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We report on the position-dependent variation in output pulse timing across a superconducting
single-photon detector. Our device consists of a single niobium nitride nanowire meander �100 nm
width, 4 nm film thickness, 2 mm length�. We use a confocal microscope configuration �full width
at half maximum-spot size 1.3 �m at 1550 nm wavelength� and a femtosecond laser to study local
variations in detection efficiency and output pulse timing. Pulse delays of up to 50 ps across the
device correlate to local detection efficiency and resistance variations. This study indicates an
underlying mechanism for timing jitter in superconducting nanowire devices. © 2011 American
Institute of Physics. �doi:10.1063/1.3581054�

Superconducting single-photon detectors �SSPDs� based
upon superconducting nanowires1 have emerged as an im-
portant low-noise, high-speed single-photon counting tech-
nology for infrared wavelengths. The basic device consists of
a 100 nm width nanowire patterned in an ultrathin niobium
nitride superconducting thin film. In operation, the
device is cooled below its critical temperature and current
biased. The absorption of a photon creates a resistive
hotspot, triggering a fast voltage pulse that can be amplified
and registered by room-temperature timing electronics. To
allow efficient optical coupling, the nanowire is folded into
a meander geometry to cover a 10 �m�10 �m2 or
20 �m�20 �m area.3 Nanowire SSPDs have been used
successfully in applications including quantum key
distribution,4–6 quantum information processing,7 quantum
emitter characterization,8 single-photon time-of-flight
ranging,9 and high-speed communications.10

Nano-optical techniques such as confocal microscopy
�commonly used in applications such as spectroscopy of
semiconductor quantum dots and single molecules� provide a
powerful tool for studying SSPD device physics. Previous
nano-optical studies include mapping the local detection ef-
ficiency of nanowire SSPDs,11 or studying the spatial reso-
lution of novel SSPD designs.12 Our previous studies utilized
a confocal microscope configuration to focus light onto a
device11 and showed the location of a constriction on a nano-
wire meander SSPD, by studying the variation in count rate
across the device at constant photon flux. This experimental
configuration relied on the use of liquid cryogens, which
limited the measurement time. A window to room tempera-
ture provided optical coupling—in spite of cold filtering,
black body heating increased the operating temperature and
the dark-count rate. To overcome these problems, for our
current study we have constructed a fiber-based miniature
confocal microscope13 integrated in a closed-cycle Gifford

McMahon �GM� refrigerator operating at T�3 K �illus-
trated in Fig. 1�. To make sample exchange easier, movable
optics and a fixed sample were chosen. The simple two-lens
optics system is mounted in a titanium holder that is affixed
to a stack of slip-stick piezoelectric linear positioners. This
gives an overall translation distance of 5 mm in each axis
that is used for positioning and focusing of the optics. The
doublet lens system design is simple: a collimating aspheric
lens �f=11 mm, clear aperture 5.5 mm� with numerical ap-
erture �NA� of 0.25 is chosen to give a close match to both

a�Electronic mail: r.h.hadfield@hw.ac.uk.

FIG. 1. �Color� Miniature confocal microscope configuration. This allows
high resolution scanning over a 30�30 �m2 area, allowing detection effi-
ciency and instrument response histograms �inset� to be recorded. TCSPC:
time-correlated single photon counting card; SSPD: superconducting single-
photon detector; SMF: single-mode fiber. Femtosecond fiber laser: �
=1550 nm with 2 mW output power and 50 MHz repetition rate. The SSPD
is mounted upside down on the microscope housing, to provide a thermal
link for cooling to �3 K. The trigger detector was a second �fiber-coupled�
SSPD for the maps �Fig. 2�, and an InGaAs PIN diode for the pulse shapes
�Fig. 3�. The amplifier chain consists of 580 MHz and 1 GHz bandwidth
room-temperature amplifiers. Inset: a typical TCSPC instrument response
histogram. A Gaussian fit �solid line� gives the relative timing delay, � �from
the peak position� and the full-width at half maximum timing jitter, �t.
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the NA of the optical fiber �0.13� and the clear aperture of the
objective aspheric lens �f=2.75 mm, clear aperture 3.6 mm�,
while permitting a large objective NA �0.68�. The end of an
optical fiber is secured to the lens housing at a fixed position
that collimates the beam when it emerges from the collimat-
ing lens. This optical system gives efficient coupling to the
sample with high spatial resolution. A piezoelectric x-y scan-
ner provides precision movement across the nanowire SSPD,
covering a 30 �m�30 �m area with subnanometer reso-
lution. The housing that contains the whole miniature confo-
cal microscope is tightly secured to the GM cold head. Spar-
row’s criterion14 gives the expected resolution in the case of
an incident plane wave, predicting a full width at half maxi-
mum �FWHM� spot of 1185 nm ��=1550 nm�. We deter-
mine the FWHM spot by measuring the reflected signal
across the edge of gold checkerboard sample and making a
Gaussian fit to the differential profile. With no vibrations
present, the measured FWHM spot is 1090�120 nm; with
the GM cold head switched on, the measured FWHM spot is
1300�360 nm. This FWHM spot is significantly smaller
than the dimensions of the meander SSPD �20 �m
�20 �m�, meaning that localized parts of the device can be
probed �the nanowire width itself is 100 nm with 200 nm
pitch, so multiple adjacent segments of the meander are illu-
minated�.

