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ABSTRACT

Superconducting nanowire single-photon detectors (SNSPDs) are an attractive technology for applications which
benefit from high-count rate photon detection such as quantum communication protocols, photon-starved clas-
sical communications, metrology of single-emitters, and photonic quantum computing. However, at high-count
rates, a significant portion of photons may be incident during recovery intervals following prior detection events.
After detection, the device efficiency recovers over nanoseconds to tens of nanoseconds before reaching a steady-
state value. Therefore, for a given SNSPD bias current setpoint, a single efficiency and recovery time specification
may not be sufficient to characterize the performance of a device at high count rates. Here we present and ex-
perimentally validate a model of the recovery time as a function of bias current for any given system efficiency.
These results may be used to improve analysis of measurements performed using SNSPDs operating in the high
count rate regime.
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1. INTRODUCTION

Single-photon detectors are essential components for many applications including fluorescence lifetime measure-
ments,1 LIDAR systems,2 biomedical optics3 as well as wide variety of quantum optics applications including
quantum key distribution,4 optical quantum computing,5 and quantum networking.6 SNSPDs are particularly
useful for single-photon detector applications that require a low dark count rate,7 high detection efficiency,8,9

good timing resolution,10 or quick recovery times.11 An already established method of determining the recov-
ery time involves observing how the count rates measured by the device change as one increases the incident
count rate of a Poisson light source.12 This method models the recovery of the device as an instantaneous reset
after detection, obfuscating the fact that the device is in a state of partial recovery for nanoseconds to tens of
nanoseconds. Another method of determining recovery time involves taking hybrid autocorrelation data using a
high-flux pulsed laser and low-flux continuous wave (CW) laser and characterizing the recovery time from the
resulting histogram.13 One can use this method to determine recovery times for a single set bias. Here we present
an autocorrelation method of recovery time characterization that can be used to determine recovery time to any
arbitrary percentage of steady-state detection efficiency for any bias at which the device is active before intrinsic
noise counts dominate.

2. MODEL

The inter-arrival times of a process are the collection of time differences between successive arrival events in the
process. Similarly, we define the inter-detection times of a process as the collection of time differences between
successive detection events in the process. In the case of photon detection, arrival events are events where a
photon is incident on a photon detector whether or not it is detected and detection events are events when a
photon is incident on the device and detected.
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The probability density function (PDF) for Poisson inter-arrival events is

fIAT(t) =

{
λe−λt, t > 0,

0, t < 0,
(1)

where λ is the mean arrival rate from the source and t is the time difference between successive arrival events.
One can use a CW laser or thermal source attenuated sufficiently to act as the Poisson process in our model.14

The PDF for inter-detection events is

fIDT(t) = λη(t) exp

(
−λ

∫ t

0

dt′ η(t′)

)
, t > 0, (2)

where t is the time difference between successive detection events and η(t) is the instantaneous efficiency of the
detector.

2.1 Bias Current Recharge

When an SNSPD is in its superconducting state, it acts as an inductor with kinetic inductance Lk and has no
resistance. When a photon is absorbed, the additional energy breaks the superconductivity and the SNSPD has
some resistance, R. Additionally, following a photon absorption, the bias current through the device is idrop and
increases with the time constant τ = Lk/R.15 The model we use for the current recharge is

i(t) = (ib − idrop)(1− e−t/τ ) + idrop, (3)

where i(t) is the bias current through the device as a function of time after the detection event, ib is the set bias
current, and idrop is the bias current in the device immediately after a detection event.

2.2 Efficiency vs. Bias Current

Dark counts describe the counts detected when there is no optical input to a detector. At low set bias, the dark
counts are dominated by background thermal radiation, while at high set bias, they are dominated by the intrinsic
thermal noise of the device.16 The steady-state detection efficiency of an SNSPD is achieved when i(t) ≈ ib. The
steady-state detection efficiency as a function of set bias current follows an S-shaped curve. Measurements of the
detection efficiency are limited by the intrinsic thermal noise of the device, which dominates over counts from
light sources at high enough set bias. Thus, for bias currents below where intrinsic thermal noise dominates, we
may model the normalized efficiency of the detector as a function of set bias current using

