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Abstract—A multi-element superconducting nanowire single
photon detector (MESNSPD) is presented that consists of multiple
independently-biased superconducting nanowire single photon
detector (SNSPD) elements that form a continuous active area.
A two-element SNSPD has been fabricated and tested, showing
no measurable crosstalk between the elements, sub-50-ps relative
timing jitter, and four times the maximum counting rate of a single
SNSPD with the same active area. The MESNSPD can have a
larger active area and higher speed than a single-element SNSPD
and the input optics can be designed so that the detector provides
spatial, spectral or photon number resolution.
Index Terms—Niobium nitride, photon-counting-array, photonnumber-resolution, single-photon-detector.

I. INTRODUCTION

A

LTHOUGH photon counters provide the ultimate sensitivity in optical detection, many applications require additional information about the state of the optical radiation, including spatial, spectral and photon-number resolution that most
photon counters do not provide. One of two approaches can be
taken in order to obtain this information: the optical signal can
be spread across a large array of single-photon detectors, so that
the information is extracted from the number and position of the
detectors that fire, or a photon counting technology can be selected that allows the information to be extracted from a single
detector’s output signal. The spatial and spectral resolution from
a large array can be much better than from a single detector because the resolution of the array is limited only by the number
of elements and the optics used to couple the light, not by noise
in the detection process or analog readout electronics. Furthermore, an array is more flexible than a single detector, because
the same array and readout electronics can be combined with
any combination of: (1) imaging optics that provide spatial information, (2) a diffraction grating that provides spectral infor-
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mation, or (3) an optic that spreads the beam across multiple elements to provide photon number resolution and higher counting
rates. Finally, the array can be composed of detectors that do not
individually resolve information about all of these properties of
light, which allows a detector technology to instead be selected
to provide high-detection efficiency, low dark count rate, or excellent timing resolution.
However, there are also disadvantages to using arrays of
photon counting detectors. First, there is typically an optical
coupling loss associated with a microlens array or non-unity
fill factor. Second, some photon counters require a significant
amount of discrete electronics or cannot be fabricated on a
single wafer, so arrays may be expensive or bulky. Third, many
problems faced by single detectors, such as fabrication yield
and dark counts, are multiplied when arrays of photon counters
are needed. Finally, there are additional challenges that arise
in arrays, such as crosstalk between elements and providing
readout for each detector in a large array.
The MESNSPD approach proposed here alleviates many
of these disadvantages, particularly when the input optics are
configured so that the MESNSPD provides photon number resolution and higher counting rates. The first disadvantage of photon
counting arrays discussed above, the additional optical loss associated with coupling light into the array versus a single detector,
is eliminated by the MESNSPD design. The MESNSPD differs
from conventional arrays of photon counters because there are
no gaps between elements: the elements are lithographically
patterned such that the combined active area is indistinguishable
optically from that of a single-element detector. This uniformity
eliminates the coupling loss associated with a microlens array or
non-unity fill factor. Second, a packaged MESNSPD is unlikely
to be large or expensive because hundreds of SNSPDs can be fabricated on a single chip [2] and the electronics required to operate
a SNSPD are simple because SNSPDs do not require an external
reset circuit. Third, although fabrication yield and the scaling
of dark counts will need to be addressed, the MESNSPD design
provides a unique opportunity to alleviate these challenges. If
the optical beam is to be spread across multiple elements to
provide higher counting rates or photon-number resolution, the
MESNSPD elements can be fabricated with active areas smaller
than a focused optical spot. Using smaller, contiguous elements
that are illuminated by a single, tightly focused beam provides several advantages compared to larger, isolated elements:
smaller SNSPDs can have faster reset times, because this time is
limited primarily by the kinetic inductance of the nanowire [3],
and smaller elements are also likely to have lower dark count
rates and higher fabrication yields.