Our aim in this study was to systematically investigate
local variations in detection efficiency, timing jitter ��t� and
pulse triggering delay ��� across a large-area meander de-
vice. A 1550 nm femtosecond fiber laser source �output
power 2 mW, repetition rate 50 MHz� was used in these
measurements. Part of the signal was attenuated to a single-
photon level via a calibrated programmable optical attenua-
tor and directed to the SSPD under test in the miniature
confocal microscope; the remainder of the signal was sent to
a second “trigger” detector. The mean photon flux incident
on the SSPD under test was typically �1 photon per pulse
for the measurements shown �although we verified the ro-
bustness of the main effects observed by varying the flux
from 0.01 to 10 photons per pulse�. The electrical output
from the SSPD under test is amplified at room temperature
�by a 580 MHz and 1 GHz bandwidth low-noise amplifier
chain� and used to trigger the “start” channel of a time-
correlated single-photon counting �TCSPC� card with 4 ps
time bins. Typical output pulse rates were below 10 kHz,
owing to the low local detection efficiency of the SSPD un-
der test. The purpose of the trigger detector was to provide a
“stop” signal to the TCSPC card on each clock cycle. In the
case of the mapping data �Fig. 2�, a fiber-coupled SSPD �130
ps FWHM jitter�, was used as the “clock” detector, giving an
overall �t�190 ps; for the pulse shape data �Fig. 3�b�� an
InGaAs PIN diode �16 ps FWHM jitter� was used, giving
�t�140 ps.

For these studies we selected an SSPD meander device
with the following characteristics: 100 nm line width, 200
nm pitch, and 20�20 �m2 area.3 The nanowire was fabri-
cated using electron beam lithography, using high resolution
positive resist, followed by reactive ion etching. At 3 K the
measured critical current Ic=12 �A with a �fiber-coupled�
detection efficiency of 0.01% at 1550 nm and 1 kHz dark
count rate. A uniformity characteristic15 C=0.35 was ob-
tained from inductance measurements. In comparison to
other devices in the same batch,3 this device had a con-

stricted region.15 The constricted �lowest superconducting
cross-section� parts of the nanowire will have the highest
current density and the highest relative detection efficiency.
The critical current will be limited by constrictions. In our
study, we specifically selected this device to give a variation
in properties across the device area.

Figure 2 shows maps of the following: �a� local detec-
tion efficiency measured at constant photon flux; �b� the
FWHM timing jitter, �t �at each point the acquisition time
was set to accumulate equal peak counts in the histogram
�5000 peak counts and 4 ps time bins� at each position to
ensure a consistent Gaussian fit�; �c� the relative pulse arrival
delay � determined from the fitted peak position of the tim-
ing jitter histogram; �d� a schematic of the device layout,
relative to the preceding plots, showing the orientation of the
meander �with magnified close-up of nanowires�. Figure 2�a�
shows that the central region of the device has the highest
efficiency �0.01%� and therefore the highest density of active
constrictions. The FWHM diameter of the responsive region

FIG. 2. �Color� Photoresponse maps with timing information across the
SSPD obtained via a TCSPC measurement, using a second fiber-coupled
SSPD �140 ps FWHM� as trigger. The high and low sensitivity regions of
the device are marked. �a� Detection efficiency �DE� map. The maximum
DE �0.01%� is observed at the center of the device. As indicated by the
insets �taken along a single line across the device through the center� the
maximum DE corresponds to the lowest timing delay in �c�. �b� Map of
FWHM timing jitter �t �varying between 190 and 205 ps across the device�,
determined from a Gaussian fit to the histogram at each position �examples
of raw data shown in Fig. 3�b��. �c� Map of output pulse arrival delay, �:
determined from a Gaussian fit to the instrument response function at each
point. The maximum variation in � across the device is 50 ps. �d� SSPD
scale schematic, �100 nm width, 200 nm period, 4 nm thickness, 2 mm
length, 20 �m�20 �m area�, with close-up of nanowire structure.

