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Large area multi-element single-photon detector
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New applications of superconducting single-photon detectors increase the requirement for large active area
detectors. In this study we designed and fabricated a 12-pixel NDN detector with a large active area and a stripe
width of 500nm and an active area size of 45 x 50 um, which is suitable for matching with multimode optical
fiber. We investigated the current-voltage characteristics and determined the critical current | of the sample. This
value was compared with the maximum possible theoretical value of the depairing current |gep. Due to the design
of the multi-element NbN detector, which eliminates the influence of the current bunching effect, most of the
studied samples demonstrate | ¢/l gep value exceeding 0.7. Our results indicate that most of the pixels on the studied
multi-element detector are capable of single photon detection.
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Introduction

Superconducting nanowire  single-photon  detectors
(SNSPD), which are manufactured based on a narrow
superconducting stripe (the width is about 100nm)
bent as a meander for better matching with the optical
fiber and designed to operate in the visible and the IR
range are in great demand in various fields of quantum
technologies [1,2]. Due to detection efficiency close to
unity, the time jitter < 10 ps [3,4], low restoration time and
a low dark count rate [5], the SNSPDs have no analogues in
terms of sensitivity for detecting even weak optical signals.
It makes them indispensable for quantum processing of
information and implementing optical communication
channels by means of an optical fiber and in open space.
For example, the study [6] demonstrates a system of
quantum key distribution via a fiber communication line
over the distance of 830 km. However, the standard SNSPD
usually has an active area of the diameter of 15um and less
for matching with the single-mode optical fiber.

At the same time, the detectors that have the large
detecting active area are in great demand for experiments
related to searching dark matter [7], confocal fluorescence
microscopy [8], the LIDAR technology (Light Detection
and Ranging) [9] as well as studying deep space [10].
The biggest SNSPD single pixel has a size of about

400 x 400um [5]. However, great kinetic inductance
prevents further advancement of the active area of the single-
pixel SNSPD [11]. This requirement resulted in creation
of fast detectors that consist of several shorter SNSPDs,
which are arranged in one chip and connected in parallel.
It allowed reducing kinetic inductance and increasing the
detector rate above 10°cps (counts per second). These
devices are exemplified in the studies [10,12-18]. How-
ever, such detectors occupy a quite small area of about
100—400 um? and, most importantly, they have a low
filling factor, i.e. the detecting acting area of the device
is significantly less than an area occupied by the entire
device [19]. Thus, for example, a study has been done
quite recently to demonstrate the fast detector that occupies
the large area 320—320um and is based on amorphous
superconducting WSi SNSPDs of the width of160 nm each,
for deep space research, but the filling factor turns out to
be less than 15% [10]. Besides, the narrow SNSPD stripes
are usually manufactured using electron-beam lithography,
which is characterized by low performance of the samples
with high characteristics. It should be noted that in order
to solve tasks that require overlapping of a large area, for
example, for matching with a multi-mode fiber or a lens, it
is worth considering other ways of development.

A new approach to creating the large-area detector is
to use the superconducting detector with a micron-wide
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stripe (SMSPD, Superconducting microwire single-photon
detector). Detectability of single photons by SMSPD was
theoretically predicted in 2017 within the framework of a
new model created for describing a single-photon response
of SNSPD: ,,Models of a superconducting vortex generated
by a photon“ [20]. A key element of this model is a theory
of origination of the superconducting vortex due to current
crowding at sides of the hot spot. When a bias current is
above a certain threshold value, the vortices can separate
from the hot spot and pass in an avalanche-like manner
through the superconducting stripe, causing dissipation and
a growth of the hot spot. This mechanism of the single-
photon response was experimentally demonstrated in the
study [21]. This study has investigated the response in
NbN bridges, whose width significantly exceeded the area
of the hot spot — more than 150 nm. Thus, only origination
of the vortices can explain the single-photon response in
the wide bridges. The most important step was reduction
of kinetic inductance of each element due to increasing
the width of nanowire. This paved the way for creation
of the detector that not only occupies the large area, but
also has a higher filling coefficient (the large detecting
region). It has been recently demonstrated that SMSPD
single pixel can cover the area of 1mm? with the filling
coefficient from 0.3 to 0.5 [22]. It is important to note that
such detectors already demonstrate saturation of detection
efficiency and have proven themselves as promising and
functional devices [23] which have significant potential in
practical applications.

