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ABSTRACT 

We report use of a niobium nitride superconducting single-photon detector in a time-correlated single-photon counting 
experiment.  The detector has a timing jitter of 68 ± 3 ps full width at half maximum with a Gaussian temporal profile.  
The detector’s dark count rate and detection efficiency can be tuned by adjusting the bias current applied to the device.  
Typical values include a detection efficiency of ~1-2% and a dark count rate below 100 Hz.  We use this detector to 
measure time-resolved photoluminescence at wavelengths up to 1650 nm, well beyond the range of conventional silicon 
detectors.  We also use this superconducting detector to measure the emission of a quantum dot single-photon source. 
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1. INTRODUCTION 
Time-correlated single-photon counting (TCSPC) is a highly sensitive technique that is widely used for time-resolved 
emission studies.1  Typical detectors for TCSPC are avalanche photodiodes (APDs) or photomultiplier tubes (PMTs).  
For visible wavelengths, the fastest silicon APDs and microchannel plate PMTs offer temporal instrument response 
functions (IRFs) at or approaching 20 ps full width at half maximum (FWHM);1 however, the narrow central peaks in 
these IRFs are typically followed by long exponential tails.2-3  Moreover, the scarcity of good detectors suitable for 
wavelengths beyond ~1000 nm presents a serious limitation to TCSPC.  InGaAs and Ge APDs are sensitive up to ~1600 
nm, but these detectors suffer from afterpulsing problems and high dark count rates, limiting the available dynamic 
range.4-7 

Recent advances in superconducting single-photon detectors (SSPDs) based on nanopatterned niobium nitride wires 
demonstrate their ability to overcome some of the shortcomings of conventional detectors.8-17  SSPDs boast timing jitter 
as low as 18 ps FWHM, low dark count rates, and sensitivity well into the infrared.  Here, we discuss the use of an SSPD 
in a TCSPC scheme.  The device’s instrument response function, which is a measure of its timing jitter, has a FWHM of 
68 ± 3 ps.  More importantly, the IRF has a Gaussian profile, offering a dramatic advantage over conventional detectors.  
The low dark count rate on this detector (< 100 Hz) allows time-resolved photoluminescence measurements with nearly 
five decades of dynamic range.  Furthermore, we use the SSPD for measurements at wavelengths as long as 1650 nm, 
well outside the range of conventional silicon detectors.  Finally, we show that the SSPD is sensitive enough to measure 
the spontaneous emission lifetime of a quantum dot single-photon source. 

2. TIME-CORRELATED SINGLE-PHOTON COUNTING 
Figure 1 shows a schematic of the TCSPC experiment.  A semiconductor sample is optically pumped with a Ti:Sapphire 
laser that produces ~1 ps pulses with a center wavelength of 780 nm at an 82 MHz repetition rate.  Photoluminescence  
(PL) from the sample is collected with an objective lens, spectrally filtered by a monochromator, and coupled into a 
single-mode fiber for transmission to the SSPD inside the cryocooler.  Alternatively, the monochromator output can be 
diverted to a Si APD by inserting a mirror before the fiber coupler (not shown). 
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Fig. 1. TCSPC experimental geometry, where BS is a beamsplitter. 

The heart of TCSPC is the timing electronics.  The fast photodiode delivers a clock signal—at the laser repetition rate of 
82 MHz—to the timer’s start.  The voltage pulse from the single-photon detector—either the SSPD or an APD—stops 
the timer.  The electronics contribute a timing jitter of less than 30 ps to the measurements; this adds in quadrature with 
any jitter from the detector and the optical components.1  In the timing electronics, the start and stop inputs to the 
electronics each pass through a constant fraction discriminator before engaging a digital time-to-amplitude converter 
(TAC).  The TAC output is fed into a multichannel analyzer, which builds up a histogram of counts versus start-stop 
time interval (τ).  The start rate is kept less than ~100 kHz to ensure an average of less than about one count per 1000 
excitation pulses, preventing a pile-up of counts in the early time bins.  Under these conditions, the resulting histogram is 
proportional to the time-resolved PL intensity, giving a direct measure of the sample’s spontaneous emission lifetime.1 
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Fig. 2.  Principle of operation of a superconducting single-photon detector.  An absorbed photon creates a resistive hot spot 

in the wire, resulting in an output voltage pulse. 

