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ABSTRACT

Highly sensitive detectors have become an indispensable part of today’s research with applications in spectroscopy, data
transmission, and quantum technologies. Featuring high efficiency superconducting nanowire single photon detector are state-
of-the-art for today’s challenges. However, many applications such as biomedical and astronomical imaging, beam profiling, and

spatially resolved photon statistics do not only require an individual highly sensitive photon detector, but rather an entire array of

multiple detectors. This paper presents a novel approach for a 2D N X N multi-pixel array, consisting of electrically multiplexed

superconducting nanowire single photon detectors. The scalable design features a 4-layer fabrication scheme with optimized

Chromium series resistors for best dynamic range. The presented approach hereby drastically reduces the number of required

contacts from the standard 2N? contacts for N X N detectors to only 2N contacts. Our simulations confirm the working principle

and prove the scalability up to kilo-pixel arrays.

1 | Introduction

State-of-the-art photon-based technologies, such as quantum
sensing [1, 2], optical fiber networks [3-5] and quantum enhanced
spectroscopy [6] or measurements of quantum light [7, 8], require
highly sensitive and reliable photodetectors. Typical candidates
for such detectors are superconducting nanowire single photon
detectors (SNSPDs)[9-11]. These detectors work by utilizing a
resistivity change under light incidence and feature low dark
counts and fast recovery times.

However, for certain applications, such as biomedical [12] and
astronomical imaging [13], beam profiling and spatially resolved
photon statistics [14], a single detector is not sufficient and an
entire N X N detector array is required. Such arrays can either
be 1D [15, 16] or 2D. Normally, in such a 2D detector array each

detector is biased and read-out individually via two contacts [17]
or with one contact and a common ground [18, 19]. This results in
a large amount of required contact for bigger array. In contrast, a
multi-layer multiplexing scheme, similar to the read-out principle
of a CMOS camera sensor [20], can drastically reduce the number
of necessary contacts from 2 x N or N> + 1 contacts for N x
N detectors to only 2N contacts. Such multiplexing is typically
done thermally [21, 22]. In addition, first signal multiplexing
approaches have been demonstrated: either with digital signal
processing [23, 24] or with frequency multiplexing [25]. In this
a paper, a different approach, which only relies on electric
multiplexing, is presented.

The proposed multi-layer design is compatible with efficiency-
enhancing methods, such are cavities [26] and plasmonic perfect
absorber structures that exploit plasmonic resonances [27-29]. It
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FIGURE 1 | Concept: (a) Artistic drawing of the proposed design. The multi-pixel detector (here 8 x 8) will be able to detect images. (b) Possible
physical realization of the concept: The first layer contains the detectors itself and the horizontal contact consisting of a superconductor, such as NbN.
Next the insulation layer (e.g. from Al,03) is fabricated. Above that, the Cr resistors are placed. The topmost layer forms the vertical contacts also

fabricated from a superconducting material, such as Nb. (c) Working principle of an SNSPD. A photon locally creates a normally conducting area, which

leads to a finite electrical resistance.

also supports fiber coupling [30, 31], enabling easier and more
reliable integration, which also opens the way for mid-IR spatially
resolved detection [32].

In this paper we present a new approach for a scalable 2D detector
array. The paper illustrates the overall concept and the working
principle as well as an overview of the electrical model and circuit
design, which is used for the simulations. With simulations the
functionality of the design is proven up to a 32 x 32 pixel array,
featuring more than 1000 individual pixels.

2 | Concept

In Figure 1a, an artistic drawing of our proposed multi-pixel array
is presented: Spatially modulated light (e.g., an image) either
from a fiber or via free space, illuminates the detector array.
Only the illuminated detectors are triggered, and therefore, the
image encoded in the incoming light is recovered via a serial
multiplexing readout scheme. The multiplexing scheme features
vertical and horizontal contact lines, so that each individual
detector is connected to a certain “row” and a certain “column”.

