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Performance of superconducting nanowire single-photon
detector with the fan coupling antenna array∗
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The performance of superconducting nanowire single-photon detector (SNSPD) involving niobium nitride with the fan
coupling antenna array is analyzed. The SNSPD has a high detection efficiency and counting rate. Hydrogen silsesquioxane
and niobium nitride are filled in the gold grating deposited on the substrate in which the fan coupling antenna arrays are
embedded. By changing the position of the fan coupling antenna array, the maximum area of optical intensity is obtained
and the photon collection efficiency is increased by 26.5 times. The detection efficiency of SNSPD is improved without
changing the detection speed. These parameters are important for designing a practical single-photon detector.
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1. Introduction

A practical single-photon detector is one of the most im-
portant components in the fields of quantum information, opti-
cal quantum computing, and space-to-ground communication.
In particular, the distribution length and secure key generation
rate of a quantum key distribution system are constrained by
the performance of single-photon detector. Superconducting
nanowire single-photon detector (SNSPD) has been the focus
of much recent work because of its broadband sensitivity to
the wavelengths ranging from the visible to the near-infrared
wavelengths, excellent timing resolution, high counting rate,
and low dark-count rate.[1–6] However, it faces a problem in
that detection efficiency and speed cannot be obtained at the
same time. Many research groups have received the challenge
of improving SNSPD operation.[7–10] It is well known that the
use of a nano-antenna can greatly enhance the detection effi-
ciency of single-photon detectors. The whole optical intensity
on niobium nitride (NbN) area is 92 times more than that of
single-slot without antennas.[11] However, the nanowire used
in SNSPD is unlikely to be of a single-slot structure, which
must have multiple single-slot structures. The number of the
single-slot structures is proportional to the active area of the
SNSPD, and is also related to the density of the nanowires.

In this paper, the performance of NbN meander SNSPD
integrated with nano-antenna is analyzed by the finite element
method (FEM). The unit of the structure is composed of fan
coupling antennas at the collective port and a superconducting
NbN nanowire with hydrogen silsesquioxane (HSQ) filled in
the metal gap. It is observed that the collection efficiency will
be greatly enhanced by the use of a fan coupling antenna ar-

ray. In our simulation, we take into account both the detection
efficiency and the speed of SNSPD. Our structure provides a
new way to design the single-photon detector.

2. Calculation model
A sketch of the calculation unit is shown in Fig. 1. An

infinite gold film with a gap array is deposited on the substrate
(using the sapphire). A superconducting nanowire with the
thickness 4.5 nm and the width w = 80 nm is sandwiched be-
tween the HSQ and the substrate. Fan coupling antennas are
placed under the superconducting nanowire. Each part of the
fan antenna is made up of a nanorod with the length of l1 and
the width w1 and a semicircle with the radius of l2 + 0.5w1.
At the end of the nanorod, there is a particle with a curvature
radius of r and a width of w1. The distance between the two
parts of the fan antennas is g from end to end. The distance
between the bottom and the center of the fan coupling anten-
nas is h. The period of our structure is p and the width of the
whole structure is 3 µm.
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Fig. 1. (color online) Sketch of our structure unit.

For an ideal SNSPD, another photon can be detected im-
mediately after the detection of one photon. In practice, af-
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ter one detection, the superconducting state of SNSPD is de-
stroyed. It will take some time for SNSPD to recover to its
superconducting state, and during this period of time, SNSPD
cannot detect other photons. We define the minimum interval
time that the detector needs to distinguish two single photon
signals as the reset time. The reset time τ of SNSPD is limited
by large kinetic inductance of these nanowires:[12,13]

τ ∝
Lk

R
, (1)

where R is the equivalent resistance of the circuit and Lk is the
kinetic inductance of nanowire determined, as follows:[14]

Lk =
µ0λ 2l

wd
, (2)

where λ is the magnetic penetration depth, d is the film
thickness, l is the length of nanowire, and w is the width of
nanowire. From Eq. (2), it is easy to find that with longer
nanowire the value of Lk is increased, which results in a longer
reset time and means

V =
βv

l
, (3)

where V is detection rate while β v is equation parameter. The
observed field can be expressed using the reciprocity theorem
as[15]

𝐸d(ω) ·𝑗rec =
−2i
µ0ω

∫
S

∂𝐸rec(𝑅,z,ω)

∂ z
·𝐸exp t(𝑅,z,ω)d𝑅. (4)

