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Abstract

Single-photon sources have a variety of applications. One of these is quantum radiometry, which is reported on in this
paper in the form of an overview, specifically of the current state of the art in the application of deterministic single photon
sources to the calibration of single photon detectors. To optimize single-photon sources for this purpose, extensive research
is currently carried out at the European National Metrology Institutes (NMIs), in collaboration with partners from universi-
ties. Single-photon sources of different types are currently under investigation, including sources based on defect centres in
(nano-)diamonds, on molecules and on semiconductor quantum dots. We will present, summarise, and compare the current
results obtained at European NMIs for single-photon sources in terms of photon flux, single-photon purity, and spectral
power distribution as well as the results of single-photon detector calibrations carried out with this type of light sources.

1 Introduction

This paper deals with the use of single-photon sources in the
field of quantum radiometry, in particular for the calibration
of single-photon detectors. A perfect single-photon source is
a light source that emits light as single photons, i.e., two or
more photons are never emitted simultaneously. This distin-
guishes it from coherent light sources (lasers) and thermal
light sources such as incandescent light bulbs. Single pho-
tons can be realized by single atoms, ions, molecules, colour
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photon. Single-photon sources based on this principle are
called deterministic single photon sources and they could
produce so-called “photons on demand” in the limit to per-
fect emission and collection efficiency. Another possible way
to generate single photons is the use of spontaneous para-
metric down-conversion. In this case, pairs of single pho-
tons are produced via a nonlinear process; the detection of
one photon in one beam path heralds a single photon in the
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other beam path. These sources are called “heralded single-
photon sources” or “probabilistic single-photon sources”.
Vast literature can be found on single-photon sources, an
overview is, e.g., given in [1, 2]. Thus, in general, a sin-
gle-photon source is a one-photon number state generator.
Therefore, the field of applications for single-photon sources
is wide [1]. Among the most prominent are quantum key
distribution, quantum communication, quantum computing
and quantum metrology [3]. However, so far single-photon
sources compete in all these fields with highly developed
laser sources, so that a quantum advantage of the so-called
“quantum-enhancement” still has to be proven to be appli-
cable in real world applications. One specific field, in which
this advantage has been proven is quantum radiometry [4].
Quantum radiometry means, within the context of this paper,
the use of single-photon sources in radiometric applications.
In a wider sense, radiometric applications for single-photon
sources are:

Standard photon sources: as there are already the black-
body radiator and the synchrotron radiation source with their
calculable photon flux, also single-photon sources have the
potential to become a new type of standard photon source
[5-7]. Consider a device (in this case a perfect single-photon
source), which emits under excitation with a pulsed laser
operating with a repetition rate f exactly one photon per
excitation pulse. The optical radiant flux @ of such a device
would be exactly given by @=fh c/A, where fis the repeti-
tion rate of the excitation laser, & is the Planck constant, ¢
is the speed of light and A the wavelength of the emitted
radiation. Since ¢ and & have no uncertainty, and the fre-
quency and wavelength can be measured with uncertainties
in the 10717 and 107!2 range, respectively, the optical radiant
flux could be determined with an unprecedented accuracy,
in particular far below the current state-of-the-art achieved
using the cryogenic radiometer, which has uncertainties in
the 107> range [8]. However, this requires a perfect source,
i.e., a source with a quantum efficiency of 100% (i.e., each
excitation leads to an emission of a photon), a perfect purity
of the single-photon emission, i.e., g(z)(0)=0, and a col-
lection efficiency of the emitted radiation of 100%. On the
other hand, as will be described in detail within this paper,
single-photon sources are ideal sources for the calibration of
single-photon detectors, because the necessary correction for
the photon statistics when using a laser source is completely
eliminated or at least significantly diminished for imperfect
single-photon sources (see [9, 10]). This combined “dead
time and photon statistics effect” of, e.g., a SPAD detector,
is described in Sect. 2.1.

Sub-shot noise metrology is another possible applica-
tion of single-photon sources in quantum radiometry: it
exploits them to carry out measurements below the stand-
ard quantum limit. For this, efficient, nearly perfect sources
have to be used. In [11], Chu et al. showed in principle the
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quantum advantage, general ideas are given in [12]. Other,
relevant applications for single-photon sources are in the
field of quantum imaging [13], both for achieving sub-shot
noise imaging [14, 15] as well as for super-resolution [16,
17]. Even quantum illumination [18, 19], quantum sensing
[20, 21] and quantum reading [22, 23] are expected to take
advantage of efficient single-photon sources.

