Disseminable single-photon source for quantum radiometry
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We present a disseminable single-photon source based on an InGaAs quantum dot in a micro-mesa. This
source achieves a maximum photon flux of (2.74+0.03) million photons/s at a wavelength of (929.7+0.1) nm,
with a multi-photon suppression of g®(0) = 0.22+0.02. The semiconductor chip can be installed in any
cryogenic system and the compact size of all optical components facilitates easy dissemination for
interlaboratory comparisons. The consistency in results regarding single-photon purity and the similarity
of the measured photon fluxes across two distinct laboratory environments underscores the robustness and
versatility of this single-photon source, which shows its potential to be used as a standard source for
interlaboratory comparisons in quantum radiometry.

Light sources emitting single photons are important building blocks for future quantum technologies such as
quantum computing [1], quantum communication [2] and quantum metrology [3]. In addition, they are also
promising candidates for use as standard sources in radiometry, especially in quantum radiometry, where the
measurement of electromagnetic radiation at single-photon flux levels is addressed [4]. The main advantage of
using a single-photon source (SPS) instead of a coherent light source, such as an attenuated laser, is its sub-
Poissonian photon emission statistics, which is usually assessed by the second-order autocorrelation function
g?@(1) at zero time delay (1=0). Therefore, an SPS is well suited for the calibration of the detection efficiency of
non-photon-number-resolving detectors such as those based on single-photon avalanche diodes (SPADs) operated
in Geiger mode. In this case, the calibration of the detection efficiency can be performed at a mean photon number
per pulse even close to 1 without the need to correct for the non-linear behavior of the SPAD due to the photon
statistical effects caused by the incidence of two or more photons at the same time [5 - 8]. That is, when an SPS
is used for the calibration of a SPAD detector, the probability of observing a “click”, in the absence of dark counts,
afterpulses and dead time, is directly proportional to the detection efficiency of the detector itself.

Currently, National Metrology Institutes (NMIs) in many countries are making efforts to establish standardized
and validated measurement procedures, as well as to improve uncertainty analysis in the measurement results that
can be used in future intercomparisons between metrology laboratories [9], which will serve for good
measurement and analysis practices. For this purpose, SPSs based on nitrogen vacancy centers in diamond have
been used due to their high stability of monophotonic emission at room temperature [9 -12]. However, the wide
spectral distribution of the photon emission from such SPSs limits their practicality for direct application in
quantum radiometry, such as for the calibration of single-photon detectors, because calibrations require a source
with a well-defined wavelength (A1 ~ 1 nm) to accurately account for the strong wavelength dependence of the
detection efficiency. In contrast, SPSs based on a semiconductor quantum dot (QD) or a single molecule have
proven to be more suitable for quantum radiometry due to the narrow spectral bandwidth of their photon emission,
high single-photon purity, and high photon flux [13 - 15]. Nevertheless, these SPSs require cryogenic
temperatures for operation, and it would be challenging to ship a complete SPS system (including the cryogenic
fridge, optical setup and QD chip) to different laboratories for characterization or dissemination of single-photon
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properties. A possible solution can be fiber-coupled stand-alone single-photon sources using a compact Stirling
cryocooler to operate the QD-SPS at suitably low temperatures [16, 17]. Alternatively, one can simply use a
robust and stable single-photon emitter on a chip that can be mounted in another laboratory’s cryostat for this

purpose.

In this work, we present the metrological characterization of a single-photon emitter based on a semiconductor
QD (InGaAs) performed at two NMIs: National Institute of Standards and Technology (NIST) in US and
Physikalisch-Technische Bundesanstalt (PTB) in Germany. The purpose of this study is to evaluate the utility of
a QD as a standard SPS in different laboratories. The characterization is composed of measurements of emission
wavelength, absolute photon flux and single-photon purity (1 — g”(t=0)) of the same QD.