Despite the above-listed advantages of the SMSPD, it is
necessary to take into account a number of specific features
of operability of the device. Thus, for example, significant
increase of the stripe width results in reduction of kinetic
inductance detector, thereby resulting in origination of a
latching effect. It is a phenomenon, in which a normal
domain that is formed in a place where the photon is
absorbed, has not enough time to decrease and restore the
superconducting state which causes a detector’s inability to
record to next photons [24]. The latching effect can be
eliminated by adding either serial inductance or parallel
resistance Rsh [22]. It is known that by theoretically and
experimentally studying a dynamic mechanism of slip of
the order parameter phase in superconducting ultrathin
nanowires (12—18 nm) in the presence of a shunt resistor in
the study [25], the authors have assumed that | can be con-
trollably approximated very closely to lgep by transmitting
the current through the shunt-resistor detector. However,
the present of the shunt degrades time characteristics of
the detector. Besides, according to the theoretical study
of D.Yu. Vodolazov [20], the most important condition
for efficient operation of the superconducting single-photon
detector with the micron-wide stripe is fulfillment of the
ratio l¢/lgep > 0.7, where lgep is a theoretical depairing
current of copper pairs for a specific material and structure,
while | is an experimentally-obtained value of the critical
current. The theory predicts that if the value of the
critical current is close to the depairing current, then
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detectability of the photons does not depend on the detector
width. However, in the experiment the magnitude I
rarely reaches the maximum possible current lgep. The
value of the critical current turns out to be very sensitive
to defects in the superconductors. Thus, for example,
various defects (pinning centers) can include natural de-
fects in a material (non-superconducting nanoparticles) or
technological specific features of structuring. In addition
to properties of the superconducting films, achievability of
the maximum value of the critical current is also largely
affected by selection of a topology of the detector. The
most suitable for this task is a superconducting microbridge,
since this structure has no turns, which result in suppression
of the critical current that originates due to the current
crowding effect when flowing over obstacles [26]. In
addition, in order to successfully detect single photons, it
is required that the material has high resistivity in a normal
state. The study [27] has experimentally investigated a
dependence of light counts of the SMSPD on the bias
current for the samples with a different value of resistance
per square Rs. The detectors that have a large value
of resistance per square Rs (more than 630 Q/sq) have
demonstrated detectability of single photons with lower bias
currents than the detectors with the lesser value of Rs.
Thus, in order to create the high-efficiency working SMSPD,
it is necessary to take into account many technological
aspects.

In the present study, the authors have designed a multi-
element NbN detector with the large active area and
the filling factor of 0.7, manufactured it and investigated
volt-ampere characteristics of the produced device. The
detector is manufactured based on a highly-resistant NbN
film (Rs = 980 Q/sq). The one chip includes 12 SMSPD
sample with the stripe width of 500nm. The active area
size of the device is 45 x 50um, which is suitable for
matching with the multi-mode optical fiber. In order to
prevent the latching effect, we have installed the resistor
Rsh = 33 Q2 in parallel to each element and measured the
volt-ampere characteristics for the eight samples in a helium
closed-loop cryorefrigerator at the temperature of 2.7K.
The volt-ampere characteristics were studied to show that
depending on residual resistance of the sample the measured
critical current could turn out to be overestimated due to
distribution of the current between sample and the shunt
resistance. Based on the volt-ampere characteristics, we
have determined the real critical current | of the sample
and compared it with the depairing current. Due to the
design of the multi-element NbN detector, which excludes
the influence of the current crowding effect on the total
critical current of the stripe, the value of I¢(T)/lgep(T)
in the most studied samples exceeds 0.7. The obtained
results show that our large area multi-element detector has
an advantage in the filling factor as compared to the large-
area SNSPD-based detectors and has a big potential for
further work dedicated to designing the large-area multi-
element detector.
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Figure 1. ¢ — a schematic sequence of the layers of the studied device. From top to bottom: the passivating silicon layer Si — 5nm, the
superconducting NbN film — 5nm, the Si3N4 film — 160nm, the Au film — 80 nm, the Al,Ossapphire substrate; b — the sketch of a
design of the central part of the multi-element detector; ¢ —the image of the finished multi-element detector, which is obtained by means
the scanning electron microscope. The red color marks one of the 12 elements of the detector.