“Quantum Candela’: a realization of the base unit candela
using quanta, i.e., countable photons, is intriguing. There-
fore, in the mise-en-pratique for the candela [7], the pos-
sibility to realize the candela exploiting (single) photons is
explicitly stated, thus enabling photometric, radiometric, and
their derived quantities to be expressed in terms of photon-
numbers and photon number-based quantities.

2 Detector calibration with single-photon
sources

2.1 Single-photon detectors

In contrast to single-photon sources, single-photon detectors
are already quite mature and widely commercially available,
e.g.: the single-photon avalanche diode (SPAD), the transi-
tion edge sensor (TES), and the superconducting nanowire
single-photon detector (SNSPD). Medicine, biology, astro-
physics, emerging fields like quantum cryptography and
quantum computing as well as scientific research in experi-
mental quantum optics and quantum physics are their main
fields of application, i.e., wherever low photon fluxes need
to be measured. Detailed descriptions of different types of
detectors, operation modes and metrological aspects can be
found in [1, 2, 4, 24]. In this paper, we focus on the appli-
cation of single-photon sources for the detection efficiency
calibration of SPAD detectors.

There are two factors that need to be considered for SPAD
detectors: First, they are not photon-number resolving and
thus produce at most one ‘click’ in response to a pulse with
one or more photons; second, they have a dead-time when
they are not active after a detection. The use of a Poissonian
source (i.e. an attenuated laser) yields both multi-photon
pulses and, for CW radiation, a variation in photon arrival
times. These factors complicate the calibration of SPADS
with attenuated laser light. This has been studied in detail
for Si-SPAD detectors by Lopez et al. [9] and Georgieva
et al. [25].Photons arriving individually with a time interval
longer than the dead time (typically between 10 and 100 ns
for SI-SPADs) can be fully detected by the Si-SPAD, but the
same number of photons arriving within one pulse would
only allow one detection event, i.e., there is a strong corre-
lation between the dead time and the temporal distribution
of photons arriving on the Si-SPAD; the photon number
distribution of the photon source used in the calibration
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experiment is therefore important. Hence, the best source
for determining the undisturbed, physically relevant detec-
tion efficiency would be a single-photon source that delivers
photons with a time interval longer than the dead time and
at which the photon flux can still be measured with conven-
tional Si diodes, which act as reference, i.e., they are trace-
able to the standard for optical radiant flux, the cryogenic
radiometer.

2.2 The nitrogen-vacancy centre in diamond
as single-photon source

The nitrogen vacancy centre (NV-centre) in diamond is
one of the most investigated single-photon sources, see e.g.
[26-30]. The reason is that the NV-centre is the most natu-
rally occurring colour centre in diamond and its emission is
highly efficient also at room temperature. It was also the first
commercially available single-photon source [31].

The first comprehensive metrological characterisation
of a single-photon source with respect to absolute spectral
radiation flux was carried out by Rodiek et al. [32]. In that
work, a single-photon source based on an NV centre was
metrologically characterised with regard to its most relevant
properties. Its photon flux, its spectral radiant flux as well as
the purity of the single-photon emission were measured in
a traceable manner. The standard measurement uncertainty
for the photon flux was about 4% [33], see also Fig. 1. The
total radiant flux was between 55 and 75 fW, correspond-
ing to a total photon flux of 190 000 photons per second
and 260 000 photons per second, respectively. The purity of
the single photon emission is indicated by the g®(0) value,
which ranges from 0.10 to 0.23 depending on the excita-
tion power. These values are traceable to the correspond-
ing national standards via an unbroken traceability chain.

(a) Cryogenic Radiometer NV-center based Blackbody Radiator
Spectral i ingle-ph source Spectral iradiance
I v
l Tungsten lamp

Low Optical Flux Detector Spectral iradiance
Spectral responsivity v
Seil4) Spectroradiometer

I—" Spectral irradiance

Low Optical Flux Detector
oUlpmls.gn, NV-center based
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s, = o single-photon source
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Fig.1 a Traceability chain for the metrological characterization of
a single-photon source in terms of its absolute spectral photon flux,
adapted from [32]; b Absolute spectral photon flux of the single-

Even though this source is only suitable for applications to
a limited extent due to its broad spectral emission distribu-
tion, these first results show the prospects for the general
application of single-photon sources, e.g., for the calibration
of the detection efficiency of single-photon detectors as well
as for the use as a standard photon source in the low photon
flux range.