1051-8223/$25.00 © 2007 IEEE

280

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 17, NO. 2, JUNE 2007

The final drawbacks to photon counting arrays mentioned
above are the challenges associated with scaling to large array
sizes and the potential for interactions between array elements;
these drawbacks and the advantages of the MESNSPD design
are addressed in the remainder of this paper. Some of the challenges associated with scaling the MESNSPD approach to large
array sizes are discussed briefly in the next section, in which
the design and fabrication of a two-element MESNSPD is also
presented. A series of experiments to study the interactions
between the elements of a two-element SNSPD are discussed
in the third section. Measurements of the noise count rate, the
detection efficiency and the timing jitter showed no interaction
between the two detector elements due to detection events in
the adjacent element. Finally, the performance improvements
provided by the MESNSPD approach are demonstrated. It
is shown that even a two-element SNSPD can be useful if
light is spread evenly across both elements: the two-element
SNSPD can simultaneously resolve more than one photon and
also has roughly four times the maximum counting rate of a
single SNSPD with the same active area. This configuration is
useful for Hanbury-Brown Twiss [4], [5] measurements and
applications requiring very high counting rates, such as optical
communications [6]. Although the two-element SNSPD used
in this work was biased and read out using discrete electronics,
future efforts to integrate these functions on chip could make
this approach useful for arrays with more elements designed
for applications such as spectroscopy [7], laser radar [8] and
quantum optics [9].
II. MESNSPD DESIGN AND FABRICATION
Superconducting nanowire single photon detectors (SNSPDs;
also referred to as SSPDs [1]) are composed of a thin, narrow superconducting wire that is biased slightly below its critical current. The absorption of a photon in the wire depletes the number
of superconducting carriers in a small region, reducing the critical current density such that the critical current is exceeded and
a small length of wire becomes resistive [10], [11]. In order for
this resistive region to form as a result of the absorption of single
infrared photons, the wire dimensions must be small: approximately 4 nm thick and 100 nm wide NbN wires are used both
in this work and previous work [2]. It has been shown previously [2] that the detection efficiency of SNSPDs with these diwavelength after
mensions can be as high as 57% at 1.55
the addition of an optical cavity and anti-reflection coating, although neither were added to the devices presented in this paper.
In order to increase the active area over which a photon can be
absorbed, the wire is typically written as a boustrophedonic pattern (a meander with straight segments), as shown for a typical
SNSPD in Fig. (1a). The gaps between wires are also typically
100 nm, highly sub-wavelength for IR photons, resulting in an
absorption that can be described by an effective index of refraction [12], but does not limit the detection efficiency to the
ratio of area covered by wire [2]. The active area, which is composed of straight segments of wire that are connected (shorted)
on alternate ends, is thus a continuous optical element at the
IR wavelengths of interest. The identical active area exists if
an extra lead is added from one of the connections between
nanowire segments, allowing the active area to be split into two

Fig. 1. (a) Schematic of the test setup and scanning-electron-microscope
(SEM) micrograph of a single SNSPD; (b) schematic of the test setup and
SEM micrograph of a two-element SNSPD with the identical active area as the
SNSPD shown in (a).