 
Fig. 3. Scanning electron microscope image of an SSPD meander device similar to the one discussed in the text. 
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3. SUPERCONDUCTING SINGLE-PHOTON DETECTOR 
The SSPD device is a narrow, superconducting niobium nitride (NbN) wire embedded in a 50 Ω transmission line.  The 
superconducting track is current biased just below its critical current IC.  When this wire absorbs a photon, it 
momentarily creates a nonsuperconducting hot spot, as shown in Fig. 2.  As a result, a small voltage is developed briefly 
across this resistive section of the track, causing a high-speed voltage pulse to propagate along the transmission line.12-15  
The early devices, consisting of a single straight NbN wire, suffered from low detection efficiency,8 owing to the 
difficulty of coupling light to such a small detector area.  The SSPDs used here boost detection efficiency through a 100 
nm width meander line (see Fig. 3) with 200 nm pitch, covering a 10 µm × 10 µm area.9 
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Fig. 4.   Schematic of bias and readout circuit. 

Since the superconducting detector must be operated at temperatures near 4 K, we have packaged the device in a 
practical, cryogen-free system using a commercially available cryocooler.15  In this system, a low-noise current source is 
used to bias the detector, and commercial, room-temperature rf amplifiers with adequate bandwidth and sufficiently low 
noise figure amplify the pulses generated by the detector, as shown in Fig. 4.  A typical amplified voltage pulse is plotted 
in Fig. 5.  The amplified pulses are fed directly into the stop input of the timing electronics.  For the bias conditions used 
here, the SSPD exhibits no measurable afterpulsing. 
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Fig. 5.  Voltage pulse from an SSPD. 
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Light is coupled to the detector by a method previously developed at NIST for transition edge sensor single-photon 
detectors,18,19 as shown in Figs. 6-7.  Each detector is mounted on a small metal block.  Aluminum wirebonds connect 
the on-chip coplanar waveguide to an SMA connector.  High-speed coaxial cables that are heatsunk at 2.9 K and 40 K 
conduct the signal from the detector to room temperature.    A polished single-mode optical fiber is held in a second 
metal block positioned over the chip carrier.  The fiber in the ferrule holder is aligned over the detector by viewing the 
transmission of fiber-coupled 1550 nm light through the chip with an infrared microscope.  The position of the 
fiber/fiber holder is adjusted such that the detector blocks the light.  This method allows alignment of the fiber to the 
chip with a precision of a few micrometers.  The optical fiber enters the cryostat via an epoxy feedthrough. 
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Fig. 6. Sample mount. 
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Fig. 7.  Drawing of fiber alignment procedure. 

Stable operation (constant detection efficiency and dark count rate) of the SSPD requires stable operating temperatures.8-

11  For the SSPD system, we use a compact, closed-cycle, cryogen-free, Gifford-McMahon-type cryocooler.20  The 
refrigerator has sufficient capacity to cool a number of detectors simultaneously to 2.9 K.  However, the cold head 
temperature fluctuates approximately ±0.3 K peak-to-peak at 1.2 Hz.  To mitigate these fluctuations, we passively 
temperature stabilize the detector assembly by weakly coupling the detector stage to the cold stage; this reduces the 
fluctuations to a few millikelvin. 

We determine the system detection efficiency (DE) at 1550 nm using an attenuated, pulsed telecommunications laser.  A 
conventional power meter is used to measure the average power output from the pulsed laser.  Given the power, pulse 
repetition frequency (f = 1 MHz) and wavelength, we can estimate the mean number of photons per pulse, µ.  For a 
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given bias current IBias, the total count rate R is recorded as a function of µ.  The single-photon detection efficiency, η, 
coupled to a source with a Poisson photon number distribution (such as a laser), can be extracted by fitting to the relation 

 ( )1R D f e ηµ−≈ + − , (1) 

where D is the dark count rate.  Figure 8 shows the results of this DE measurement procedure for three values of bias 
current, along with fits to Eq. (1).  For a single-photon counting detector, when ηµ << 1, R should increase linearly with 
µ, since Eq. (1) reduces to 

 ηµfDR +≈ . (2) 

