region and that this nanowire with an embedded
quantum dot is the source of single photons. The presence of a component associated with
bunching can be explained by slight laser heating. The difference between the g2(0) value
and the data obtained in [42] is explained by the low background illumination, as well
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as the dark count of the detectors used. Our results reproduce the work of [42], which
demonstrated, for the first time, GaAs QDs in AlGaAs NWs.

Figure 5 shows the photoluminescence decay curve originating from a single nanowire
quantum dot excited by 50 ps pulses at 740 nm and a very low average excitation power.
The decay is well fitted by the single exponential, with a lifetime of 1.24 ns. This lifetime is
comparable to the one measured for GaAs/AlGaAs nanowires in [44] and agrees well with
the intrinsic radiative exciton recombination [45].

 
Figure 5. Temporal decay of 740 nm photoluminescence from a single GaAs/AlGaAs nanowire
quantum dot photoexcited by 50-picosecond pulses at 450 nm. Black dots refer to experimental data;
red curves refer to the approximation of exponential decay.

4. Conclusions
In summary, we have presented a detailed description of an experimental setup for measur-

ing the steady-state and kinetic luminescence properties of solid-state samples at temperatures
varying from 3.5 K to 350 K, as well as measuring photon correlations. The process of verifying
lifetime measurements using a reference sample has been described in detail. The IRF mea-
surement of the setup has been carried out and resulted in a ~100 ps scale. The technique for
measuring the second-order autocorrelation function has successfully been demonstrated
using GaAs quantum dots in AlGaAs nanowires as an example. The possibility of charac-
terizing a single-photon source and measuring the lifetimes of intrinsic radiative exciton
recombinations has also been shown. This setup and technique should be useful for optical
studies of quantum light sources based on different types of nanostructures in a wide range
of material systems.
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