separate wires (Fig. 1b). Similarly, more leads can be added in
this fashion in order to split the active area into more elements.
The maximum number of elements in a MESNSPD is limited
by the need to connect contact pads to each element. The devices were fabricated using a scanning-electron beam lithography process described previously [13] including the modifications to the process for fabricating bare devices (without cavity
or anti-reflection coating) described in reference [2].
III. MESNSPD TESTING AND PERFORMANCE
A. Crosstalk and Interaction Between Array Elements
Ideally, the multiple detector elements composing a
MESNSPD would not interact, so that the electrical output
from each element would accurately reflect its optical input. In
practice, various types of interactions between the elements can
limit the utility of an array. Crosstalk might be expected due to
coupling of electromagnetic fields or the generation of phonons
during a detection event, so it is important to test whether one
detector element firing affects adjacent elements.
Several tests were performed on the two-element SNSPD in
order to verify that each element was behaving independently.
These tests were performed using the same cryogenic probing
station setup described in [2] and [3], with the addition of a
second readout channel that included an RF electrical probe,
bias T, battery-powered current source, attenuator, amplifier
and DC block (Fig. 1b). The detector was optically illuminated
through the sapphire substrate using a focused spot from a
fiber-coupled lens assembly, which was also mounted on a micromanipulated arm. The electrical output from each detector
element was connected to a 6 GHz real-time oscilloscope or a
pulse counter.
The first test performed to characterize the two-element
SNSPD was a measurement of the critical current of each
detector element. The bias currents in both detector elements
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were adjusted and the critical current for a given element did not
change measurably as the current in the adjacent element was
adjusted over the range in which it remained superconducting.
When the critical current was exceeded and heat was continually dissipated in one of the nanowires, the critical current of
the adjacent nanowire decreased by more than 10%, which we
believe was due to local heating. The measurements discussed
in the remainder of this paper were made with both elements
in the superconducting state, biased at approximately 95% of
their respective critical currents, except where otherwise noted.
Next, the timing jitter of the MESNSPD was measured to
determine if interaction between elements might be detrimental
to the device timing. An optical input was provided consisting
of 1 ps, 1550-nm-wavelength optical pulses generated at a
10 MHz repetition frequency from a passively mode-locked
fiber laser. The intensity of these pulses was adjusted such
that the probability of obtaining a detection event was roughly
10% for each detector element per optical pulse. An optical
splitter was used to direct a portion of the light to a 40 GHz
photodiode whose output was also connected to the oscilloscope. The front edge of one detector element’s output signal
was used to trigger the oscilloscope and the timing of the front
edge of the photodiode output was measured. This allowed the
timing jitter of each element’s output to be measured, as the
timing jitter of the photodiode output was negligibly small. The
obtained histograms (Figs. (2a) and (2b)) show that the two
detector elements each have a timing jitter of 29 ps FWHM.
Next, the relative timing jitter of the two detector elements was
measured. For this measurement, the oscilloscope continued to
be triggered by the front edge of one detector element’s output
while the timing jitter of the front edge of the second element’s
output signal was measured. The histogram of this relative
timing jitter is shown in Fig. (2c). This timing jitter closely
matches the prediction based on the convolution of the timing
jitter measured for each element independently, confirming that
the jitter in each detector element is independent. We believe
this measured 44 ps FWHM coincident timing jitter is the best
reported for a pair of single photon counting detectors, making
the MESNSPD an attractive candidate for Hanbury-Brown
Twiss measurements [4], [5].
The two-element SNSPD was also tested for crosstalk, where
a noise count occurs in one element due to a detection event
in the adjacent element. In this case, the laser input to the device was blocked and the electrical arrangement was identical
to that used to measure the relative timing jitter. The detector
elements were illuminated with low-intensity background light
that had constant intensity and can be well approximated by
Poisson statistics. The background light counts from one detector element were used to trigger the oscilloscope and the
number of coincident noise counts from the second element was
measured. The intensity of the background light was adjusted
such that the count rate in the second detector was 100 kHz. An
output pulse was considered coincident whenever it occurred
within a 1 ns time period, centered on the timing of coincident events as determined from the relative timing jitter measurement. After 750,000 detection events in the element used to
trigger the measurement, 80 coincident detection events were
observed in the adjacent detector element. If the counts in the

281

Fig. 2. (a) and (b) Histogram of the timing jitter of each detector element measured relative to the illuminating optical pulse and a Gaussian fit (line) showing
29 ps FWHM timing jitter; (c) histogram of the timing jitter of one detector
measured relative to the adjacent detector and a Gaussian (line) calculated by
convolving the fits from (a) and (b), demonstrating that the timing jitter from
each element is uncorrelated during a two-photon detection event.

second detector were uncorrelated to those in the triggering detector, 75 coincident detection events would be expected within
750,000 1 ns time windows. Therefore, the measured crosstalk,
0.0007% ( 0.001%), is within the noise of the measurement.
Finally, the detection efficiency of the devices was measured
to look for any evidence of an interaction between the device
elements. The optical and electrical setup used to measure the
detection efficiency was the same as that used to measure the
timing jitter except for the way the oscilloscope was triggered.
First, only one of the detector elements was biased at various
critical currents while the other element was left unbiased. The
oscilloscope was triggered using the photodiode output and the
detector element’s output was connected to another oscilloscope
channel. The detection efficiency was measured by comparing
the number of detection pulses in a 1 ns time period, centered
to capture detection events from the optical pulses, to the total
number of trigger events. Second, the adjacent detector element
was biased at 95% of its critical current and the oscilloscope was
triggered by its output. The detection efficiency of the first detector element was measured by comparing the number of detection pulses in a 1 ns time period to the number of trigger events,
which in this case restricted the measurement to only those optical pulses from which a photon was detected by the adjacent
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Fig. 3. Normalized detection efficiency of a single detector element measured
with the adjacent element unbiased (open squares) and conditioned on the adjacent element firing (blue crosses). A single factor, one over the detection ef=I = 0:975 with the adjacent element unbiased, was used to
ficiency at I
normalize both data sets.

