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We report optical characterization of NbN nanowire superconducting single-photon detectors as a function of
wavelength in the near infrared. System detection efficiency decreases from ~6% at 1.15um to ~2% at 1.72 pm,
while timing jitter remains relatively constant at ~60 ps full-width-half-maximum over the range 0.7-2.0 um. We
further demonstrate the capabilities of this detector with a time-correlated single-photon counting measurement
of photoluminescence from a semiconductor sample emitting at 1.65 um.

Keywords: single-photon detectors; time-correlated single-photon counting; superconducting devices; infrared

photodetectors

1. Introduction

Improved single-photon detectors in the near infrared
(NIR) could foster advances in a wide range of
scientific and technological applications. For example,
fiber-based quantum communications [1,2] would
ideally operate at wavelengths around 1.3 and
1.55pum to take advantage of low-loss optical fibers
and the existing telecommunications infrastructure. In
biological systems, singlet oxygen is an important
intermediary in many processes. The only direct way to
detect singlet oxygen is by monitoring its very weak
emission at 1.27 um; time resolved detection of this
emission at a single-photon level provides a way to
regulate dosage in photodynamic therapy [3]. Time-
correlated single-photon counting (TCSPC) is widely
used for measuring spontaneous emission lifetimes in
solid state, chemical and biological systems, but to date
has been limited almost exclusively to wavelengths
below ~1.1 um [4]. TCSPC methods can be used in
laser ranging applications at ‘eye-safe’ wavelengths
beyond 1.5um [5,6]. Longer wavelengths also offer
opportunities for remote sensing of atmospheric green-
house gases, since carbon dioxide and methane have
several absorption bands between 1.57 and 2.3 um,
where the influence of water vapor is weak [7]. In the
semiconductor industry, picosecond imaging circuit
analysis (PICA) is a valuable method for in situ,
noninvasive fault testing of high-speed CMOS circuits
[8]. Faulty transistors give off a photoemission

signature; the wavelength of this signature depends
on the gate voltage. Therefore, as components are
miniaturized further and gating voltages are reduced,
longer wavelength detection is increasingly important.
Progress in these and other NIR photon counting
applications has been slowed by the lack of high
quality single-photon detectors sensitive to NIR
photons. The small selection of photomultiplier tubes
that operate in the NIR have very low quantum
efficiency. Silicon-based single-photon avalanche
diodes (SPADs), which are widely used for visible
light, are not sensitive to wavelengths beyond ~1.1 um.
InGaAs SPADs respond to wavelengths up to
~1.7 um, but suffer from high dark count rates and
afterpulsing probabilities, thus they typically require
temporal gating and low repetition rates [9-11].
Superconducting single-photon detectors (SSPDs)
based on nanopatterned NbN have emerged as strong
competitors to these conventional detectors [12-28].
SSPDs are sensitive over a broad range of the optical
spectrum from the ultraviolet to the mid-infrared
[13,14]. They can be operated at high count rates
without temporal gating or afterpulsing [13], and
detection efficiencies can exceed 50% for an SSPD
embedded in a resonant optical cavity [15]. Unlike that
of a conventional Si SPAD, the timing jitter profile of
an SSPD has a Gaussian shape, offering a significant
advantage in time-resolved measurements, where
emission lifetimes must often be deconvolved from
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raw data [16]. Their low dark count rates, even in
ungated operation, have allowed implementation in
Hanbury Brown-Twiss interferometry for single-
photon source characterization [17-19]. At wave-
lengths near 1.55 pum, SSPDs have demonstrated their
considerable advantages over conventional detectors
for monitoring correlated [20] and entangled [21]
photon pairs. SSPDs have also been used in secure
quantum key transmission at 10 GHz clock rate
through a record-setting 200 km of optical fiber [22]
and in ‘eye-safe’ laser ranging experiments at 1.55 um
with sub-centimeter depth resolution [23]. The planar,
meander geometry of SSPDs is well suited to fabricat-
ing multi-element devices with a high fill factor,
offering the potential for fast, large-area devices and
the possibility of resolving photon number [24].
The principal drawback of SSPDs is that they must
be operated at temperatures near 4 K. However, we
have minimized the associated difficulty and expense
by packaging several devices in a practical, fiber-
coupled, cryogen-free system [17,25].

Here, we report characterization of our fiber-
coupled SSPD system over a broad range of the NIR
spectrum, encompassing wavelengths from 0.7 to
2.0 um. We show that the system detection efficiency
is largest for short wavelengths, and it decreases
monotonically with increasing wavelength.
The system timing jitter, by contrast, shows very little
change over this wavelength range. To demonstrate the
benefit of this wavelength-independent jitter, we per-
form time-resolved photoluminescence measurements
on a semiconductor sample emitting at a wavelength of
1.65 um.