1. Manufacturing of the detectors

The studied detector was manufactured from the NbN
film of the thickness of 5nm, which was grown by means
of reactive magnetron sputtering in the installtion AJA
Orion-8. The sputtering installation was pre-vacuumed
to 3-108Torr. A Nb target (with purity of 9.9999)
was sputtered in the Ar:N, atmosphere at the pressure
of 3.5mTorr. In order to improve absorption of the photons
with the wavelength of 1550 nm, the film was deposited
to the sapphire substrate (r-cut) with golden signs and
mirrors of the thickness of 80 nm, which were pre-prepared
on it. Then, the golden layer was coated with the SizNy
dielectric of the thickness 160nm, which was produced
by plasma-enhanced chemical vapor deposition (PECVD).
Adhesion of the deposited NbN film was improved by
heating the substrate to 350°C. After deposition, the film
was passivated with the 5nm-layer of silicon in sifu. The
silicon film deposited above NbN is completely removed
in the region of contact areas to ensure good contact to the
superconducting material, wherein in region of the detecting
part the silicon layer remains, thereby preventing oxidation
of NbN. The deposited NbN-film had the temperature
of the superconducting junction (T, = 7.2K), the surface
resistance Rs at the room temperature (804 2/sq) and
the residual resistance ratio (RRR = 0.79). The schematic
sequence of the layers is shown in Fig. 1,a.

The multi-element detector designed using the PHIDL
library is shown in Fig. 1,b. The device consists of 12
separate superconducting stripes that form the active area
of the size of 45 x 50um. The width of each stripe in
this area is 500 nm, while a distance between the adjacent
stripes is 200 nm. In order to prevent the current crowding
effect, the minimum internal bending radius of the stripe
is lum. In the bending location the width of the stripe
smoothly increases to 1 um and returns to the initial width
in the active area. When designing, we also abandon an
earthing island that is common for all the stripes, which
is arranged in the chip (using the common earthing island
is exemplified in the studied [15-17,19]). Despite the fact
that this solution somewhat increases duration of SMSPD

manufacturing by means of electron-beam lithography, it
can minimize the current crowding effect that originates
when the current goes from the stripe into the earthing
island. The stripes are designed so as to have approximately
equal kinetic inductance Lx. The NbN film was structured
in accordance with the developed design in three stages.
The first stage included formation of the SMSPD stripe by
means of electron-beam lithography and plasma-enhanced
chemical etching in a mixture of the gases Ar and SFs.
At this stage, a mask was the positive electron-beam resist
PMMA 3%. The second stage included formation of
windows of contact islands to the stripes. The Ti/Au contact
metallization was deposited by thermal evaporation through
the mask of the positive photoresist Az1512. The excess
metallization were removed after deposition during /iff-off.
The third stage included formation of the protective mask by
means of electron-beam lithography in the negative electron-
beam resist maN-2405 for the central part of the structures.
After formation of the protective mask, plasma-enhanced
chemical etching of the NbN film was carried out as per
a field in order to create a finite topology of the multi-
element detector. An image of the finished multi-element
superconducting detector, which is obtained by means of
the scanning electron microscope, is shown in Fig. 1,c.
After etching, the protective mask was removed in warm
acetone and the plate was divided into separate chips. After
structuring, resistance of each stripe is about 600kS2 at
the temperature of 300 K. For each detector element, the
number of the squares N is about 610. Thus, resistance per
square of the film Rs is about 980 €2/sq at 300 K.

2. Experimental methods

The finished detectors were studied in the Gifford-
McMahon cryorefrigerator at the basic temperature of
27K in two stages by measuring the dependence of
resistance on the temperature and investigating the volt-
ampere characteristics. The universal bias unit Scontel
ControlUnit (3 generation) is used as a voltage source that
has measurement devices - a voltmeter and ammeter, built-
in amplifiers and a bias tee. The installation scheme is
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Figure 2. ¢ — a measurement diagram of the volt-ampere characteristics. The shunt resistance Rsh = 33 Q is installed in parallel to
each detector. The measurements are carried out at the temperature T = 2.7K; b — the volt-ampere characteristics for the samples. 47/
and A2 — the orange and green curves, respectively, which are obtained in a voltage-stabilization mode. For the sample A7 the residual
resistance is 20 €2, while for the sample 42 the residual resistance is 1.4 Q.