It should be noted that other impurity centres in diamond,
which show a more suitable spectral power distribution for
calibration purposes, are currently under investigation.
These are, e.g., the colours centres based on Silicon [34-37],
Germanium [38, 39], Tin [40—-43], Fluorine [44, 45], Helium
[46] impurities and Lead vacancy centre [47-50], see also
the overview article from Moreva et al. [51]. In [52], Vaigu
et al. successfully used a single-photon source based on a
SiV-centre in nanodiamond with an emission bandwidth of
Algwam = 2 nm for the determination of the detection effi-
ciency of a Si-SPAD detector, however, a direct calibration
against a reference detector could not be carried out, because
of the low photon rate of approx. 60 000 photons per second.
Single SnV centres in high-temperature annealed diamond
samples show promising properties for calibration purposes,
i. e. a high single photon purity g®(0)<0.05 limited only
by detector dark counts and saturation photon rates of up to
150,000 per second [53]. A further increase in photon count
rates might be achieved by combining the SnV centres with
nanophotonic structures, e. g. optical antennas which were
recently demonstrated to enhance the saturation emission
rates by a factor of 5-10 [54] yielding up to 500,000 photons
per second.

(b)
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photon source (blue curve). The calculation of the presented measure-
ment uncertainty (red strap) is described in [33]. Taken from [33]
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2.3 The molecule-based single-photon source
for calibration of SPAD detectors

A better source for the calibration of single-photon detec-
tors is principally a molecule-based single-photon source,
which exhibits a narrow-line emission, for two main reasons:
spectral corrections are not needed, and the spectral radiant
flux is much higher. It should be noted that, for radiometric
applications, a linewidth of less than approx. 2 nm is usu-
ally sufficient. Some molecules fulfil these conditions, e.g.,
terrylene, see e.g. [55], and dibenzoterrylene in anthracene
(DBT:Ac), see e.g. [56, 57].

With a DBT:Ac source, Lombardi et al. [58] performed
for the first time a direct calibration of a Si-SPAD detector
using a continuously operated single-photon source. This
molecule emits narrowband photons when cooled to cryo-
genic temperatures and show high quantum efficiency, pho-
tostability and quantum coherence [56, 59, 60], even when
embedded in small nanocrystals [61]. The source used for
the direct calibration of a Si-SPAD detector against a cali-
brated analogue Silicon reference detector had a photon flux
at the location of the detector of up to 1.32x 10° photons
per second, a value for g”(0) (indicating the single-photon
purity) <0.1 and a spectral bandwidth of < 0.2 nm. This opti-
cal radiant flux can still be reasonably measured with con-
ventional silicon photodiodes, see e.g. [62]. Figure 2 sum-
marizes in an artistic manner the properties of the DBT:Ac
single-photon source.

The calibration process (for details see [58]), is in this
case rather simple, i.e., the substitution method is used. The
photon flux from the single-photon source was alternatively

© P. Lombardi

g2(0)=0.08

Fig.2 Artistic summary of the properties of the DBT:Ac single-
photon source used for the calibration of the Si:SPAD detector. © P.
Lombardi
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measured with the SPAD detector and with an analogue
reference Si detector, which is traceable to the standard for
optical radiant flux, i.e., the cryogenic radiometer. Both
detectors were equipped with an FC/PC multimode fibre
port, so that the output from the fibre coupled single-photon
source can be easily measured. The SPAD detection effi-
ciency ngpap can then be calculated from:

n _ NSPAD _ NSPAD _ NSPAD
SPAD — - - >
NRef (DSE If E

Sref

where Ngpap 1S the count rate measured with the SPAD
detector, N, is the photon flux, determined with the refer-
ence detector via the measurement of the photocurrent /;,
using the known spectral responsivity s,; and the photon
energy E (=2.53x 107 ) for a photon at 785.6 nm). In
Fig. 3, ngpap, determined as described above, for the SPAD
detector is depicted for photon rates between 0.144 x 10°
and 1.32x 10° photons/s, corresponding to a power range
between 36.5 and 334 fW. It can be seen from the figure
that the photon rate approaches the regime where the detec-
tor dead time affects the detection efficiency measurement
nspap [9]. In this respect, a considerable improvement for
the calibration process would be an operation of the single-
photon source in pulsed mode while maintaining the high
photon flux. The standard uncertainty varies in the range
of 2-6%, depending on the photon rate, i.e., the lower the
photon rate, the higher the uncertainty. It was calculated
according to the Guide to the Expression of Uncertainty in
Measurement (GUM) [63]. The highest contribution is the
statistical noise of the reference detector, which contributes
to more than 90% of the overall uncertainty.