2. Detector packaging

The SSPD device used here is a narrow, superconduct-
ing niobium nitride (NbN) wire embedded in a 50 Q
transmission line. The superconducting track is current
biased just below its critical current. When this wire
absorbs a photon, it momentarily creates
a non-superconducting hot spot. 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 [12,13,26].
Figure 1 shows the SSPD used here, which consists
of a 100nm wide meander line with 200 nm pitch,
covering a 10um x 10 pum area, which is roughly
matched to the mode field diameter of a single-mode
optical fiber designed for 1.55 um wavelength.

Since the superconducting detector must be oper-
ated at temperatures near 4 K, we have packaged the
device in a practical, cryogen-free system using
a commercially available cryocooler. This system,

———— 5um

Figure 1. Scanning electron micrograph of the
10 um x 10 pm SSPD device.

which can accommodate several SSPDs, is discussed
in detail in [25]. The cryocooler holds the temperature
of the SSPD constant to within a few millikelvin, which
is crucial for maintaining stable biasing conditions —
and thus constant detection efficiency and dark count
rate. A single-mode optical fiber couples light into the
cryostat, with the end of the fiber positioned as close as
possible to the SSPD. A low-noise current source is
used to bias the detector, and commercial, room-
temperature rf amplifiers amplify the pulses generated
by the detector. A typical amplified voltage pulse is
plotted in Figure 2. The key to achieving low timing
jitter is to generate an amplified pulse with low noise
and a fast rise time. Thus, careful choice of amplifiers
with adequate bandwidth and sufficiently low noise
figure is crucial. The amplifier used here provides more
than 18 dB gain with a noise figure of less than 3 dB
over a bandwidth of 500 MHz.

3. Detection efficiency and timing jitter

We use the experimental geometry in Figure 3 to
measure both detection efficiency and timing jitter of
the SSPD system at a series of fixed wavelengths. To
access wavelengths between 1.1 and 2.0 um, we use
~150fs optical pulses from a 76 MHz repetition rate
optical parametric oscillator (OPO) that is pumped by
a Ti:Sapphire laser. To remove light from other
sources, the pulse at a given wavelength is spectrally
filtered with a grating monochromator and coupled
into a single-mode optical fiber designed for 1550 nm
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(SMF-28). We use a fiber-coupled optical power meter
(not shown) to determine the in-fiber photon flux
before the pulse enters the calibrated, in-fiber variable
attenuator. This attenuator reduces the flux to < 0.1
photon per pulse by introducing up to 80dB of
attenuation. The pulse then enters the cryocooler in
single-mode fiber via an epoxy feedthrough and
illuminates the SSPD. For measurements in the
0.7-1.0 um wavelength range, we bypass the OPO
and send the tunable Ti:Sapphire output pulse directly
into the monochromator (not shown).

For a particular excitation wavelength, we compute
system detection efficiency, D Egystem, as

I'Total — I'Dark
DESysLem =

I'Photon
where rroe 1S the count rate from the SSPD measured
with the timing electronics, rpu 1s the SSPD dark
count rate measured with the laser blocked, and rppoion
is the rate at which photons arrive at the end of the
fiber adjacent to the SSPD. rppoion 1S computed by
taking the measured optical power before the attenua-
tor, multiplying by the attenuation factor, and dividing
by the photon energy. Results are shown in Figure 4.
Detection efficiency is maximum for the highest
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Figure 2. Amplified voltage pulse from the SSPD.
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photon energy (shortest wavelength), and decreases
at longer wavelengths.

Previous work has shown that, depending on the
device characteristics, an SSPD’s detection efficiency
can decrease with decreasing photon energy [13,27], or
it can be independent of wavelength over a finite
spectral range [28]. The results in Figure 4 represent
system efficiency, which includes not only the SSPD,
but also losses due to fiber transmission and fiber
coupling to the device. All three of these processes are
potentially wavelength dependent. Note, however, that
finding detection efficiency in this way eliminates any
inefficiency caused by coupling light from the laser into
the fiber — and removes any spectral dependence of
optical elements (mirrors, lenses, monochromator)
before the fiber launch.

To further characterize this SSPD, we measure its
timing jitter using a standard time-correlated single-
photon counting (TCSPC) scheme. The output of
a fast photodiode triggered by the laser starts a timer,
and a voltage pulse from the SSPD stops the timer.
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Figure 4. Measured system detection efficiency as a function
of excitation wavelength for our fiber-coupled SSPD system.
The system detection efficiency contains contributions from
the SSPD, the optical fiber, and the fiber-SSPD alignment.
The SSPD bias current is constant for all data shown
in Figures 4-6.
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Figure 3. Experimental geometry for measuring timing jitter. BS, beamsplitter; AL, aspheric lens. To determine the system
detection efficiency, we measure the optical power in the fiber just before the attenuator with an in-fiber power meter
(not shown), correct for the attenuation, and compare to the SSPD count rate measured with the timing electronics.
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Figure 5. Measured timing jitter histogram for 1.25um
excitation (gray bars) and a Gaussian fit with 59.9 ps
FWHM (solid curve).