Figure 1billustrates a possible physical realization of the proposed
array design with a 4 x4 detector array as an example. All
described steps can be fabricated with standard nanofabrication
techniques, such as electron beam lithography and electron gun
evaporation or sputter deposition [33]. The array can be easily
extended to larger sizes and shapes by adding more detectors
to the right and bottom of the existing array. The first, bottom-
most layer (marked in dark-blue) consists of a superconducting
material, such as NbN, NbTiN [34] or NbSe, [35]. It contains
the active area of the individual meander-shaped detectors as
well as the horizontal contact lines. Next, an insulation layer

(green), made from a dielectric, such as Al,O;, is fabricated. It
ensures that the horizontal and the vertical contact lines are
electrically isolated. In the third step Cr resistors (red), which are
in series with the individual detectors, are fabricated. Only with
these additional resistors a proper readout of the superconducting
circuit is possible (see next section). The choice of Cr as the
resistor material is mostly arbitrary and just to give an example
of a material with suitable resistivity. Other materials like Ti or
NiCr could be used as well. The last step consists of the vertical
contact lines (light blue). To minimize residual resistance this
layer is also made from a superconductor (in this case Nb).Using
a superconductor for these contact lines ensures a uniform array
with uniform current distribution. Using a normal conductor e.g.
gold will make the biasing and read-out of the array significantly
more complicated (see Supporting Information for additional
information). For an actual device contact pads are added at the
end of each vertical and horizontal contact line, so the detector
array can be bonded to a suitable electronic chip.

In order to understand the working principle of the detector
array, we will first depict the working principle of a single
detector. In Figure 1c a superconducting nanowire is illustrated.
The nanowire is biased with a bias current slightly below the
critical current density. If a photon is absorbed, its energy causes
a local breaking of the Cooper-pairs forming a so-called hotspot
(picture I). Since the now normal conducting hotspot has a higher
resistance than the superconducting area around, the bias current
is forced around it, and exceeds the critical current density,
leading to an increase of the normal conducting area (picture II).
This avalanche-like effect propagates over the entire wire width
and one can measure a finite resistance (picture III). After the
recovery time, which is usually in the range of few tens of ns
[36], the detector has cooled down and can detect the next photon
(picture IV).
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FIGURE 2 | Electrical modeling (a) Schematic working principle of a single pixel detector: The detector is biased with a bias current I and the
voltage of the system to ground is measured. In this simulation an additional contact resistance (Rc) as well as an extra Cr resistance (R¢,) is considered.
Without light incidence the detector resistance (Rye) is short-circuited, i.e., the detector is superconducting. If light is incident, the detector becomes
normally conducting and one can measure Ry as resistance. (b) Read-out of the array with 2x1 pixels as example: By sequentially switching S; and
S, the detectors are biased and read out one at a time, so one will get a time-dependent signal which can be reassigned to a signal per detector. (c)
Schematics of a 2x2 detector array. If one wants to measure detector Al (upper left), the switches S, and S; are closed and one expects the current to
follow the path marked in green, resulting in a resistance of R; = Rc + Ryet(L) + Rer + Re where the resistance of Rye (L) changes in dependence of light
incidence. However, the current also follows the red path, resulting in a resistance of R, = Rc + 3 - (Rqet(L) + R¢y) + Re. If R, is omitted (and Rgey = 0
for the superconducting detectors in the red path), changes in the green path cant be detected. (d) Possible switching scheme of the 2x2 array is shown.
“1” corresponds to a closed switch and “0” to an open switch. The plotted current per pixel (here Al and B2 as example) confirms that only the desired

pixel is biased.

3 | Electrical Design Modeling

All simulations are carried out with the free software LTspice and
are performed in a quasi-DC time-frame, where any switching
times are neglected. In a physical device any timescales, e.g.,
measurement speed, must be chosen to match the response and
recovery time of the superconducting detectors. Figure 2 depicts
the overall electrical scheme used for all simulation: The detector
is biased with the constant, DC bias current I, where a random
noise can be added. The measured “signal” hereby is the voltage
with respect to ground in dependence of time. To make the model
closer to reality, contact resistances R are added at each vertical
and horizontal contact line.

The superconducting detector is modeled as a time-dependent
resistor. As presented in Figure 2a, which depicts an 1Xx1

array containing a single detector, without light incidence the
switch parallel to the detector’s resistor Ry is closed, so the
superconducting detector has a resistance of 0Q. With light
incidence the switch is open and the detector resistance is Rgg-
For all simulations Ry = 20 Q is used. The light incidence is
modeled as a transistor-like switch where arbitrary single pixels
can be triggered, i.e., being normal conducting, with applying
a voltage to the switch. Since the read-out of the array will be
carried out serially (not in parallel), the detector can only be
triggered when a sufficient bias current is applied, even though
light is incident. This is also accounted for in the simulation (see
Supporting Information for more details).