η(i) =
η0
2

(1 + erf(k(i− i0))) (4)

where i is the set bias current, η0 ∈ (0, 1] is the maximum efficiency of the detector, i0 is the midpoint of the
sigmoid, and k is a parameter which describes the steepness of the sigmoid.17

2.3 Instantaneous Efficiency

The composition of Equation 4 with Equation 3 gives the instantaneous normalized efficiency of the SNSPD
after a detection event, which can be written:

η(t) := η(i(t)). (5)

With this general form and Equation 2 we may determine the free parameters using a fitting routine on data
collected from a single-start single-stop histogram. The free parameters may then be used to determine the
recovery times for any arbitrary recovery percentage using the inverse of Equation 5.



3. MEASUREMENTS AND RESULTS

In order to validate our model for the inter-detection time distribution, we first performed measurements to
determine the efficiency as a function of set bias current. To do this, we attenuated a 1550 nm CW laser to
100 000 – 300 000 photons per second so that the probability of a photon being incident on the device during
recovery is low. A power meter was used to measure the base and attenuated power of the laser, and the
polarization was optimized at the device. Finally, while sweeping the set bias current, we recorded the count
rate measured by the SNSPD and used the calibrated power to normalize the count rates into efficiencies.
Figure 1 shows the resulting data along with dark counts. To obtain the wavelength-dependent free parameters
of Equation 2 (η0, i0, and k), the resulting efficiency data was fit to Equation 4.

Figure 1. Measurement result of efficiency and dark count rate as a function of set bias current. The sigmoid shape is
apparent until the intrinsic dark counts increase exponentially.

3.1 Direct Sampling

Using the same 1550 nm CW laser from the efficiency measurement, we attenuated laser power until an average
measured rate of 1 million counts per second was observed. We then sampled the inter-detection distribution
using a time tagger with 1 ps resolution connected to the electrical output of the device and put the data into a
histogram as shown in Figure 2. The measured histogram was fit to Equation 2 multiplied by a scaling factor
with fixed parameter values (η0, i0, and k) obtained by fitting the efficiency data. Finally, the resulting fit gave
the wavelength-independent free parameters (A, λ, τ , and idrop, where A is the scaling factor). The recovery
times listed in Figure 2 were determined by evaluating η(t) using the parameter values found in the fits.

3.2 Set Bias Current Dependence

One method to tune the performance of an SNSPD is by adjusting the set bias current. The set bias current
can affect the steady state efficiency, dark count rate, recovery time, and jitter, so knowing these specifications
at a range of set bias currents is valuable. We use the inverse of Equation 5 to determine the recovery time of
an arbitrary efficiency recovery percentage. Equation 5 depends on ib as seen in Equation 3 and therefore so
does recovery time. By determining η(t) from the sampling described in Section 3.1 for a chosen ib, we have
determined the necessary free parameters to extrapolate the recovery time for an arbitrary set bias current in
addition to an arbitrary efficiency recovery percentage. The results of the modeled extrapolation using data
acquired at a set bias current of 9.9 µA are shown in Figure 3 along with results obtained by performing the
same sampling method and analysis described in Section 3.1 over a range of set bias currents.



Figure 2. (a) Histogram of sampled inter-detection times with a 20 ps bin-width. Data was taken using a 1550 nm CW
laser attenuated to around 1 million counts per second. A fit was performed to obtain the values needed to determine
η(t). (b) The efficiency vs. time normalized to the steady-state efficiency.

Figure 3. Estimated recovery times for a range of set bias currents and measured results. The recovery percentages are
the same as those shown in Figure 2.

4. CONCLUSION

In this manuscript, we have presented an experimental method and analysis to characterize the recovery time of
an SNSPD using a CW source. Compared to measurements of count-rate vs. incident power, our analysis reveals
the full path of device recovery, which allows us to specify recovery times for any recovery level. By sampling
the inter-detection distribution directly, we are able to experimentally extract η(t) and use the results to predict
recovery times for other set bias currents. Our analysis can be used to clarify the meaning of recovery time when
discussing technical specifications of commercial SNSPDs.
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