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ABSTRACT

In this paper, we present an experimental apparatus for the measurement of the detection efficiency of free-space single-photon detectors
based on the substitution method. We extend the analysis to account for the wavelength dependence introduced by the transmissivity of the
optical window in front of the detector’s active area. Our method involves measuring the detector’s response at different wavelengths and
comparing it to a calibrated reference detector. This allows us to accurately quantify the efficiency variations due to the optical window’s
transmissivity. The results provide a comprehensive understanding of the wavelength-dependent efficiency, which is crucial for optimizing
the performance of single-photon detectors in various applications, including quantum communication and photonics research. This charac-
terization technique offers a significant advancement in the precision and reliability of single-photon detection efficiency measurements.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0226170

The detection of single photons represents a crucial stage in a
variety of scientific and technological applications, including quantum
communication,"3 quantum computing,'“t’6 quantum imaging,7 and
quantum sensing” " with photons. Accurate photon detection is
essential for ensuring the reliability and precision of these applications.
Consequently, the calibration of the detection efficiency of single-
photon detectors (SPDs) is of paramount importance.'” ** Such an
efficiency is defined”” as the probability of a SPD producing a measur-
able signal in response to one incident photon, depending on the wave-
length and detection rate, with specific wavelength and count rate
specifications.

However, unlike detectors calibrated using classical radiometric
techniques, there is currently no established standard for calibrating
the detection efficiency of SPDs based on the measured counts. This
lack of standardization presents a significant challenge, as it may hin-
der the ability to ensure reliable calibration by different labs, leading to
incompatible calibration results even if formally traceable to the
International System of Units (SI), because of the exploitation of incor-
rect (as non-standardized) measurement models. For this reason, a

pilot study”* has recently been initiated among various national
metrology institutes (NMIs) worldwide to attempt to define a charac-
terization standard for free-space silicon single-photon avalanche
diodes (Si-SPADs) detecting photons with a wavelength of 850 nm.
This collaborative effort aims to establish a unified and precise meth-
odology for assessing the performance and detection efficiency of these
detectors, thereby providing a reliable benchmark for scientific
research and technological applications that depend on accurate
single-photon detection.

Si-SPADs are SPDs operating in Geiger mode.”” *® They are
widely exploited due to their high detection efficiency in the visible
range (up to 80% for wavelengths around 650 nm), their low dark
count rate (tens of counts per second), and their short dead time and
jitter (typically tens of nanoseconds and hundreds of picoseconds,
respectively). They can be exploited for a broad wavelength interval,
spanning from approximately 400 nm to 1000 nm. In particular, they
find huge application for free-space Quantum Key Distribution
(QKD),”” wherein the employed wavelength is often around 850 nm,
because of the transmissivity of the atmosphere just considering the
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range detectable from silicon-based SPDs, that is also the wavelength
considered in the pilot study.

The detection efficiency is inherently dependent on the wave-
length of the incident photons. In addition, in SPDs operating in free
space with an optical window typically made of glass, there can be an
additional (nonlinear) dependency on wavelength due to the interfer-
ence effect that occurs between the two optical surfaces of the window,
changing the transmissivity. Glass and quartz windows, while offering
high transparency across a broad spectrum, still exhibit such a behav-
ior, acting as an optical cavity, that can affect the overall detection effi-
ciency. These variations must be carefully characterized and accounted
for to ensure accurate and reliable photon detection across different
wavelengths. Furthermore, there is an ongoing debate about interfer-
ence effects observed in the spatial responses of these detectors that
could significantly impact the detection efficiency (see, e.g., the study
carried on at NPL™).

In this work, we present the INRIM experimental setup for the
measurement of the detection efficiency for free-space SPDs based on
the substitution method.'”'” In particular, we demonstrate such a
technique on free-running Si-SPADs at 850 nm in the framework of
the aforementioned pilot study. Additionally, we provide a model for
the transmissivity of the quartz optical window to account for its
impact on the overall detection efficiency.

The substitution method consists of a technique for comparing
the signal measured by a SI-traceable detector with respect to the one
measured from a SPD after a proper attenuation. This comparison
involves light fluxes that differ by several orders of magnitude. For
example, a photon flux of about 1000 counts/s with wavelength
850nm corresponds to an average optical power on the order of
1071 W. Hence, the required attenuation between the high-flux
regime and the single-photon level is usually around six or seven
orders of magnitude, and it is of the utmost importance to characterize
such an attenuation, containing its related uncertainty.