FIG. 3. �Color� �a� Leading edge of output pulses �averaged over 256 shots
on an 8 GHz bandwidth oscilloscope� at both high �red solid line� and low
�black solid line� sensitivity spots on the device �identified from Fig. 2�a��.
The dashed lines are the simulated pulses �PSPICE model�. Inset: full pulse
shapes. �b� Instrument response function histogram data �using a TCSPC
card and InGaAs PIN diode with 16 ps FWHM jitter as trigger� at the high
efficiency spot ��t=147 ps, red line� and low efficiency spot ��t=140 ps,
black line�. The relative timing delay between the peak positions is 30 ps.
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is much wider than the spot diameter �8.9 �m diameter
compared to 1.3 �m spot size�. A broad constricted region
could arise due to imperfect proximity effect correction dur-
ing the electron beam exposure on this particular device.
Figure 2�b� shows a relatively small variation in �t across
the device �190�5 ps, comparable to the bin size of the
timing card�. The maximum �t corresponds to the most sen-
sitive region of the device, where the majority of the active
constrictions are located. We believe the slight broadening of
�t occurs in this region as more constrictions are being illu-
minated simultaneously. Figure 2�c� shows much larger
variation in � across the device area. The central, most sen-
sitive region of the device responds up to 50 ps sooner than
the low-efficiency fringes. The measured variation in � is
present even if the device regions are illuminated with dif-
ferent photon fluxes to trigger the same number of counts for
each region. This confirms that the observed variation in � is
not an artifact of our experimental setup.

These observations led us to consider whether variations
in � reflect a variation in the detector output pulse leading
edge, depending on which part of the SSPD is illuminated.
At first sight this would appear unlikely: our amplifier chain
has relatively low bandwidth �our initial amplifier had a 3 dB
roll off at 580 MHz�. However, careful measurements of av-
eraged leading edge pulse shapes �averaged over 256 shots
on a 8 GHz bandwidth oscilloscope� from high- and low-
sensitivity regions of the device show a distinct variation in
rise time �Fig. 3�a��. In a simple �but highly effective� phe-
nomenological circuit model of the device,16,17 the time con-
stant of the leading edge of the pulse is given by L /Rhotspot
�where L is the overall inductance and Rhotspot is the hotspot
resistance�. A PSPICE simulation based on this circuit model
shows that a small variation in Rhotspot �2.9 k� for the low-
sensitivity part of the SSPD; 3.25 k� for the high-sensitivity
part of the SSPD—a difference of just 12%� should give rise
to a ��30 ps between the output pulses, even after low-pass
filtering via the amplifier chain �Fig. 3�a��.18 In our measure-
ment setup, the pulses are fed to a TCSPC card with differ-
entiating constant fraction discriminator �CFD�. Figure 3�b�
shows the measured timing jitter ��t� histograms for the
high- and low-sensitivity regions of the device, with a clear
shift of 30 ps between the peak positions. The variation in
Rhotspot is likely to correspond to slight variations in film
quality or cross-sectional area along the 2 mm length of the
nanowire. Rhotspot from the pulse fit in Fig. 3�a� represents
the mean resistance of active constrictions in the illuminated
region of the device. The measured �t �Fig. 3�b�� represents
the spread in hotspot resistances for active constrictions
within the illuminated region. Minimizing �t in SSPDs is
undoubtedly a major point of interest for the research field.19

Our conclusions support the hypothesis that a nanowire of
uniform cross-section will give low �t, because Rhotspot is
fixed along the whole wire length. We have observed �t as
low as 60 ps FWHM in the highest efficiency �and therefore
most uniform� SSPDs of this design.7,20

In conclusion, our nano-optical studies of pulse delay ���
across a 20 �m�20 �m area, 2 mm length nanowire SSPD
device show a measurable change in pulse arrival time �up to
50 ps� from high- and low-sensitivity parts of the device.

This is an important step forward in understanding SSPD
device physics, indicating why nonuniform nanowires give
poor timing jitter. This study has been carried out at a single
wavelength ��=1550 nm�. In future we intend to investigate
whether Rhotspot varies with photon energy and whether spec-
tral or photon number information can be extracted by use of
the same effect. We also intend to explore �via next genera-
tion device designs� whether the observed timing delays can
be exploited to extract spatial information with sufficient
timing resolution for use in practical applications such as
imaging, without compromising other key performance pa-
rameters such as device efficiency.
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