Figure 2b introduces the proposed switching scheme with the
example of a 2x 1 detector array. The transistor-like switches
S, and S, will be opened and closed sequentially, so only one
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detector is biased at a time and only this detector will be read
out. This results in a time-dependent voltage signal which can
be reassigned to the signal per detector. In order to make the
array 2D, such as in the exemplary 2 X 2 array drawn in Figure 2c,
additional switches S, and Sy need to be added to each column.
So, in order to access the detector Al (top left), the switches S,
and S, need to be closed and the bias current is expected to
follow the green path in the figure. This leads to a resistance of
Ry, = R + Rye(L) + R, + R, where Ry (L) is the light incidence-
dependent resistance of a detector. However, due to the electrical
layout the bias current also follows the red path, which has a
resistance of R, = R¢ + 3 - (Ryet(L) + Recy) + Rc. The resistance of
the remaining detectors A2, B1, and B2 is vanishing, since they are
not triggering, so the resistance of the inner parallel circuit Ry, e,
can be calculated as

1 1 n 1 )
Rinncr RCr + Rde[(L) 3RCY '
resulting in
R — (3RCr)(RCr + Rdet(L)) (2)
mnner 4Rcr + Rdet *

If now R, is omitted, i.e., no Cr resistor is inserted into the circuit,
Ry e 1S always 0 and one can not detect whether detector Al
has been triggered or not, which proves the necessity of the Cr
resistors. At last, in Figure 2d, we provide the switching scheme,
which is used for all simulations in this paper. By sequentially
switching S, and S,, as well as S, and Sg, it is made sure that
only one detector is biased properly and measured at a time.
On the bottom the simulated biased current for pixel Al and B2
is depicted as an example, which confirms that one the desired
pixel is biased sufficiently to trigger under light incidence. The
overall applied bias current I;,, is dependent from the size of
the detector array and has to be chosen in a way that each
detector receives the appropriate current. For the simulations
in this paper, the bias current per detector was chosen to be
around 30 pA, which is typical for our real-world single-pixel
detectors. However, since the amplitude of the obtained signal
scales linearly with the bias current, the fundamental results are
not dependent on the exact value of the bias current.

4 | Optimization
4.1 | Parameter Sweeps

In order to obtain an optimal signal to noise ratio of the read-
out signal the system - especially the Cr resistors - need to be
optimized. To find out the optimal values in Figure 3a, a 2D
parameter sweep for R, and R is presented. In this simulation a
Ry, 0f 20 Q for the on-pixels and 0 Q for the off-pixels are used. R,
was varied between 2 Q and 100 Q and R from 2 Q to 300 Q. The
value of R, also includes possible contact resistances e.g. from
oxidation between the different materials,e.g. NbN and Cr. We
did some additional studies where we found out, that the contact
resistances are usually in the tens of Ohms. The bias current was
set to 400 wA, which results in about 30 pA per pixel. In order
to visually determine the ability to resolve an image, a small
random noise with an amplitude of 0.5 @A, which corresponds to
about 0.1 % of the bias current, was added. For each pixel, 20 data

points are taken and averaged, which in a real-world device would
correspond to the range of a GHz oscilloscope and a detector
recovery time of 20 ns. In the real world one also needs to consider
some delay for switching between the pixels (see Section 6). For
all plots in this figure the color bar was scaled from minimum to
maximum value for each image individually in order to obtain the
maximum possible contrast.

In the figure it is visible that a small (<5 Q) contact resistance is
crucial. While for a moderate R of 50 Q some of the images are
still recognizable, the contrast has significantly decreased. More-
over, a large R¢ (300 Q), which might stem from poor connections
in the printed circuit board or during wire bonding, will make
the image unrecognizable and results in poor performance of the
array. In addition, the figure indicates that small Cr resistances
(2Q) decrease the contrast, which confirms the necessity of
the Cr resistors not only with mathematical calculations, but
with simulations, too. Furthermore, for the highest shown Cr
resistance of 100 Q, the contrast starts to decrease slightly again,
since the relative change from an on- to an off-pixel becomes
smaller, due to the bigger series Cr resistor. Concluding from this
parameter sweep one would estimate a contact resistance as low
as possible and a moderate R, between 10 and 75 Q as optimal.