Then, the detection efficiency #(4) of a SPD can be estimated
comparing the macroscopic optical power & of a laser source, mea-
sured with a SI-traceable calibrated detector, and the rate #Z measured
by the SPD after attenuating the same signal down to the single-
photon level,

he #
n(a) = YA

where h is the Planck constant, c is the speed of light in the vacuum,
A is the wavelength of the photons, and 7 is the transmissivity due to
the introduced attenuation.

In Fig. 1, we show the measurement apparatus. The source is a
CW Ti:Sa laser with tunable wavelength. The laser light intensity is
controlled by a first variable optical attenuator stage exploiting polar-
izers and half waveplates. Then, after a mechanical shutter, the laser
light is fiber coupled into a single-mode fiber, optimizing the emitting
spatial profile, and with two 50:50 beam splitters, it is addressed to a
monitor stage for checking both the emission wavelength and optical
power stability, and to a second fully pigtailed attenuator stage, which
improves repeatability and accuracy of the introduced transmittance
with respect to the previous approach implemented at INRiM labs."”
It consists of two unbalanced beam splitters: the former 999:1,
and the latter 9999:1, respectively, allowing introducing a 30dB
and a 40dB attenuation. The light path is selected thanks to three
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FIG. 1. Experimental setup. The source is a tunable Ti:Sa laser followed by a vari-
able optical attenuator. After a mechanical shutter, photons are fiber-coupled into a
single-mode optical fiber through a 20 X microscope objective, and two 50:50 beam
splitters direct a part of the photons to a powermeter and a lambdameter for moni-
toring the source stability. A double attenuator system allows introducing the trans-
missivity 7, addressing the photons through two unbalanced beam splitters: the
former is a 999:1 (30 dB) beam splitter, and the latter is a 9999:1 (40 dB) beam split-
ter. The selected path is controlled by three optical switches. Then, the output pho-
tons are directed through free space into a shielding box, where a motorized stage
allows choosing between two detectors: a silicon photodiode (Si-ph) for high-flux
measurements and the quantum device under test (DUT) consisting of a free-space
Si-SPAD in the free-running mode. In front of the latter, photons are focused by a
lens (f = 8 mm). The whole setup is fully automated and can be controlled through
a LabVIEW programmed interface.

pe-controlled optical switches. Selecting the path corresponding to
the maximum attenuation (nominal 70dB), the double-attenuator
stage reproduces the transmissivity t required in Eq. (1). Then, the
photons will be out-coupled and collimated in free space with a
Gaussian spatial mode to be sent into a shielding box for minimizing
environmental photons.

A motorized translation stage allows selecting the measuring
detector depending on the introduced attenuation: a windowless
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SI-traceable silicon photodiode (Si-ph) for the measurements of &,
and the Si-SPAD device under test (DUT) for the measurement of %,
when the attenuation reproduces 7, and the photon flux goes down to
the single-photon level.

Since the usual diameter of a free-space Si-SPAD active area is
about hundreds of micrometers, a lens focuses the photon spatial dis-
tribution on it in a diameter of 40 um. The DUT position is optimized,
exploiting three actuators in the x, y, and z directions. All the devices
of the depicted setup are connected to a computer via LabVIEW inter-
face, and the measurement routines are automatized.

The DUT detection efficiency is estimated adapting Eq. (1) to the
measurements realized with the experimental apparatus previously
described, i.e., comparing the SPAD measurements and the Si-ph
output. The SPAD produces a macroscopic pulse for each revealed
photon and sends it to the electronics that collects N counts in a time
interval f, whereas the Si-ph generates photoelectrons proportionally
to the incident optical power with a sensitivity s, and the resulting cur-
rent is revealed by a picoamperometer with calibration factor C.

The transmissivity 7 is pc-controlled, and it has been indepen-
dently measured (see below). Furthermore, one has to consider also
the transmissivity T of the lens in front of the SPAD (see Fig. 1).
Finally, taking into account the (intrinsic and environmental) noise
level for both the SPAD and the Si-ph measurements (N and A*"),
that account for dark counts and background photons as well as for
the dark current. For the ith measurement run, Eq. (1) becomes

env

m(z) = he SN @
At TC(A; — AT

The transmissivity 7 is characterized exploiting the Si-ph detector.

Our double-attenuator approach enables us to divide the introduced

attenuation, which is crucial for maintaining the linear response of the

detector. Introducing the entire attenuation at once would compro-

mise this linearity, increasing the related uncertainty and the accuracy

and reliability of the experimental data. Furthermore, the first optical

switch allows for the evaluation of crosstalk caused by the non-ideal

behavior of the optical switches. This approach is far more reproduc-

ible than the one previously implemented at INRiM labs'” and enables

a much more rigorous characterization of the transmissivity.
Therefore, 7 is evaluated as T = T3p4pT4048, Where

env
fyy = 2B AT )
Aogp — AT
where the subscript x indicates the selected attenuation by the optical
switches (see Fig. 1), and the crosstalk contribution is accounted inside
Aenv.