This linear dependence on µ is evident in the excellent agreement between the data and fits in Fig. 8.  By contrast, if the 
detector were counting multiphoton events, rather than single-photon events, then R would have a superlinear 
dependence on µ.  Note that for IBias = 0.82 IC (data set B), even with 0.1 photons per laser pulse, nearly 90% of the 
counts from the detector are signal counts.  Intrinsic detection efficiencies of up to 10 % for the same type of detectors at 
1550_nm have been reported.11  For this packaged, fiber-coupled detector, the maximum observed DE at 1550 nm is 
~2.7%; however, the dark count rate is quite high for this bias current (~6 kHz).  Note that the SSPD used in the TCSPC 
measurements presented below has a lower DE than the one characterized in Fig. 8. 

 
Fig. 8.  Determination of efficiency and dark count rate of an SSPD.  For data sets A, B, and C, IBias is set at 96%, 82%, and 

65% of IC, respectively.  The solid curves are fits to Eq. (1) for dark count rate D and detection efficiency η.  The fits 
yield values of D = 6 kHz and η = 2.7×10-2 for data set A; D = 75 Hz and η = 6×10-3 for B; and D = 4.5 Hz and η = 
6×10-5 for C. 

At 902 nm, we find SSPD system detection efficiency by exciting a sample that emits at this wavelength and holding the 
PL light level constant.  We then compare the SSPD’s count rate to the count rate on a Si APD with a known DE.  The 
maximum detection efficiency of 3% and maximum dark count rate of 1 kHz are obtained for IBias near IC.  Below IC, the 
dark count falls more rapidly than the detection efficiency, allowing us to achieve a 2% detection efficiency at ~100 Hz 
dark count rate.  This device (which is not the one measured in Fig. 8) has a DE of ~1% at 1550 nm; the higher DE at 
902 nm is due primarily to the higher photon energy at 902 nm. 
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4. RESULTS AND DISCUSSION 
4.1 Instrument Response Functions 

To compare the performance of the SSPD with conventional silicon APDs, we insert each detector into the TCSPC 
setup.  First, we characterize the timing jitter by measuring each detector’s temporal IRF.  To measure the IRF of a 
detector, we tune the monochromator to 780 nm to pass only the heavily attenuated laser pulse train.  Results are shown 
in Fig. 9.  The SSPD response shown here is fit well—over nearly five decades of dynamic range—by a Gaussian with a 
FWHM of 71 ps.  Averaging several measurements yields a timing jitter of 68 ± 3 ps FWHM for the entire measurement 
system—including all optical and electronic components.  This jitter is independent of count rate between 50 Hz and 1 
MHz. 

Note that timing jitter as low as 18 ps has been reported for similar SSPD devices; however, those measurements were 
done in a regime where the detector produced a voltage pulse for every incident laser pulse.10,11  Here, by contrast, we 
report timing jitter measurements for the much lower count rates required for TCSPC.  Differences in our device, 
amplifier, or timing electronics may also contribute to this discrepancy with previous work.  Furthermore, the IRF 
measured here includes time jitter from all optical and electronic components in the system. 

For comparison, Fig. 9 also shows the measured IRFs of a conventional silicon APD (FWHM ≈ 400 ps) and a fast Si 
APD (FWHM ≈ 40 ps).  Although the fast APD has a narrow main peak, it also has an exponential tail that persists for 
several hundred picoseconds.  This diffusion tail, which is typical of APDs, is caused by the slow diffusion of 
photoexcited carriers from the neutral region into the high-field region of the device.3  The relative magnitudes of the 
main peak and tail—and thus the shape of the total IRF—depend strongly on wavelength, further complicating the 
analysis of measured decay curves.3,21 

  
Fig. 9. Measured instrument response functions of three detectors. 