The core element of the disseminable single-photon source is a robust semiconductor chip, which includes single-
QD mesa structures deterministically fabricated using in-situ electron beam lithography [18]. An initial optical
characterization of this chip was performed at PTB in 2020 and the results were published in Ref. [15], which
includes information about the device design and sample fabrication. The same chip was shipped to NIST in 2022.
This sample has experienced many cool down and warm up cycles and has been stored in ambient conditions (in
terms of atmosphere, temperature and humidity) for more than 2 years. In this work, we show that its optical
properties remained unchanged, demonstrating the high durability of the QD.

In addition to the QD chip, further components are required for the optical excitation, light collection, and
detection. We are employing a resource-efficient, reproducible, and straightforward excitation scheme, namely
the non-resonant excitation with higher energetic photons. This allows the fluorescent light to be easily separated
from the incident excitation beam by spectral filtering. A dichroic beam splitter and four spectral filters are used
for this experiment. They are very compact and were shipped to NIST along with the semiconductor chip. PTB
also provided a high transmission objective lens for coupling the fluorescence into a multimode fiber. All other
necessary optical components such as lenses and mirrors are common equipment of any optics laboratory. This
underlines the ease with which this single-photon source can be disseminated, opening the possibility for
interlaboratory round robin comparisons.
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Fig. 1. The optical setup at NIST. The semiconductor chip is in a closed-cycle cryostat operated at 4
K. The optical setup consists of two sections that are used successively - a simple wide-field
microscope with white-light illumination to quickly identify the region of interest and a confocal
microscope to optically excite the sample and to collect the fluorescent emission. A dichroic beam
splitter (BS, green), two bandpass (BP) filters (red) and two long-pass (LP) filters (blue) spectrally



filter the laser light. The 0.5 nm wide filter bandpass can be shifted by changing the incident angle
to select the QD emission line with highest photon flux. Moreover, we obtain an absolute value for
the photon flux by using a traceably calibrated single-photon avalanche detector (SPAD).

Additionally, the fiber can be also connected to a low-noise spectrometer to measure the emission
wavelength or to a Hanbury-Brown and Twiss (HBT) interferometer to evaluate the single-photon
purity.

The optical setup at NIST (see Fig. 1) shows the sample in a commercial cryostat, operated at 4 K. An objective
lens with numerical aperture of 0.9 located inside the cryostat was used to focus the excitation beam onto the
sample surface and to collect the fluorescent emission. First, the sample was illuminated by a white-light LED
and the sample surface was imaged onto a camera for a quick identification of the relevant sample region. Second,
we employed a home-made confocal microscope to collect the emitted light from the single InGaAs QD
embedded in a micro-mesa structure. The micro-mesa structure has a diameter of ~1.2 um and a height of ~
800 nm with a back-side AlGaAs/GaAs distributed Bragg reflector containing 23 mirror pairs to enhance the
photon extraction efficiency. A multimode fiber with a 62.5 um core diameter acted as a pinhole. This setup
incorporated a supercontinuum white-light laser source in combination with a laser line tunable bandpass filter
(full width at half maximum < 2.5 nm) for the optical excitation. The emission beam is separated from the
excitation beam by the dichroic beam splitter, and this is followed by two long-pass filters used to effectively
eliminate any residual laser light in the fluorescent beam. The emission line with the highest intensity was selected
by two bandpass filters positioned on motorized rotation stages. The central wavelength of the 0.5 nm wide
transmission window was adjusted by shifting the incident angle by filter rotation.

We utilized a previously acquired map of the sample to locate the specific QD-micro-mesa that was pre-
characterized at PTB (see Fig. 2). The unique arrangement of the rectangular regions is used to find the precise
location of the preselected QD within a 1.2 pm micro-mesa structure that appears as a dot in the microscope
image. Using the same QD is crucial for the comparison between different NMlIs, since each QD possesses unique
optical properties. The emission spectrum in Fig. 3(a) proves the effectiveness of the spectral filtering.
Furthermore, the emission wavelength of (929.7 + 0.1) nm shows that we are addressing the same excitonic state
from the same QD, as this value is in agreement with the emission wavelength of (929.8 + 0.1) nm measured at
PTB [15].
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Fig. 2. A widefield image of the sample functions as a map, showing rectangular regions that were
scanned during the cathodoluminescence spectroscopy as part of the deterministic sample
fabrication process. The unique arrangement of these rectangles is used to find the precise location
of the preselected QD within a write-field pattern formed by in-situ electron-beam lithography. The
cylindrical micro-mesas, each with a diameter of 1.2 pm, appear as tiny dots inside the write-fields.