shown in Fig. 2,a. An output of the unit was connected
via the bias tee to an oscilloscope for detecting electrical
interference in the system. The device can operate both in
the current-stabilization mode and the voltage-stabilization
mode. The dependence of the resistance on the temperature
was measured using the 370 AC Resistance Bridge and the
LakeShore 218 temperature monitor with calibration for the
diode thermometer. The resistance of the samples was
tested at the room temperature by using a manual probe
station.

3. Study of the temperature dependence
of the resistance

Before low-temperature measurements in the closed-loop
cryostat, the samples were tested in the TS 200 probe
station. Using probe heads, a two-point measurement
diagram was taken to obtain the resistance values at the
room temperature for all the samples on the chip. The
values were 582—612 k2. Besides, it was checked to make
sure if there are short-circuiting jumpers to the mirror
or between the adjacent detectors. Then we studied the
sample in liquid helium and obtained the dependence of
the resistance on the temperature (Fig. 3).

The black arrow marks the temperature of transition
of the sample into the superconducting state T;, which
was 7.1K and determined as a temperature at which
R = R,/2, where R, is normal resistance of the super-
conductor, which is equal to 724kS2, which corresponds
to Rs =1200€2/sq at 20K. The obtained value of the
critical temperature is important for further understanding
of principles of operation of the detector and for evaluating
the value of the depairing current.
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Figure 3. Dependence of the resistance R on the temperature T.
Rn = 723k is normal resistance of the superconductor. The
critical superconducting transition temperature T¢ is 7.1K and
corresponds to Rn/2, it is marked by the black arrow on the graph.

4. Evaluation of the value of the
depairing current

In order to evaluate the value of the depairing current, we
use an expression from the study [28]:

A(0)32
eRsVviD

where A(0) = 1.764kT; — the energy of a superconducting
slit, € — the charge of the electron, D = 0.5cm?/s — the

32

ldep(T) = 0.74w (1—(T/T))7 (1)
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typical value of the diffusion constant for the NbN-film [29],
w =500nm — the width of the unit superconducting
detector, Rs = 980 2/sq — the resistance per square at the
temperature of 300K, T = 2.7K — the basic temperature
of the measurements, T, = 7.1 K — the critical supercon-
ducting transition temperature that is obtained from the
dependence of the resistance on the temperature. Using
the expression (1), we obtain that the expected value of
the depairing current for these samples is 58.8 uA at the
temperature of 2.7 K.

5. Discussion of the volt-ampere
characteristics

8 stripes of 12 were selected to characterize the chip (the
samples A1-A8). The chip with the samples was placed on a
holder with a circuit board, which included twelve 50-Ohm
lines with common earthing. Each stripe was connected to
its coplanar line to supply voltage or current to the stripe.
Each sample is biased by the current or voltage in the two-
point diagram, read separately and has its own shunt resistor
that is connected to the coplanar line and common earthing.
The diagram for measuring the volt-ampere characteristics
in the voltage-stabilization mode is shown in Fig. 2,a. Let
us consider the typical volt-ampere characteristics for the
samples A7 and A2, which are shown in Fig. 2, b. For the
sample 41, the dependence is shown by the orange curve,
while for the sample 42 it is shown by the green curve.
The black arrow marks the value of the measured critical
current of the sample |$" that is in parallel connection with
the shunt resistor. It should be noted that in the present
study we have not selected an optimal value of Rgy to
eliminate the latching effect, as done, for example, in the
study [27], but just investigated its effect on the volt-ampere
characteristics. A slope of the volt-ampere characteristic
at zero bias voltage corresponds to a sum of resistances
of wires, resistance in the bias tee and resistance that is
determined by parallel connection of residual resistance R,
of the sample and shunt resistance Rsp. From the slope
of the volt-ampere characteristics we have obtained the
values of the residual resistances Rp, which are 20 and
1.4Q for Al and A2, respectively. It can be noted from
Fig. 3, b that the sample 47 with higher residual resistance
has the higher critical current 1" = 71.4uA as compared
to the sample A2 that has 13" = 43 uA. It is obvious that
the value of the critical current can not exceed the value
lgep = 58.8 uA and this observation can be interpreted as
follows. Since each sample is shunted with the resistor with
the resistance Rgp, the total current is redistributed between
the shunt and residual resistances as follows:

| =lgn+ g, (2)

where |sn — the current through the shunt, 14 — the
current through the sample. A ratio of distribution of the
currents depends on the ratio Ry/Rsh in accordance with