Here, 𝐸d is the observed electric field, 𝑗rec is the monochro-
matic current oscillating at frequency ω , 𝐸rec(𝑟) is the recip-
rocal field, and 𝐸expt(𝑟) is the experimental field. But a sparse
meander will cause the decrease of detection efficiency with
optical patch antenna array. We assume that a single photon is
normally incident on the detection surface, and the probability

of a received photons is:

p =
Swire

Sactive
, (5)

where Swire is the meander area while Sactive is the active area
of the detector. When the width of nanowire is fixed, a longer
nanowire will have a higher detection efficiency. The detection
efficiency is determined by the length of nanowire as

η = βη l, (6)

where β η is the equation parameter. Equations (3) and (6) can
explain why it is hard to find a tradeoff between counting rate
and detection efficiency of SNSPD.

In order to cope with this defect, we use the fan coupling
antenna array to improve the detection efficiency without re-
ducing the device speed since the structure parameters of the
nanowire are not changed.

3. Results and discussion
The active area of SNSPD is ideally supposed to be in-

finite. The pitch of the structure is 600 nm[16] while the
thickness of the metal is 180 nm. The parameters of the fan
coupling antennas are chosen as: l1 = 17 nm, l2 = 33 nm,
g = 10 nm, w1 = 20 nm, h = 43 nm, and r = 30 nm.[17]

The optical indices are nNbN = 5.23+ 5.82j, nsapphire = 1.75,
nHSQ = 1.39, and ngold = 0.55+11.5j [18] at 1550 nm. The TM
mode light is incident, and the scattering boundary conditions
are used in the simulations.

Figure 2(a) shows the optical intensity distribution, which
is positively correlated to photon collection efficiency with op-
tical patch antenna array. We find that the total optical inten-
sity contained in the NbN meander SNSPD without optical
patch antenna is 1.98×10−12 W.
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Fig. 2. (color online) Optical intensity distributions of 3-µm NbN meander SNSPD with optical patch antenna array (a) and without
optical patch antenna array (b).

Compared with the structure without the antenna array
shown in Fig. 2(b), we can easily see that there is a great en-
hancement of the intensity in each of all the gaps of the struc-
ture with the antenna array. Fan coupling antennas have the
ability to enhance the incident intensity due to the gap between

the two semicircle and the nanorods.[19] They can also local-
ize the intensity in the gap. Surface plasmon polaritons (SPPs)
are first generated at the incident end and go through the gap.
They are then re-excited by the fan coupling antennas and are
reflected back to the gap. Hence, there are more SPPs in the
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gaps with the fan coupling antennas than without the antennas.
To better study the influence of antennas on the photon

collection efficiency, we change the positions of the antennas
and examine the optical intensity in the NbN area. The re-
lation of active area optical intensity with the changing of h
(or g) is obtained in Fig. 3. In Fig. 3(a), the optical inten-
sity decreases as h increases, on the condition that the width
of the gap is fixed and the SPP collection of the gap is also
fixed. There is strong electromagnetic field located in the fan
coupling antenna and the field is reflected back to the gap. The
shorter distance between the bottom of the gap and the antenna
is easy to make more SPPs back to the gap. Hence, the optical
intensity is large with small h.
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Fig. 3. (color online) Variations of area optical intensity with h (a) and
g (b).

In Fig. 3(b), the variation of area optical intensity with g
is shown on the condition that h equals 43 nm. There is a best
position to make the intensity largest in the gap. The distance
between the two parts of the fan antennas is a little smaller
than w to achieve a largest intensity. The fan coupling anten-
nas gain much more SPPs and they send these SPPs back to
the gap. If g is larger than w, the fan coupling antennas have
a longer gap and the ability to locate SPPs is weakened. If g
is smaller than w, SPPs are first reflected back by the antennas
and then located in the antenna. As a result, the number of
SPPs is reduced and the area optical intensity is reduced.

In Fig. 3, the best position is obtained on the condition
that h equals 43 nm and g equals 76 nm, where the whole
optical intensity in the NbN region is about 5.24×10−11 W
after the antennas have been added. Therefore, the collection
efficiency is enhanced 26.5 times. Although the collection ef-
ficiency gained in our structure is 3.4 times less than that in a
single-slot structure,[11] the gain is also obvious. The decrease
happens because of the mutual interference between the peri-
odical structure.

4. Conclusion
The performance of SNSPD involving niobium nitride

with the fan coupling antenna array that has high detection
efficiency and counting rate is analyzed. By using the fan
coupling antenna array, we demonstrate that the photon col-
lection efficiency is enhanced 26.5 times for NbN meander
SNSPD with a length of 3 µm, which represents a higher de-
tection efficiency. Furthermore, since the structure parameters
of nanowire do not change, the reset time will also not change.
Thus, the detection efficiency of SNSPD is enhanced without
changing the detection speed of the device.