element. Thus, the detection efficiency without the adjacent detector element biased can be compared to the detection efficiency conditioned on the adjacent element firing. Fig. 3 shows
both of these measured detection efficiencies. There was no statistically significant difference between the detection efficiency
measured with and without the adjacent element biased. Therefore, the measurements of the critical current, timing jitter, noise
counts and detection efficiency demonstrate that there is no measurable interaction between the adjacent detector elements.
B. MESNSPD Performance Benefits
While the MESNSPD provides the opportunity to extract
many types of additional information about the input optical
photons, as is true for any array of photon counters, this section
will instead focus on the performance benefits of a two-element
SNSPD. A two-element SNSPD is sufficient to obtain limited
photon-number resolution and a higher maximum counting rate
by spreading the optical beam evenly across both elements.
The fact the MESNSPD provides a continuous optical active
area, without gaps between detector elements, permits the
optical elements to be smaller than the focused optical spot. In
this configuration, a two-element SNSPD can simultaneously
resolve two photons. The speed of the MESNSPD is increased
in two ways relative to a single SNSPD with the same active
area: by a factor of two due to the lower kinetic inductance of
each element [3] and by a second factor of two due to the fact
there are multiple elements, each counting simultaneously.
First, in order to investigate the two-element SNSPD’s ability
to resolve multiple photons, we may measure the probability
that zero, one, or two elements fire as a function of optical intensity. The optical and electrical setup used to measure these
probabilities was the same as that used to measure the timing
jitter and detection efficiency, except that the photodiode output
was used to trigger the oscilloscope and the number of detection

Fig. 4. Theoretical probability of detecting zero, one, or two photons as a function of optical intensity using a two-element single-photon detector (dashed
lines) and an ideal photon-number-resolving detector (solid lines). The two-element detection probabilities vary by 3 dB from the ideal detection probabilities for intensities < 2.5 photons. The measured probabilities of detecting
zero (black circles), one (red triangles), or two (blue squares) photons are also
shown. The inset shows the excellent SNR of the summed analog output signal
for distinguishing zero, one, and two detected photons.



events was extracted by adding the output traces from each detector element after analog-to-digital conversion. Although it is
preferable to threshold each output signal separately and digitally add the number of detected photons when a large number of
elements are used, the signal to noise ratio of the summed output
trace was sufficient to clearly distinguish zero, one and two detection events from the summed analog trace (Fig. 4 inset). The
measured probability of detecting zero, one, or two detected
photons as a function of optical intensity is shown in Fig. 4.
Additionally, two sets of theoretical curves are also shown
in Fig 4: dashed curves showing the expected probabilities for
a two element array and solid curves showing the expected
probabilities for an ideal photon-number-resolving detector
with the same detection efficiency as the two-element SNSPD.
It should be noted that coherent optical radiation was used in
both the measurements and theoretical curves, so a non-unity
detection efficiency shifts the curves without changing their
shape. Although, the detection efficiency plays a crucial role
in determining the fidelity with which any photon counter can
measure the number of incident photons, Fig. 4 is intended
to highlight the penalty associated with using a two-element
SNSPD. MESNSPDs with a larger number of elements may be
required to reduce this penalty to an acceptable level for some
applications, although even the best demonstrated SNSPD
detection efficiency [2] will quickly become the dominant
limitation to achieving high fidelity. A two-element SNSPD is
likely to provide sufficient photon-number-resolving capability
to benefit applications such as optical communications [6]
and quantum optics [9], but is not sufficient for linear optics
quantum computing [14].
In addition to the photon-number-resolution, spreading an optical beam across a two-element SNSPD can provide a higher
maximum counting rate. This counting rate can be demonstrated
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by measuring the probability of detecting photons from a second
optical pulse as a function of time after detecting the first pulse.
Although optical splitters and an optical delay line can be used
with the mode-locked fiber laser source to perform this measurement as discussed in reference 3, an alternative approach
to generating a train of optical pulse pairs, with a variable relative time delay, was pursued. An externally modulated CW laser
was used in which pulses with variable spacing in time were
generated by controlling the electrical pattern sent from a pattern generator to a pair of lithium niobate electro-optical modulators. The optical and electrical components in this setup are
described in more detail in reference 6. The generated train of
optical pulses was similar to that used in reference 3 to measure the recovery time of an SNSPD with the exceptions that
the repetition rate was 50 MHz, rather than 10 MHz, and the
duration of each optical pulse was 100 ps, rather than 1 ps.
The optical intensity was adjusted such that each detector element had a 13% probability of detecting an optical pulse. In
this way, the probability of detecting the second optical pulse
was not substantially lower than the probability of detecting the
first, regardless of the time between the optical pulses, because
the detector element does not fire on the first optical pulse and
is thus fully recovered 87% of the time. The electrical output
from each detector element was sent to the oscilloscope and the
traces from both element’s outputs were saved simultaneously.
These traces were post-processed using Matlab in order to determine the marginal and joint probabilities of four events during
identifies the
each optical pulse pair: XY where
identifies the first or second
detector element and
optical pulse in a pair. Thus, for a given optical pulse pair, event
A1 would denote detector A firing on the first optical pulse.
Using the event probabilities calculated from the recorded
oscilloscope traces, we may calculate the detection efficiency
as a function of time following a detection event. We first calculate the probability of each detector element independently
detecting a photon from the second optical pulse conditioned
on measuring a photon from the first optical pulse. Normalizing this probability relative to the probability of detecting the
second pulse when the detector is fully recovered, the proba. The
bility for each detector X is:
normalized detection efficiency is calculated by averaging this
probability over 210,000 optical pulse pairs for each value
of pulse separation and is shown as a function of the relative
time between optical pulses for each of the two detector elements in Fig. 5 (red open squares and red x’s). It is clearly
seen that the probability of detecting both optical pulses with
a single detector element becomes negligibly small when the
optical pulses are closely spaced in time. However, the two-element detector does not have a negligible probability of detecting
photons from two pulses closely spaced in time. The normalized
probability of a photon from both optical pulses being detected
by any combination of the two detector elements is given by
. The normalized detection efficiencies calculated from this probability for
the two-element detector are also shown in Fig. 5 (black filled
squares) and the detection efficiency is 50% when the two
optical pulses are closely spaced in time. This 50% normalized
detection efficiency occurs only in the low-flux limit, when it
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Fig. 5. Normalized probability of detecting a photon from a second optical
pulse conditioned on the detection of at least one photon from the first optical
pulse as a function of the optical pulse separtion. Data marked with red open
squares and x’s are for the two individual elements while the data marked with
black closed squares is for the 2-element SNSPD. The measured inductance and
detection efficiency versus bias current of the nanowires was used (see [3]) to
calculate the expected recovery time for the two-element detector (black line),
the single detector elements (red line), and a single detector with the same active
area as the two-element detector (blue line).