Main parameters of the studied detectors

Sample | 15", uA | Rp, @ | le, uA | T, K | 1e(T)/ldep(T)
number

Al 714 20 | 442 | 27 0.75

A2 43 14 | 411 | 27 0.7

A3 60 97 | 463 | 27 0.79

A4 46 10 | 32 27 0.54

AS 55 25 | 508 | 27 0.87

A6 482 05 | 476 | 27 0.8

A7 49 16 | 467 | 27 0.8

A8 405 | 133 | 288 | 27 0.49

Note. In respective columns from left to right the table shows the sample
number, I1$" — the value of the critical current, which is experimentally
obtained for the sample with the shunt, Rp — the residual resistance of
the superconductor, | — the critical current of the superconductor, which
is obtained from the expression (4), T — the basic temperature of the
measurements, |c(T)/lgep(T) — the ratio of the critical current to the
depairing current | gep, which are taken at the basic temperature.

the expression (3):
la _ R, 3)
Ish Rp
where | — the true critical current of the sample. This
expression shall be understood as follows: if Rp = 0, then
the entire current will flow through the sample until reaching
IS" = I.. However, when R, > 0, the circuit will operate
as a current splitter and a portion of the current will be
transmitted through the shunt, which is why or achievement
of the current in the sample, which is equal to | ¢, the higher
current will be required (I > I¢). Thus, in order to calculate
the true critical current of the sample, it is necessary to use
the expression
|sh
(1 + Rp/ Rsh) .

From the measured current IS for the samples A7—A48,
according to the expression (4), we have obtained the value
of the critical current |, which varies from 29 to SuA
at the temperature of 2.7K (see Table). Let us compare
the obtained critical current with the maximum possible
depairing current. The obtained ratio of the critical current
to the maximum possible one I¢(T)/lgep(T) is 0.5—0.87.
It should be noted that both the samples demonstrate low
readings of | ¢(T)/lgep(T) ~ 0.5. We suggest that reduction
of the critical current in the NbN SMSPD can be related to a
polycrystalline structure of the material. Due to crystallinity
of this material, the superconducting properties of the films
are sensitive to various defects of the substrate, which
can result in origination of local defects of the film and
removal of the critical current from |gep. Nevertheless, the
most detectors satisfy the condition 1¢(T)/lgep(T) > 0.7, at
which origination of the single-photon response of SMSPD
is expected [20]. A ratio of the potentially suitable detectors
is 75 % of the eight equivalent samples. The maximum value
of 1¢(T)/lgep(T) is 0.87 at the temperature of 2.7 K. It was
possible to achieve such a high index due to the design that
prevents the flowing-current crowding effect.

(4)

Ic:
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Conclusions

We have designed the large-area multi-element supercon-
ducting single-photon NbN detector. The width of the
stripes of each element is 0.5um, which is why these
detectors can be classified as the superconducting detectors
with the micron-wide stripe (SMSPD, Superconducting
microwire single-photon detector). Smooth bends of the
superconducting stripes and brodenings prevent the flowing-
current crowding effect. Thanks to this, in 75% of the
studied samples the value of the critical current to the
depairing current I ¢(T)/l4ep(T) is close or even exceeds 0.7
at the temperature of 2.7K, thereby indicating suitability
of these samples as potential single-photon detectors. The
active area size of the entire device is 45 x 50 um, which
is suitable for matching with the multi-mode optical fiber.
The obtained results show that our large-area multi-element
detector has an advantage in the filling factor as compared to
the large-area detectors based on the nanowire single-photon
superconducting detectors (SNSPD) and has a big potential
for further work dedicated to designing the large-area multi-
element detector. Future work will be aimed at studying
the single-photon response, the manufactured multi-element
superconducting single-photon NbN detector and selecting
the optimal shunt resistance.
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