In our experiment, we characterize the behavior of a free-running
Si-SPAD with a circular active area of 200 um in diameter with light at
the wavelength of A = (850.711%+0.006) nm. Several factors can
reduce the detection efficiency of the SPAD, especially with varying
photon wavelengths. These include non-perpendicular incidence of
photons on the detector’s sensitive area, misalignment, and distorted
spatial distribution of photons, among others. For this reason, the
experimental setup must typically be carefully aligned and optimized
to provide the best possible detection efficiency for the detector under
the given conditions.

Since the active area of a commercial free-space detector is gener-
ally not uniform, it is necessary to scan it to find a quite flat region.

ARTICLE pubs.aip.org/aip/apl

Figure 2 shows that the surface of the active area is relatively uniform
except for two dips located on the left side of the scan.

Once the DUT position is fixed far from the two dips, we start
the procedure for obtaining the DUT detection efficiency. First of all,
we characterize 7 [Eq. (3)] averaging over a sequence of 100 measure-
ments. Then, we repeat ten times the t characterization over different
days, ie., evaluating the repeatability behavior of our double-
attenuator system, obtaining T = (2.1601=0.0070) x 1077, highlight-
ing a reasonable repeatability of our system day by day.

We underline that our double-attenuator approach allows good
repeatability since it does not require to disconnect the optical fibers.
To monitor the source stability, we exploit the powermeter measure-
ments at the source monitor stage (see Fig. 1). This allows us to correct
the measured N; and A; in Egs. (2) and (3) with respect to the source
fluctuations according to

N; — Nj = NipPUT

i ?

. )
Ai— Al = eAip] P,

where pPYT = (PPUT) /PPUT represents the correction with respect to
the monitor powermeter measurement P occurring during the ith run
of the DUT measurement N;, meaning (X;) the average value of the
variable X; the same argument holds for p,-S'_Ph. Furthermore, since an
imbalance may happen between the average source optical power
emission during the DUT and the Si-ph measurements, we have intro-
duced the parameter ¢ = (PPVT)/ (P,-Sl_Ph>.

To remove the arbitrary dependence on the count rate, we esti-
mate the zero-flux efficiency 7, ie., the detection efficiency extrapo-
lated to the zero-flux level, whose value is not affected by the presence
of the SPD dead time. The behavior of the detection efficiency can be
described as™**"***

(N; — Nen)
t

m,((Nj)) =y — D ; Q)

Counts/s
60000
40000

FIG. 2. (300 x 300) um? scan of the Si-SPAD’s active area obtained by setting a
step size of 0.01 mm in both the directions transversal to the photons propagation.
The distance with respect to the focal lens was previously optimized and fixed
obtaining a focused beam with waist around 40 pm.
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where D is the dead time, and N is defined in Eq. (4). The detection
efficiency 17, ((N7)) varies with the photon count rate due to the detec-
tor’s dead time D, making this effect noticeable only at high count rates
(see Ref. 19 for more details). Hence, estimating 1, ((N!)) for different
photon fluxes, 77, comes out from a linear regression.

We measured the DUT detection efficiency [according to Eq. (2)]
at different photon fluxes acting on the variable attenuator depicted in
Fig. 1, obtaining various count-rate regimes from 5000 to
2 x 10° counts/s. The upper photon flux was set one order of magni-
tude below the detector’s maximum count rate to prevent excessive
strain on the detector. After collecting ten data points, we perform the
linear regression as described in Eq. (5) to estimate 7,. The results are
shown in Fig. 3.

As shown in Fig. 3, the experimental results align well with the
fitted behavior. From the presented measurement run, we obtained
1y = 0.5526£0.0029 (considering the standard measurement uncer-
tainty). Uncertainties are propagated from Eq. (2), considering both
statistical and non-statistical contributions. An example of uncertainty
budget for a fixed count rate is reported in Table I. Our approach dem-
onstrates the possibility to measure the DUT detection efficiency in a
SI-traceable manner, maintaining a contained uncertainty. To assess
the robustness of our technique, we repeat the entire estimation pro-
cess ten times. The results are illustrated in Fig. 4. Once more, the
resulting estimations of 1, exhibit strong agreement. The average value
obtained for the detection efficiency at zero-photon flux is
(7o) = 0.5510=0.0030. This consistency across multiple estimations
underlines the robustness and reliability of our measurement
technique.