In order to obtain the optimal value of the Cr resistor, a more
mathematical analysis is performed and displayed in Figure 3b.
Here the obtained relative contrast, i.e., the difference in mea-
sured voltage signal between an on-pixel and an off-pixel divided
by the voltage of an off-pixel (V,, — Voir)/Vor), is plotted for
different values of R¢,. In order to not distort the data, the noise
is set to 1 pA, while the bias current is kept at 400 A and R is
set to 2 Q. The data confirm that for very small and very large Cr
resistances the contrast is decreased. The maximum contrast of
about 2.5 % is obtained between 20 Q < R, < 30 Q. For a physical
device, a differential amplifier can be used to further increase
the contrast.

Last but not least, in order to further test the array, in Figure 3c the
noise level is increased, until the image is no longer recognized.
To obtain the optimal data, R, was set to 25 Q and R to 2 Q. The
plot illustrates, in the described setting, noise levels up 5uA (=
1 %) do not cause issues. Moreover, the image is well visible up to
Ioise = 10 A, For I ;. <= 20uA (= 5% of the bias current) the
image is still recognizable to some extent. These results match the
conclusions obtained from Figure 3b.

4.2 | Dealing With Defect Pixels

A real-world device, in contrast to a simulation, is very likely to
have defects. These might be caused by imperfections during fab-
rication or can occur later when the device is used. One problem
that comes to mind are pixels which remain superconducting,
even under light incidence. This might be caused by a short circuit
in the meander pattern in the active area of a detector. Such pixels
do not have to be considered in the simulation, since they behave
like a normal not illuminated “off-pixel”. A bigger problem are
pixels which remain highly resistive even without light incidence
or bias current. This can be caused by improper contacts of
the multi-layer components or a discontinued meander line.
To test the effects of such defect pixels for the entire array, a
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Parameter optimization: Simulation of a 16 x 16 detector array for different parameters. (a) For a moderate noise level of 0.5 A R¢ is

increased from top to bottom and R, is increased from left to right. The image indicates that a low contact resistance is crucial. (b) Obtained dynamic
range ([difference between on- and off-pixel]/[signal from off-pixel]) for different Cr resistances. (c) Simulation with optimized parameters (R¢, = 25 Q,

Rc =2 Q) for increasing noise levels.

small number of “defects”, which are modeled as 10kQ) series
resistors next to a pixel, are added. In Figure 4 the effects and the
required post-processing of such detector arrays are depicted. In
this figure I ;. = 5UA, Re =2Q, Re, = 25Q are used.

Figure 4a presents the image which is obtained with the “normal”
read out scheme presented earlier. Due to cross-talk effects, the
image is no longer visible. This problem can be solved as follows:
In addition, to the “light frame” (Figure 4a) a “dark frame”, i.e.,
a measurement of the array without light incidence is performed
(see Figure 4b). By simply subtracting the dark frame from the
light frame, the image is recovered, however, the defect pixels
remain hidden and look like off-pixels, as depicted in Figure 4c,
which could cause some problems. To better extract the defect
pixels, since it might be difficult to extract them only from the
dark frame, a normalization is performed: Here, the signal of each
pixel of the dark frame is individually divided by (sum of all pixel
signals in the same column + sum of all pixel in the same row)'.
So, for pixel Bl as an example, one would calculate

Blnorm = Blmeas/( Z Bi + Z j1)1'4a (3)

row=i col=j

where ‘XY’ denotes the measured voltage signal of the pixel in
column X and row Y. This removes the cross-talk effects in the
dark frame, as is depicted in Figure 4d. The defect pixels have now
a high contrast, so the normalized dark frame can be turned into a
mask (see Figure 4e) by setting the threshold as the average value
between the minimum and maximum. Lastly, the now obtained
mask is scaled by 0.6 and subtracted from the data in Figure 4c,

which results into a well recovered image, with the defect pixels
marked as black pixels, which is presented in Figure 4f.

In summary, with the simulation shown, we demonstrate that
the 16 X 16 detector arrays are able do provide sufficient contrast
between on- and off-pixel. They are robust against small noise and
can deal with defects in the array.