The time delay between start and stop is stored in
a multi-channel analyzer (MCA). This process repeats
many times, building up a histogram of start-stop time
delays in the MCA. The start rate is the laser repetition
rate of 76 MHz, and the in-fiber attenuation is adjusted
to keep the stop rate at or below ~100kHz to ensure
much less than one stop per start, preventing a pile-up
of counts in the early time bins. In this limit, the
measured histogram is directly proportional to the
detection system’s instrument response function (IRF),
provided the optical pulses are much shorter than this
IRF. The electronics contribute a timing jitter of less
than 30 ps to the measurements; this adds in quad-
rature with any jitter from the detector and the optical
components [4].

Figure 5 shows the measured IRF for 1.25um
excitation, along with a Gaussian fit with a 59.9 ps full-
width-half-maximum (FWHM). Figure 6 plots the
result of fits for a series of fixed wavelengths. The jitter,
which we take as the FWHM of the IRF, is nearly
constant at ~60ps for all wavelengths longer than
I um. The slightly larger jitter observed below 1pm
may be due to modal dispersion, since light at these
shorter wavelengths can launch into multiple trans-
verse modes of the fiber. Note that all data in Figures
4-6 are taken with the same SSPD bias current, for
which the dark count rate is approximately 650 Hz.

4. Time-resolved photoluminescence

The above results demonstrate that our fiber-coupled
SSPD system can be used effectively for time-resolved
measurements at a variety of wavelengths in the NIR.
Although the detection efficiency decreases at longer
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Figure 6. Measured system timing jitter as a function of
excitation wavelength.

wavelengths, there is minimal spectral dependence to
the timing jitter. This latter result is particularly useful
in TCSPC: typically the only short pulse available for
measuring the IRF is the pump — and the pump is often
at a very different wavelength than the emission under
study. Conventional detectors such as SPADs often
have IRFs that depend strongly on wavelength [29],
complicating data analysis in this scenario.

Here, we demonstrate the use of an SSPD to time
resolve the NIR emission of a semiconductor sample.
The sample is an InGaAs epilayer that is lattice
matched to InP and has a band gap of ~0.75eV.
When pumped with photons that have an energy
higher than this gap, the sample luminesces near the
band edge, corresponding to a wavelength
of ~1.65um. To time-resolve this emission, we use
TCSPC in the geometry shown in Figure 7. The sample
is optically pumped with a Ti:Sapphire laser that
produces ~1ps pulses with a center wavelength of
780nm at a repetition rate of 82 MHz. The 1.65um
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 cryocoo-
ler. The start rate is 82 MHz, and the stop rate is
~5.5kHz, clearly satisfying the requirement of <1
stop per start. Thus, the histogram generated by the
timing electronics is proportional to the time-resolved
PL intensity, giving a direct measure of the sample’s
spontaneous emission lifetime [4].

Figure 8 plots the results of this spontaneous
emission lifetime measurement with an acquisition time
of just under one minute. Open triangles represent the
SSPD system IRF, solid circles show the time-resolved
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Figure 7. TCSPC experimental geometry where BS, beamsplitter; Obj., microscope objective, and AL, aspheric lens.
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Figure 8. Measured time-resolved PL (solid circles) from an
InGaAs epilayer emitting at 1.65pum. Also plotted are the
IRF measured at 780 nm (open triangles) and a fit to the PL
data (gray curve). The fit is the measured IRF convolved
with a single exponential decay having a lifetime of 290 ps.

PL data, and the solid gray curve is a fit to the decay
data. This fit is the measured IRF convolved with an
exponential function with a decay constant of 290 ps;
thus, the spontaneous emission lifetime of the InGaAs
epilayer is ~290 ps. The measured PL data follow the
single exponential decay curve very well through more
than two decades of dynamic range. The Gaussian
temporal response and low dark count rate of the
SSPD system enable the excellent signal-to-noise
evident in the data.

5. Summary

We have characterized the NIR wavelength-depen-
dence of a fiber-coupled SSPD system. The system
detection efficiency decreases monotonically with
increasing wavelength, while the system timing jitter
remains relatively constant at ~60ps FWHM. We
have demonstrated the system’s utility for measuring
the spontaneous emission lifetime of an InGaAs
sample by time resolving the photoluminescence at
1.65um. This fiber-coupled detector system has
already been implemented in a number of experiments

[16-18,20-23, 25], and should find use in other
applications requiring single-photon sensitivity to
NIR light with high temporal resolution and low
dark count probability.
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