Table 1 summarizes the performance of these three detectors.  The Si detectors’ efficiencies listed are the values given 
by their manufacturers.  The IRF FWHM of the two Si APDs are consistent with the manufacturer specifications, 
assuming ~20 ps jitter contribution from our TCSPC electronics.  The SSPD’s response function has a FW(1/100)M (full 
width at one one-hundredth maximum) of ~190 ps, and a FW(1/1000)M of ~240 ps.  Clearly, these widths are much 
narrower than the corresponding widths for either Si APD studied here.  The fastest available Si APDs and microchannel 
plate photomultiplier tubes have IRFs between 20 and 30 ps FWHM.1  However, these IRFs are typically plagued by 
long diffusion tails like those visible in Fig. 9.3,22  Dual-junction Si APDs offer improved temporal response shapes with 
FW(1/100)M and FW(1/1000)M values that are similar to the SSPD studied here.3,22  Nevertheless, since these dual-
junction devices rely on silicon, they are not sensitive to wavelengths beyond 1 µm. 
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Table 1.  Comparison of the three single-photon detectors discussed in the text. 

Detector IRF 
FWHM 

IRF 
FW(1/100)M 

IRF 
FW(1/1000)M

Efficiency 
@ 900 nm 

Dark 
Counts 

Conventional 
Si APD 400 ps 1282 ps 1948 ps 38% ~100 Hz 

Fast Si APD 40 ps 787 ps 1531 ps 5% ~50 Hz 

SSPD 68 ps 190 ps 236 ps 2% < 30 Hz 

 

4.2 Quantum well emission at 935 nm 

The advantage of the SSPD over the Si detectors is evident in Fig. 10, which shows lifetime measurements of a 
GaAs/InGaAs quantum well (QW).  This sample has an emission peak at 935 nm and was chosen for its relatively short 
lifetime.  Only the SSPD-measured lifetime clearly shows a clean single exponential decay, even without deconvolving 
the IRF.  Although the SSPD has a fairly low detection efficiency, its low dark count rate allows measurements with 
several decades of dynamic range simply by increasing the integration time—although here it is still under three 
minutes.  In addition, identification of multi-exponential processes should be far more straightforward with the SSPD’s 
Gaussian-shaped IRF than with the multi-component response of either Si APD. 

  
Fig. 10. GaAs/InGaAs quantum well emission at 935 nm measured with three detectors. 

4.3 InGaAs epilayer emission at 1650 nm 

Figure 11 shows the use of an SSPD to measure the spontaneous emission lifetime of an InGaAs epilayer that is lattice 
matched to InP and emits at 1650 nm.  Green triangles represent the SSPD IRF, blue circles show the time-resolved PL 
data, and the red curve is a fit to the decay data.  This fit is the measured IRF convolved with an exponential with a 290 
ps decay constant.  Note that the data in Fig. 11 could not have been acquired with either of the Si APDs, since this 
wavelength is well outside the photosensitive range of silicon. 
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Fig. 11. Time-resolved PL measured from an InGaAs epilayer at room temperature emitting at 1650 nm. 

4.4 Single quantum dot emission at 902 nm 

Finally, Fig. 12 illustrates that the SSPD is sensitive enough to measure the spontaneous emission lifetime of a single 
quantum dot.  As discussed in Ref. 15, we use a Hanbury Brown-Twiss interferometer to verify that this quantum dot 
emits one photon at a time.  Fitting the decay data to the convolution of the IRF with a single exponential yields a decay 
time of ~400 ps.  This fit is shown as a solid red line in Fig. 12.  The rising edge in the emission itself should be 
dominated by the carrier capture time, which is typically under 50 ps;23 a sufficiently fast SSPD paired with fast 
electronics could permit one to fully resolve this rising edge, allowing measurement of this capture time for a single dot. 
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Fig. 12. Time-resolved PL measured from a single InGaAs QD at 4 K emitting at 902 nm. 

5. SUMMARY 
In this work, we have demonstrated the use of a superconducting single-photon detector in a time-correlated single-
photon counting measurement system.  Unlike conventional silicon APDs, this detector has a Gaussian temporal 
response function, which is clearly advantageous for determining short lifetimes and analyzing multi-exponential decays.  
The superconducting detector is sensitive to wavelengths longer than 1 µm, beyond the range of silicon detectors.  It also 
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has much lower dark count rates and afterpulsing probability than either InGaAs or Ge APDs.  With these advantages, 
superconducting detectors like the one studied here should have many practical uses, from characterizing weakly 
emitting materials and fiber-based quantum key distribution24 to a host of other applications requiring high time 
resolution and single-photon sensitivity in the infrared region of the spectrum. 
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