The inset shows a magnification of the area containing the preselected QD, marked with a red circle.
(The dot in the lower part of each write-field originates from the electron-beam alignment before
performing in-situ electron-beam lithography.)

A comparison between the NIST setup (Fig. 1) and the PTB setup (described in [15]) shows that there is only one
significant difference in the light collection optics. At PTB, the microscope objective is located outside of the
cryostat, which requires the use of a longer working distance (~5 mm) that limits the achievable numerical
aperture (NA = 0.65). Moreover, the objective has a collar to correct an optical aberration due to the cryostat
window. In contrast, the microscope objective at NIST is situated inside the cryostat, which allows for a shorter
working distance (~1 mm) and a higher numerical aperture (NA = 0.9). According to the nominal values from the
manufacturers, the transmission of both objectives is slightly below 90 %. Since all other optical components in
the light collection path were identical, we assume that both setups should have a very similar overall
transmittance and we expect to measure comparable values for the photon flux.

The saturation curve of the QD emission was taken with a calibrated single-photon avalanche detector (SPAD) at
a laser repetition rate of 78 MHz. This SPAD was calibrated at PTB and shipped to NIST along with the QD chip.
The photon flux is given by the number of photons per second arriving at the active area of the SPAD. In other
words, the photon flux is obtained by dividing the dark-count- and afterpulsing- corrected count rate [15] by the
detection efficiency (n = 0.405 + 0.003) of the SPAD. The detection efficiency was determined at PTB through
a rigorous calibration following the double attenuator technique [5]. We obtained a maximum photon flux of
(2.74 £ 0.03) million photons/s (Fig. 3(b)). In comparison, a maximum photon flux of (2.55 % 0.02) million
photons/s was achieved at PTB [15]. The 7.5 % higher photon flux at NIST can be explained by the higher NA
of the microscope objective. It should be noted that the QD measurements at NIST and at PTB were performed
with different SPADs, but their traceable calibration to PTB’s primary standard for optical power, the cryogenic
radiometer, ensures comparable results.

The second-order autocorrelation function g®(t) was measured with a fiber-based Hanbury Brown and Twiss
interferometer for an excitation power near saturation of the QD. The obtained value of g®/(0) for an integration
window of 9 ns is 0.22 + 0.02. The optical performance of the QD is consistent with the previously published
results from the PTB setup, where a g®(0) value of 0.24 was measured at an excitation power close to saturation
and at a very similar laser repetition rate (§0 MHz) [ 15]. We can conclude that the quantitative agreement between
the g®(0) values obtained for the same QD at two different laboratories highlights the stability of its single-photon
properties.
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Fig. 3. a) Emission spectrum of the selected excitonic state. The inset shows the absence of any other
emission lines, demonstrating the effectiveness of the spectral filtering. b) Saturation curve obtained
with a calibrated silicon SPAD detector. The QD emission reaches a maximum incident photon flux



of 2.74 million photons/s. Inset: Second-order correlation function for an excitation power close to
saturation. The resulting g@(0) value is calculated as the ratio of the central peak area to the average
area of the neighboring peaks for an integration window of 9 ns, yielding g@(0) = 0.22 + 0.02.