70.0%

65.0%
60.0%

| e,

55.0%

TIsPAD

50.0%

45.0%

40.0% F—— oy
1.0E+04 1.0E+05 1.0E+06

Photon rate (1/s)

Fig.3 Calibration result for the SPAD detection efficiency (Perkin
Elmer, SPCM-AQRH-13-FC) using the molecule-based single-pho-
ton source and a low-noise reference analog detector. Taken from [58]
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2.4 The InGaAs quantum dot based single-photon
source for calibration of SPAD detectors

Besides molecules and impurities centres in (nano-)dia-
mond, also semiconductor quantum dots (QD) have been
investigated for their use as sources for radiometric applica-
tions. QD based single-photon sources are well suited for
this purpose, because of the possibility to operate them both
continuous wave and triggered, they are robust, durable and
photostable. Their emission spectrum has narrow bandwidth,
and the wavelength of operation is usually in a range where
the calibration of both Si- and InGaAs/InP-SPADs is pos-
sible. Furthermore, manufacturing processes, especially with
respect to a designed dielectric environment for the QDs,
are well advanced and improve constantly. The latter is of
highest importance for achieving high extraction efficiencies
and thus high photon fluxes. A first significant step towards
the use of QD-based single-photon sources in radiometry
was demonstrated in [64]. Georgieva et al. characterized an
InGaAs QD-based single-photon source metrologically. The
single-photon emitter consisted of an InGaAs QD, which
was embedded into a monolithic microlens. This structure
was positioned on top of a distributed Bragg reflector. With
such a structure and using a collecting objective lens with a
numerical aperture of 0.7, an extraction enhancement of up
to 23% is expected, see [65]. Additionally, an antireflection
coating was applied on top of the microlens to further reduce
collection losses. A detailed description of the fabrication
process is given in [66]. The maximum photon flux obtained
with that source was up to 3.7 x 10> photons per second at a
wavelength of (922.4 +0.1) nm. The FWHM of the spectral
line was determined to be 42 pm and was limited by the
spectrometer’s resolution. The single-photon purity evalu-
ated with the second-order correlation function at zero delay
time, g®(t=0), was 0.24 +0.06. This value was limited

0.35

()

o
w
X

detection efficiency
=} =]
w w
N w
.
e ol

o
w
=

o
w
o

1 2 3
photon flux / 108 ™

Fig.4 Si-SPAD detector calibration. a Calibration using the spec-
trally filtered QD emission for a direct comparison with an analog
reference detector. The pink area represents the expanded uncertainty
(k=2) of the weighted mean. b Calibration using a strongly attenu-
ated laser source, where the incoming photon flux has been indirectly
determined from a calibration of two variable attenuators. The error

mainly by background emission from the sample matrix
caused by non-resonant excitation and a long-living decay
component. This source was then applied for the relative
calibration of two Si-SPAD detectors against each other. An
absolute calibration of the SPAD detectors directly against a
conventional reference Si-diode was not possible due to the
low photon flux. However, the relative standard uncertainty
was 0.7% and the obtained results were consistent with the
ones obtained from the standard calibration method using
an attenuated laser [9]. Also, an Allan deviation analysis
was performed giving an optimal averaging time of 92 s for
the photon flux.

In the subsequent work [67], a new structure of the
QD sample was applied. The sample structure is grown
by metal-organic chemical vapor deposition. Suitable
QDs were selected by cathodoluminescence spectroscopy,
whereas electron-beam lithography (EBL) is used to form
micro-mesas at these pre-selected positions. These cylindri-
cal shaped mesas with a radius between 600 and 640 nm
have a height of approx. 800 nm. For further information on
the in-situ EBL nanotechnology process see [68]. Also, the
efficiency of the whole setup was significantly improved by
using optimized optical components. The maximum photon
flux obtained was (2.55+0.02) x 10° photons per second
inside a multimode fibre at a wavelength of approximately
929.8 nm. The non-resonant excitation occurred in a pulsed
regime at a repetition rate of 80 MHz. The value of the sec-
ond order correlation function g®(t=0) was between 0.14
and 0.24, depending on the excitation power. With these
parameters, this source is applicable for a Si-SPAD detector
calibration directly against a calibrated, conventional refer-
ence detector, which is traceable to the national standard for
optical radiant flux. Figure 4a depicts the results of the cali-
bration. The apparent detection efficiency is shown as a func-
tion of the incoming photon flux. The lowest measurement

0.35
(b) 30.34
C
0.34} 3
5 £ .
5 20.32
) (=}
L0233} £
© 2
S S 03
% 0.32 Hi © SPS laser
g t
: t
© o031} i
0.3
0 1 2 3

photon flux / 108 ™

bars in (a) and (b) indicate the standard measurement uncertainty.
Inset: comparison of the weighted mean of the DE from (a) with the
DE from (b) for the lowest measured photon flux, where the error
bars show the corresponding expanded uncertainties (k=2). Taken
from [67]
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Table 1 Summary of obtained