is unlikely that both detector elements will fire on the first optical pulse. If only a single detector fires on the first pulse, the
probability of detecting a photon from the second optical pulse
is only cut by the probability the second photon is incident on
the same, now inactive, element.
The recovery of the detection efficiency following a detection
event was also calculated using the measured inductance and detection efficiency versus current, as described in [3]. The detection efficiency recovery for the two-element detector (black line
in Fig. 5) is calculated assuming the second detector remains
active 87% of the time, and must recover from simultaneously
detecting a photon the remaining 13% of the time. The recovery
of each element independently is also calculated and shown in
Fig. 5 (red curve). Finally, the detection efficiency recovery of
a device with the same active area as the two-element device is
calculated by assuming its inductance is the sum of the two individual elements’ inductances (blue curve in Fig. 5), because
kinetic inductance dominates and is proportional to length [3].
These curves in Fig 5 clearly show that the counting rate of the
two-element SNSPD is increased relative to a single SNSPD
with the same active area both by the fact each element can count
independently and due to the fact the kinetic inductance of each
element is only half that of the entire nanowire.
IV. CONCLUSION
In summary, an approach for fabricating multiple superconducting nanowire single photon detector elements with a single
active area has been proposed. A two-element SNSPD was fabricated and tested, and no measurable crosstalk or interactions
were found between operating elements. With appropriately
sized elements and suitable input optics, a MESNSPD can
provide spatial and spectral information just like other arrays
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of photon counting detectors, but without the losses associated with coupling to independent elements. Furthermore, the
MESNSPD provides the unique benefit of allowing individual
elements to be smaller than a diffraction-limited optical spot
when the multiple elements are intended for providing photon
number resolution or higher speed. The MESNSPD is thus ideally suited to applications that can benefit from high counting
rates, precise timing resolution, photon-number resolution and
low optical coupling loss such as high-sensitivity classical optical communications [6] and quantum optics [9], particularly
Hanbury-Brown Twiss measurements [4], [5].
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