Next, we compared a different approach for determining the single-photon purity. The measurement of g?(t) is
again performed with two SPAD detectors, but at a low laser repetition rate (156 kHz). This repetition rate allows
us to reduce the influence of limiting detector-related factors such as timing jitter and backflashes [9] on the
evaluation of the single-photon purity, which is a property of the source, and in the ideal case should be
independent of the properties of the detection system. More precisely, the low repetition rate leads to a larger
distance between the correlation peaks which allows for their clear separation from dark counts and backflash
events of the detectors. Moreover, we expect a reduction of any possible influence of thermal heating through
light absorption. Figure 4 shows the results of the g (1) measured at two different excitation powers. We observed
two backflash peaks, that are attributed to reflections of re-emitted light at the fiber-based beam splitter and do
not contribute to the probability of multiphoton emission (see inset). The insets in Fig. 4(a) and 4(b) show a detail
of the central region of the histogram, which clearly illustrates the large time separation between the backflash
peaks at +71 ns and the central peak that emerges due to multiphoton emission.
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Fig. 4. Second-order correlation function for an excitation power a) below and b) close to saturation.
The insets show a detail of the region where 7 is close to zero. The two peaks (P1 and P2) that
appeared symmetrically at + 71 ns are excluded from the data evaluation since they originate from
detector-induced backflashes at the fiber-based multimode beam splitter. c) The curves show the
values of g?(0) as a function of the integration window without (dashed line) and with (solid line)
background correction. The lines in blue and red represent the data taken at an excitation power
below and close to the saturation, respectively. The black dash-dotted lines mark the mean values
for integration windows between 47 ns and 71 ns.

The large separation between the correlation peaks facilitates a correction for the constant background level
arising from dark counts and uncorrelated stray light. This background level, Cy,, was determined by calculating
the mean value of coincidences per bin for © between -5.5 us and -1.5 ps from each histogram. The background-

corrected g'?(0) value is calculated by the following equation:
pxtk

28
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Here, C; represents the coincidence value for bin i, Cyg is the previously determined background level and S is

the sum of the corrected coincidences for each correlation peak, centered at bin p,. This sum runs over (2k + 1)
bins, such that,

Tw = (Zk + 1)Tba
where T, = 1 ns is the bin width and T, is the total width of the integration window.



The increase of the g®(0) value (Fig. 4(c)) for small integration windows up to Tw = 12 ns (t =+ 6 ns) is due to
the broader base of the central peak compared to the neighboring peaks, which may result from carrier recapture
effects in the QD. As the integration window increases, the background correction prevents further rise in g®(0)
(solid lines in Fig. 4(c))) until Tw = 23 ns, where the integration over two weak side peaks, likely caused by
second-order reflections, leads to an additional slight increase in the calculated g®(0) value. A plateau is reached
for longer integration windows. The final g®(0) values are 0.15+ 0.01 and 0.22 £ 0.01, at low and high excitation
powers, respectively (see Fig. 4(c)). These are the obtained mean values for T;, between 47 ns and 71 ns. The
standard uncertainty was calculated by using the Monte Carlo method for 700000 trials assuming a Poisson
distribution for S,. The observed behavior of a slightly decreasing single-photon purity with excitation power is
typical for this type of quantum emitter under non-resonant excitation [15].

In summary, we have presented a robust single-photon source based on QD on a chip, that has the potential to be
used as a standard source for interlaboratory comparisons. The QD emission reached a maximum incident photon
flux of (2.74+0.03) million photons /s with an emission wavelength of (929.7+0.1) nm and a second-order
autocorrelation at zero delay of g¥(0)=0.22 + 0.02. Although the sample requires cryogenic temperatures for its
operation, the chip can be installed in commercially available cryogenic systems and the compact spectral filters
can be easily shipped to other NMIs. The QD sample endured about 15 cool-down cycles and retained its optical
properties after being stored for more than 2 years in ambient conditions. The consistent results for single-photon
purity and the similarity of the measured photon fluxes at two distinct laboratory environments underscore the
reliability and adaptability of this single-photon source. Its excellent properties - such as robustness, versatility
and stability - may be utilized not only in the metrology area but also in other areas of quantum science and
technology.