References
[1] Hadfield R H, Habif J L, Schlafer J, Schwall R E and Nam S W 2006

Appl. Phys. Lett. 89 241129
[2] Chen J, Altepeter J B, Medic M, Lee K F, Gokden B, Hadfield R H,

Nam S W and Kumar P 2008 Phys. Rev. Lett. 100 133603
[3] Moision B and Farr W 2008 IEEE Photon. Technol. Lett. 20 715
[4] Natarajan C M, Tanner M G and Hadfield R H 2012 Supercond. Sci.

Technol. 25 063001
[5] Sun Y T, Sun J D, Zhang X Y, Qin H, Zhang B S and Wu D M 2012

Chin. Phys. B 21 108504
[6] Yamashita T, MiKi S, Terai H and Wang Z 2013 Opt. Express 21 27177
[7] Rosfjord K M, Yang J K W, Dauler E A, Kerman A J, Anant V, Voronov

B M, Gol’tsman G N and Berggren K K 2006 Opt. Express 14 527
[8] Dauler E A, Robinson B S, Kerman A J, Yang J K W, Rosfjord E K

M, Anant V, Voronov B, Gol’tsman G and Berggren K K 2007 IEEE
Trans. Appl. Supercond. 17 279

[9] Marsili F, Najafi F, Dauler E, Bellei F, Hu X, Csete M, Molnar R J and
Berggren K K 2011 Nano. Lett. 11 2048

[10] Zhang L B, Kang L, Chen J, Zhao Q Y, Jia Y, Xu W W, Cao C C, Jin B
B and Wu P H 2010 Acta Phys. Sin. 60 038501 (in Chinese)

[11] Zhang C and Jiao R Z 2012 Chin. Phys. B 21 120306
[12] Kerman A J, Dauler E A, Keicher W E, Yang J K W, Berggren K K,

Gol’tsman G and Voronov B 2006 Appl. Phys. Lett. 88 111116
[13] Yang J K W, Kerman A J, Dauler E A, Anant V, Rosfjord K M and

Berggren K K 2007 IEEE Trans. Appl. Supercond. 17 581
[14] Hadfield R H, Miller A J, Nam S W, Kautz R L and Schwall R E 2005

Appl. Phys. Lett. 87 203505
[15] Joulain K, Carminati R, Mulet J P and Greffet J J 2000 Phys. Rev. B 68

245405
[16] Hu X L, Dauler E A, Richard J M and Karl K B 2011 Opt. Express 19

17
[17] Wang D, Yang T and Crozier K B 2011 Opt. Express 19 2148
[18] Hu X, Holzwarth C W, Masciarelli V, Dauler E A and Berggren K K

2009 IEEE Trans. Appl. Supercond. 19 336
[19] Wang D, Yang T and Crozier K B 2010 Opt. Express 18 10388

060308-3

http://dx.doi.org/10.1063/1.2405870
http://dx.doi.org/10.1063/1.2405870
http://dx.doi.org/10.1103/PhysRevLett.100.133603
http://dx.doi.org/10.1109/LPT.2008.919451
http://dx.doi.org/10.1088/0953-2048/25/6/063001
http://dx.doi.org/10.1088/0953-2048/25/6/063001
http://dx.doi.org/10.1088/1674-1056/21/10/108504
http://dx.doi.org/10.1088/1674-1056/21/10/108504
http://dx.doi.org/10.1364/OE.21.027177
http://dx.doi.org/10.1364/OPEX.14.000527
http://dx.doi.org/10.1109/TASC.2007.897372
http://dx.doi.org/10.1109/TASC.2007.897372
http://dx.doi.org/10.1021/nl2005143
http://dx.doi.org/10.1088/1674-1056/21/12/120306
http://dx.doi.org/10.1063/1.2183810
http://dx.doi.org/10.1109/TASC.2007.898660
http://dx.doi.org/10.1063/1.2130525
http://dx.doi.org/10.1063/1.2130525
http://dx.doi.org/10.1364/OE.19.000017
http://dx.doi.org/10.1364/OE.19.000017
http://dx.doi.org/10.1364/OE.19.002148
http://dx.doi.org/10.1109/TASC.2009.2018035
http://dx.doi.org/10.1364/OE.18.010388

	1. Introduction
	2. Calculation model
	3. Results and discussion
	4. Conclusion
	References