5 | Kilopixel Array

In order to prove that the array design is indeed scalable, the
16 X 16 array is extended to a 32 X 32 array, which leads 1024
pixels in total, and the optimization as described in the previous
section is performed. For biasing the bigger array an I of 800 A
is used to keep the bias current per pixel at around 30 uA. The
optimization process provides the optimal values of R. =2Q
and R¢, = 50 Q. In Figure 5 the 32 X 32 array with the optimized
parameter is presented. In Figure 5a the noise is kept small, which
results in an image with optimal contrast. Next, Figure 5b depicts
the same image with the same resistance values, but this time
with a non-neglectable noise level of 2 1A (= 0.25%). Here, the
image is still well resolved. At last, defect pixels with a non-
vanishing resistance of 10 kQ are added, while the noise level was
kept at 2 uA. The post-processing of this image was performed
in the same way as described in Section 4.2. However, the mask
of the defect pixels was scaled with factor of 0.3 instead of 0.6,
since this results in a better visual contrast between defect, on-
and off pixel. This confirms the scalability of the multiplexing
design.
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FIGURE 4 | Dealing with defect pixels: In the 16 x 16 detector array some “defect pixels” are added. These remain highly resistive even though they
should be superconducting. In the simulation this is realized by an extra series resistor with 10kQ. The used parameters are: I ,pjse = SUA, Rc =2Q,
Rc; = 25Q. (a) Measuring the detector array with the method depicted above will make it non-recognizable. (b) A dark frame, i.e., a measurement of the
array without light incidence is measured. (c) By subtracting the dark frame from the measured data from (a), the picture is recovered, however the defect
pixels show up as “off-pixels”. (d) The dark-frame from (b) is normalized by dividing each pixel individually by (sum of all pixels in the same row +
sum of all pixels in the same column)'* reveals the defect pixels, which can be easily transformed into the mask in (e), due to the high contrast. (f)
By subtracting the mask from the image from (c) with a multiplying factor 0.6, an image with high contrast, as well as the defect pixels marked, is visible.

Ioise = 1 pA Inoise = 2 WA + defects

-I

(b)

FIGURE 5 | 32x32 detector array: To demonstrate the scalability of the presented approach, a 32 x 32 array is simulated. The used parameters
are: Rc =2Q, R, = 50 Q. (a) A simulation with neglectable noise results in a clean image. (b) With moderate noise the picture is still preserved. (c)
Non-superconducting, defect pixels are added. With post-processing similar to Figure 4 the defect pixels are revealed and the image is reconstructed.

6 | Conclusion and Outlook

In this work we presented a novel approach for a scalable
N x N-pixel detector array utilizing SNSPDs. Because of the
proposed multi-layer design, the number of required contacts
can drastically be reduced from 2N? or N2 to only 2N contacts
for N X N detectors. With simulations, the functionality of the
design was validated and the robustness to noise and defects was

demonstrated. Finally, the scalability of the multiplexed detector
array up to a 32 x 32 array with over 1000 individual pixels,
was demonstrated.

As our detector relies on temporal slicing similar to a CMOS
sensor, the overall readout time scales with the number of pixels,
e.g. for a 16 X 16 array one calculates a read-out time of a few
us. In addition, we expect some dead time in our scheme where
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the detector is not sensitive. This can be understood as follows:
If the very first pixel is read out, the electronics needs to wait
until the pixel has cooled down again (if it has been triggered),
before moving onto the second pixel, to prevent an interference of
the measurement of the second pixel. In addition, the electronics
needs some time to switch the row and column that are addressed.
This time is also dependent on the kinetic inductance of the
detector pixel and expected to be in the low ns regime. If a photon
isincident during that time it cannot be detected at all. Also, since
all pixels are activated and read out in series, in case a photon is
incident on a detector which is not active at this time, it will not
be detected. Therefore, the proposed multiplexing scheme has its
application in static or rather slow (ms) changing environments.

One possibility for improving the electrical dead time could be
to not measure the pixels one row after another, but rather in a
diagonal scheme, (e.g., Al, B2, C3, A2, B3, ...). This way the state
of the just measured pixel does not affect the measurement of the
neighboring pixel and one does not have to wait until the pixel
has cooled down. When the array is scaled up even further, one
might divide the array into 4 or even 16 separate slices, which
need to be addressed individually. This makes parallel readout
of the slices possible, however, this also increases the number of
required contacts.
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