This work was supported in part by NIST NQI funding. We also acknowledge funding from the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) under Germany’s Excellence strategy - EXC-
2123 Quantum Frontiers - 390837967 and via the project Re2974/23-1. This work was also partially funded by
the project EMPIR 20FUNO5 SEQUME. This project received funding from the EMPIR program co-financed
by the Participating States and from the European Union Horizon 2020 research and innovation program.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.
Author Contributions

Hristina Georgieva: Conceptualization (equal); Data curation (supporting); Investigation (equal); Project
administration (lead); Writing — original draft (lead); Writing — review & editing (equal). Thomas Gerrits:
Conceptualization (equal); Methodology (equal); Resources (equal); Supervision (equal); Writing — review &
editing (equal). Lijun Ma: Data curation (equal); Conceptualization (equal); Methodology (equal); Resources
(equal); Writing — review & editing (equal). Riley Dawkins: Data curation (equal); Methodology (equal);
Resources (equal). Marco Lopez: Writing — original draft (supporting); Writing — review & editing (equal).
Oliver Slattery: Conceptualization (equal); Methodology (equal); Resources (equal); Supervision (equal);
Writing - review & editing (equal). Niklas Kanold: Investigation (equal). Arsenty Kaganskiy: Investigation
(equal). Sven Rodt: Methodology (supporting); Supervision (supporting). Stephan Reitzenstein: Writing —
review & editing (equal). Alan Migdall: Writing — review & editing (equal). Stefan Kiick: Conceptualization
(equal); Funding acquisition (lead); Supervision (equal); Writing — review & editing (equal).



DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding author upon reasonable
request.

REFERENCES

[11Y.He, Z. E. Su, H.L. Huang, X. Ding, J. Qin, C. Wang, S. Unsleber, C. Chen, H. Wang, Y. M. He, X. L. Wang, C. Schneider, M.
Kamp, S. Hofling, C. Y. Lu, and J. W. Pan, "Time-Bin-Encoded Boson Sampling with a Single-Photon Device," Phys. Rev. Lett. 118,
190501 (2017).

[2] T. Heindel, C. A. Kessler, M. Rau, C. Schneider, M. Fuerst, F. Hargart, W.-M. Schulz, M. Eichfelder, R. Rossbach, S. Nauerth, M.
Lermer, H. Weier, M. Jetter, M. Kamp, S. Reitzenstein, S. Hofling, P. Michler, H. Weinfurter and A. Forchel, "Quantum key
distribution using quantum dot single-photon emitting diodes in the red and near infrared spectral range," NJP 14, 083001 (2012).

[3] V. Giovannetti, S. Lloyd and L. Maccone, "Quantum-enhanced measurements: beating the standard quantum limit," Science 306,
1330-1336 (2004).

[4] S. V. Polyakov and A. L. Migdall, “Quantum radiometry,” Journal of Modern Optics 56, No. 9, 1045-1052 (2009), doi:
https://doi.org/10.1080/09500340902919477.

[5] M. Lépez, H. Hofer and S. Kiick, “Detection efficiency calibration of single-photon silicon avalanche photodiodes traceable using
double attenuator technique,” Journal of Modern Optics, 62(20), 1732—1738 (2015), https://doi.org/10.1080/09500340.2015.1021724.

[6] T. Gerrits, A.Migdall, J. C. Bienfang, J. Lehman, S. W. Nam, J. Splett , I. Vayshenker and J. Wang, “Calibration of free-space
and fiber-coupled single-photon detectors,” Metrologia, 57(1), 015002 (2020), https://doi.org/10.1088/1681-7575/ab4533.

[7] M. Lopez, A. Meda, G. Porrovecchio, R. A. Starkwood (Kirkwood), M. Genovese, G. Brida, M. Smid, C. J. Chunnilall, I. P.
Degiovanni and S. Kiick, “A study to develop a robust method for measuring the detection efficiency of free-running InGaAs/InP
single-photon detectors,” EPJ Quantum Technology, 7(1), 1-21 (2020), https://doi.org/10.1140/epjqt/s40507-020-00089-1.

[8] G. Porrovecchio, M. Smid, M. Lopez, H. Hofer, B. Rodiek and S. Kiick, “Comparison at the sub-100 fW optical power level of
calibrating a single-photon detector using a high-sensitive, low-noise silicon photodiode and the double attenuator technique,”
Metrologia 53(4), 1115-1122 (2016), https://doi.org/10.1088/0026-1394/53/4/1115.

