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The detection efficiency of a commercial single-photon avalanche detector (SPAD) has been independently determined at two national metrology institutes, the National Institute of Standards and Technology (NIST) - USA and the Physikalisch-Technische Bundesanstalt (PTB) - Germany. We applied the substitution method to evaluate the response of a free-running silicon SPAD to pulsed laser light at mean photon numbers covering four orders of magnitude. The consistency of the obtained results demonstrates the level of precision and accuracy achieved by both institutes.
Introduction
The most used light detection system for very small amounts of light is the single-photon avalanche detector (SPAD), mainly because of the operation at non-cryogenic temperatures, which allows for a low-cost and compact design. The accurate determination of the detection efficiency of a SPAD is crucial for many applications, including quantum radiometry, quantum cryptography and single-photon spectroscopy. Therefore, many national metrology institutes (NMI) aim to expand their calibration services to include SPADs, whose dynamic range is typically on the fW and pW scale. Here, we present the first comparison between NIST and PTB regarding the detection efficiency measurement of a fiber-coupled silicon SPAD.
Calibration procedure
The actual response of a SPAD to incoming light depends on many parameters, including detector characteristics, such as dead time, dark counts and afterpulsing probability, and source characteristics, such as emission wavelength, photon flux and photon statistics. For practical purposes, one is usually interested in the system detection efficiency , given by the ratio of measured count rate and incoming photon flux.
In this work, both NMIs employ the so-called substitution method, where the response of a free-running SPAD is compared against a reference photodiode. The responsivity of the photodiode is traceable to the respective national primary standard for optical power. The detection efficiency is given by:
	,	(1)
where h is the Planck’s constant, c is the speed of light,  is the emission wavelength,  is the measured count rate, corrected for dark counts and afterpulsing, and  is the optical power, determined with the reference detector. 
The main challenge arises from the fact that the dynamic ranges of the SPAD and of the reference detector do not overlap. Hence, the optical power must be attenuated by several orders of magnitude. The setup at NIST uses a monitor detector, connected to a fiber-based beam splitter. The output-to-monitor ratio () of ~ is precisely determined at high optical powers. The incident optical power at the SPAD is selected by additional attenuators that only serve to adjust the power and do not require calibration [1]. The incoming optical power is given by: , where  is the calibrated optical power at the monitor power meter. The setup at PTB employs a slightly different approach. It is based on the double attenuator technique, which requires precise knowledge of the attenuation factors  and  of two variable attenuators [2]. The optical power  is measured at zero attenuation with the reference detector. Then the incident power at the SPAD is calculated from:  
Comparison
Figure 1 shows the system detection efficiency as a function of the mean photon number per pulse. The calibration is performed with a multimode fiber (Ø=62.5 µm) at a laser wavelength of 930 nm and at a laser repetition frequency of 80 MHz (PTB) and 78 MHz (NIST). It is important to note that the count rate has been corrected for dark counts, but no afterpulsing correction has been applied so far.
One notable difference in the measurement procedures is that the attenuation factors and the measurement order are random for the red data points, whereas the blue data points are taken at preselected attenuation factors in ascending order.
We analysed the detection efficiency for mean photon numbers n covering four orders of magnitude – from n = 0.0002 up to n = 1.2. There is an excellent agreement between the red (NIST) and blue (PTB) data sets within the given standard measurement uncertainties for low mean photon numbers (see figure 1). In the nonlinear regime, the setup at PTB estimates a slightly higher system detection efficiency compared to the NIST setup. The observed systematic deviation for  will be further investigated.
We performed three calibrations at three different laser repetition frequencies; the results are summarized in figure 2. We interpolated the data in the linear regime (n < 0.1) by fitting a linear equation using the least squares method. The linear fit enabled us to extract the system detection efficiency at n = 0.001 from all six data sets. At such a low mean photon number, the influence of photon statistics and source frequency becomes negligible. Therefore, we expect the same result for all data sets. Figure 2 shows that all values are consistent within their expanded measurement uncertainties (k = 2).Figure 2. System detection efficiency without (circles) and with (squares) afterpulsing correction as a function of the pulse frequency. The error bars represent the expanded measurement uncertainty (k = 2).
Figure 1. System detection efficiency (without afterpulsing correction) of a silicon SPAD, measured independently at PTB (blue) and NIST (red) for a wide range of mean photon numbers. The error bars represent the standard measurement uncertainty.

Finally, we applied a correction to the system detection efficiency to take into account that some of the detected events are caused by the afterpulsing effect. The squares in figure 2 depict the corrected values.
Summary and outlook
We presented a calibration of the detection efficiency of a fiber-coupled silicon SPAD at 930 nm. NIST and PTB used independent calibration chains with traceability to the respective primary standards. The consistent results speak to the level of precision and accuracy achieved by both NMIs.
We plan to apply existing models to the measured data to gain a better understanding of the complex dependence of the system detection efficiency on the incident optical power, pulse frequency and photon statistics.
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