Finally, we investigate the detection efficiency as a function of
photon wavelength. To accomplish this, we replicate the estimation of
(n;(4)) [Eq. (2)] maintaining a constant N’ ~ 10°, while varying the
emission wavelength of our source. The value of N’ is arbitrarily cho-
sen, and it represents a reasonable trade-off between reduced distor-
tion effect due to SPD dead time and efficient data collection. The
experimental data present a peculiar sinusoidal behavior (see Fig. 5)
that we interpret as an etaloning effect of the two surfaces of the optical
window of the SPAD packaging, whereas the exploited reference

Detection Efficiency

1o = 0.5526 £ 0.0029

5x10*1x10° 5x10%1x10°

Counts/s

5000 1x10%

FIG. 3. Detection efficiency estimation for different count rates 22 = (N; — Ni™) /1.
The blue dots represent the calculated detection efficiencies with their related uncer-
tainties, as determined by Eq. (2), while the red line is the result of the linear regres-
sion according to Eq. (5). 1, is obtained as the intercept of the fit with the y-axis. All
the shown uncertainties consider the standard measurement uncertainty.
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TABLE |I. Uncertainty budget related to the detection efficiency [see Eq. (2)]
(ni(N', 2)), with N' = 2065527, showed in Fig. 3.

Coefficient Value Uncertainty % Contribution
N’ 20655 27 5.47
Nenv 28 1 0.012
Al 1.92807 x 10°8A 4.9 x 107 12A 0.06
A 488 x 1074 A 1.3 x 107 A 1.5 x 1078
T 2.1601 x 1077 7.0 x 10710 33.83

€ 1.0148 1.4x1073 5.70

s 04766 W/A  1.9x 107> W/A 51.55

C 1.000 023 1.0 x 107° 32 %1074
T 0.985 000 3.0 x 1073 3.0 x 1073
A 850711 x107’m 6x 1072 m 1.6 x 107*
t 1.0000 s 1.0 x 1073 s 322
(N, 7)) 0.551 4 0.0031

detector is windowless. Indeed, for a window with thickness L and
refractive index 7, the transmissivity depends on the wavelength A
through the parameter I', that is,”?

27
Y (1 — exp {—217114 )
I'(Z,n,L) = . ] ; (6)

21
1—y2exp [—217 nL

where y = (n—n,)/(n+n,) and n, represents the air refractive
index. Then, the overall detection efficiency in Eq. (2) can be general-
ized as

r]i(;“v n7L) = '1;'(@(1 - |F(j'7 I’l,L)|2). (7)

The results of this analysis are presented in Fig. 5.

Our proposed model aligns closely with the experimental data. In
this nonlinear regression, following the SPAD manufacturer’s specifi-
cations, we set the refractive index to that of quartz (n = 1.4525) and
the thickness to the nominal value of L = 100 um. Moreover, these

0.556 -
o.554;
0.552
S 0.5505—
0.548

0.546 -

0.544]

Realization

FIG. 4. Si-SPAD detection efficiencies at zero-photon flux (1) obtained from ten
independent estimations with related standard measurement uncertainties.
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Detection Efficiency

850 852 854

Wavelength [nm]

848

FIG. 5. Characterization of detection efficiency as a function of wavelength. The
number of detected photons for each acquisition lasting t = 1s was fixed at
approximately N’ ~ 10° counts. The blue dots represent the experimental results
with their associated standard measurement uncertainties, while the red line corre-
sponds to the fitted model described by Eq. (7).

findings highlight the non-negligible impact of transmittance effects
caused by the optical window. Within a range of approximately 3 nm,
the detection efficiency varies by up to 5%. Consequently, it is impera-
tive from a metrological perspective to consider such effects when
characterizing free-space SPADs, rather than only focusing on a single
wavelength.

In this work, we presented the INRiM experimental setup for the
measurement of the detection efficiency of free-space SPDs, exploiting
the substitution method. Specifically, the fully computer-controlled
pigtailed attenuation stage optimizes the detection efficiency measure-
ment time thanks to excellent reproducibility, minimizing the uncer-
tainty contribution associated with the attenuation measurement.
Then, we extended our analysis to the variation of the detection effi-
ciency as a function of wavelength, taking into account the transmis-
sivity of the optical window positioned in front of the detector’s
sensitive area. This comprehensive characterization is crucial for opti-
mizing the performance of Si-SPADs in various applications, including
quantum communication and photonics research. By understanding
the wavelength dependence and the influence of the optical window,
we can better estimate the efficiency of these detectors, leading to
improved accuracy and reliability in single-photon detection. This
study provides a valuable foundation for future metrological character-
izations of Si-SPAD technology in both scientific and industrial
contexts.
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