[9] E. Moreva, P. Traina, R. A. Kirkwood, M. Lépez, G. Brida, M. Gramegna, 1. Ruo-Berchera, J. Forneris, S. Ditalia Tchernij, P.
Olivero, C. J. Chunnilall, S. Kiick, M. Genovese and I. P. Degiovanni, “Feasibility study towards comparison of the g®(0)
measurement in the visible range,” Metrologia 56 015016 (2019), doi: https://doi.org/10.1088/1681-7575/aaf6cs.

[10] W. Schmunk, M. Gramegna, G. Brida, I. P. Degiovanni, M. Genovese, H. Hofer, S. Kiick, L. Lolli, M .G. A. Paris, S. Peters, M.
Rajteri,A. M. Racu, A. Ruschhaupt, E. Taralli and P. Traina, “Photon number statistics of NV centre emission,” Metrologia 49 (2012)
S156-S160, doi:10.1088/0026-1394/49/2/S156.

[11] B. Rodiek, M. Loépez, H. Hofer, G. Porrovecchio, M. Smid, Xiao-Liu Chu, S. Gotzinger, V.Sandoghdar, S. Lindner, C. Becher,
and S. Kuck, “Experimental realization of an absolute single-photon source based on a single nitrogen vacancy center in a
nanodiamond,” Optica 4 71-76 (2017), doi: https://doi.org/10.1364/OPTICA.4.000071.

[12] A. Vaigu, G. Porrovecchio, X-L. Chu, S. Lindner, M. Smid, A. Manninen, C. Becher, V. Sandoghdar, S. Gétzinger and E.
Ikonen, “Experimental demonstration of a predictable single photon source,” Metrologia 54 (2017), doi 10.1088/1681-7575/aa5ba2.

[13] P. Lombardi, M. Trapuzzano, M. Colautti, G. Margheri, I.P. Degiovanni, M. Lopez, S. Kiick and C. Toninelli. “A molecule-
based single-photon source applied in molecule-based single-photon source applied in quantum radiometry,” Adv. Quantum Technol.
3 (2019), doi: 10.1002/qute.201900083.

[14] H. Georgieva, M. Lépez, H. Hofer, J. Christinck, B. Rodiek, P. Schnauber, A. Kaganskiy, T. Heindel, S. Rodt, S. Reitzenstein,
and S. Kiick., “Radiometric characterization of a triggered narrow-bandwidth single-photon source and its use for the calibration of
silicon single-photon avalanche detectors,” Metrologia 57 (2020), https://doi.org/10.1088/1681-7575/ab9db6.



[15] H. Georgieva, H. Hofer, N. Kanold, A. Kaganskiy, S. Rodt, S. Reitzenstein and S. Kiick, “Absolute calibration of a single-photon
avalanche detector using a bright triggered single-photon source based on an InGaAs quantum dot,” Opt. Express, vol. 29, no. 15, pp.
23500-23507 (2021), doi: 10.1364/0e.430680.

[16] A. Schlehahn, S. Fischbach, R. Schmidt, A. Kaganskiy, A. Strittmatter, S. Rodt, T. Heindel and S. Reitzenstein, “A stand-alone
fiber-coupled single-photon source,” Sci Rep 8, 1340 (2018), https://doi.org/10.1038/s41598-017-19049-4.

[17] A. Musiatl, K. Zomacz, N. Srocka, O. Kravets, J. Groe, J. Olszewski, K. Poturaj, G. Woéjcik, P. Mergo, K. Dybka, M. Dyrkacz,
M. Dhubek, K. Lauritsen, A. Biilter, P.-I. Schneider, L. Zschiedrich, S. Burger, S. Rodt, W. Urbanczyk, G. S¢k, and S. Reitzenstein,
“Plug&Play Fiber-Coupled 73 kHz Single-Photon Source Operating in the Telecom O-Band,” Adv. Quantum Technol., 3: 2000018
(2020), https://doi.org/10.1002/qute.202000018.

[18] S. Rodt and S. Reitzenstein, “High-performance deterministic i situ electron-beam lithography enabled by cathodoluminescence
spectroscopy,” Nano Ex. 2 014007 (2021), doi: 10.1088/2632-959X/abed3c.