I Type of source
results with single-photon

Impurity center in (nano-)

Single molecule Semiconductor quan-

X diamond tum dot

sources applied for SPAD

detection efficiency calibration Emitter NV DBT:Ac InGaAs
Ny, (photons/s) 2.6x10° 1.32x10° 2.55%10°
A ~ 100 nm <0.2 nm <42 pm
Ny, () (photons/(nm s)) ~ 1100 1.32x10° 2.55%10°

(@ =~ 685 nm) (@ 785.6 nm) (@ 929.8 nm)

gP(=0) 0.23 0.08 0.24
T (K) Room temperature 3 10
u(n) - (not carried out yet) 2% ... 6% (CW) 0.9% ... 3.2% (pulsed)

uncertainty obtained is approx. 1.2%. The stability of the
QD emission over time, the traceable calibration of the spec-
tral sensitivity of the low-noise analogue detector and the
change in the coupling loss of the fibre connector are the
largest contributions to the overall uncertainty. The detection
efficiency is, within the stated uncertainties, independent
from the photon flux. The apparent detection efficiency has
a weighted mean value (i.e., taking the uncertainties into
account) of (32.63 +0.22) %. For the traditional calibration
using an attenuated laser, the measured detection efficiency
is, on the contrary, strongly dependent on the incoming pho-
ton flux, see Fig. 4b. As expected, with increasing photon
flux, a decrease of the apparent, measured detection effi-
ciency is clearly observed. The photon statistics of the laser
light together with the dead time of the Si-SPAD detector
are responsible for this behaviour.

3 Summary and conclusion

In this paper, we reported on the metrological characteriza-
tion of different types of single-photon sources and their
application for the detection efficiency calibration of single-
photon detectors, which is a specific aspect within quantum
radiometry and quantum metrology. Under investigation for
this purpose are currently single-photon sources based on
impurity centres in (nano-) diamond, single molecules and
semiconductor quantum dots, both embedded in dielectric
structures for collection efficiency enhancement. Table 1
summarizes the results obtained so far on the metrologi-
cal characterization of single-photon sources, which is
performed in a traceable way, with respect to photon flux,
spectral power distribution, spectral photon flux and second
order correlation g(2)(t), as well as the lowest uncertainties
realized with these sources in detection efficiency calibration
of SPAD detectors.

Nph: total photon flux, AA: spectral bandwidth (FWHM),
N,y (A): maximum spectral photon flux (normalized to a
radiometric relevant bandwidth of 1 nm), g®(r=0): value
of the second order correlation function at =0 (indicator of

@ Springer

single-photon purity, T: operation temperature, u(7): uncer-
tainty realized in SPAD detection efficiency calibrations.

As can be seen, best results thus far were obtained with
the InGaAs/GaAs semiconductor quantum dot source with
respect to all parameters. Next steps are the design and fab-
rication of optimized structures to further enhance the out-
coupling efficiency and thus the single photon flux. Also, it
is important to reduce the g(2)(t= 0) value in order to avoid
problems with multiphoton events in case of high photon
rates. Still a drawback is the necessity to apply cryogenic
temperatures. Also, for the single molecule DBT:Ac based
source, very promising results were obtained. Further
improvement is planned into the direction of pulsed opera-
tion, to avoid variation in photon arrival times or a Poisso-
nian-like behaviour, as observed in the presented calibration
results. It should also be noted that, thus far, dielectric struc-
turing was not carried out for the molecule samples, so there
is significant room for improvement. As for the semicon-
ductor quantum dots, cryogenic temperatures are required
for operation. With impurity centre-doped single-photon
sources detection efficiency calibration could not be car-
ried out, because of the low spectral photon flux in case of
the nitrogen vacancy based single-photon source, resulting
from the broadband emission. Whether other sources based
on the silicon, germanium, tin and lead vacancy centres will
exhibit sufficient spectral photon flux, while maintaining sin-
gle-photon purity, is currently under investigation. As far as
structuring in diamond is concerned, a lot of progress was
realized using e.g., focused ion beam (FIB) and other tech-
niques. The largest advantageous feature of diamond based
single-photon sources is the possibility to be operated at
room temperature.

However, it should be pointed out already, that the trace-
ability gap between classical and quantum radiometry is
closing with the help of the single-photon sources present-
ing in this paper. Further development will not only lead
to even better results, i.e., lower uncertainties, but also
to stable and robust operation. Also, within the EMPIR
joint research project SEQUME (Single- and entangled
photon sources for quantum metrology) [69, 70], further
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metrological applications using single-photon sources will
be investigated.
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