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ABSTRACT

We propose a superconducting nanowire single photon detector (SNSPD) that can work efficiently at two target wavelengths and has a
significant improvement in the counting rate due to the low-filling-factor nanowires in the silicon slots and the silver reflector. Numerical
simulations show that the absorption efficiency can be over 90% at a single wavelength, whether the incident light wavelength is 1550 nm or
1064 nm, and over 80% when the SNSPD is designed to work at both wavelengths. In addition, the reset time is about 24% of the conventional
SNSPDs. Our work presents a design for fabricating faster, larger-area, and multispectral SNSPDs with a high efficiency, which can be applied
in applications such as quantum optics communication and multiwavelength sensing.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0006057., s

I. INTRODUCTION

In the past decade, superconducting nanowire single photon
detectors (SNSPDs)1 have attracted dynamic attention owing to
their excellent performances, such as high system detection effi-
ciency (SDE),2 low dark count rate (DCR),3 high count rate,4,5 and
low time jitter,6 thereby enabling numerous applications, includ-
ing measurement-device-independent quantum key distribution,7

quantum random number generator,8 ultra-long range optical com-
munication,9 and single photon quantum imager.10 These applica-
tions make full use of the accurate and fast response characteristics
of the SNSPDs; therefore, the performances of SNSPDs are vital to
the development of other optical fields.

Optical absorption efficiency is an important contribution to
the SDE. To improve the absorption efficiency, which is deter-
mined by the structure of the SNSPDs and the material of the
superconducting nanowires,11 various methods were proposed,
such as SNSPDs with the optical cavity and anti-reflection coat-
ing,12 SNSPDs with optical nano-antennae,13 waveguide integrated
SNSPDs,14 and using amorphous WSi as the superconducting

material.2,15 These methods generally confined the incident pho-
tons in the optical cavities, and decreased the reflection and trans-
mission of SNSPDs, thus improving the absorption efficiency of
the nanowires. Furthermore, the superconducting materials with
better properties were applied. However, these designed devices
suffered from two problems. One is that most of the reported
SNSPDs showed a high SDE only at a single resonant wavelength
due to the resonant effect of the optical cavity,12 though supercon-
ducting nanowires are intrinsically wideband. With the extension
of the use of SNSPDs from near infrared to visible light, many
studies were focused on designing and fabricating broadband16 or
multispectral17 SNSPDs to meet the practical requirements. The
other is that trade-off between the optical absorption efficiency and
the counting rate, a parameter characterizing the detection speed
of the SNSPDs.18 The counting rate is limited by the recovery
time of the bias current, which is determined by the kinetic induc-
tance of nanowires,19,20 and the kinetic inductance is proportional
to the length of nanowires. However, most of these devices have
long and dense meander nanowires to absorb photons; hence, the
counting rate of these devices is usually limited. Thus, in order to
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satisfy the complex requirements, it is important to consider how to
manufacture the SNSPDs to meet the conditions of high SDE, high
counting rate, and multiple detection wavelengths simultaneously.

In this paper, we present a strategy to solve the two prob-
lems that are referred to above by using the nanowires in
the silicon slots and the silver reflector. The electric field near
the nanowires is strongly enhanced whether the wavelength of
the incident light is 1550 nm or 1064 nm. Meanwhile, a high opti-
cal absorption efficiency can be achieved even for the low-filling-
factor nanowires. It is an improvement to the conventional SNSPDs,
which generally work with 50% filling factor and a single wave-
length. Here, the filling factor is defined as the nanowire width
divided by the pitch of the nanowire. We report on a multispec-
tral and low-filling-factor SNSPD with a high optical absorption
efficiency and a high counting rate and analyze its performances
systematically.

II. OPTICAL ABSORPTION EFFICIENCY

In practice, the nanowires in a conventional SNSPD is nor-
mally fabricated in a meander pattern, which can be simplified as a
two-dimension periodic structure. The optical absorption efficiency
(denoted by A) of superconducting nanowires is calculated as21

A =
∫

w/2

−w/2 ∫
t
0 wIm∥ε∥∣E∣2dxdy

∫
p/2

−p/2
( ε0
μ0
)1/2∣E0∣2dx

, (1)

where w and t are the width and thickness of the nanowires, respec-
tively; p is the pitch of the period unit; E0 is the electric field inten-
sity of the incident light; E is the electric field intensity within the
nanowires; ε is the dielectric constant of the nanowires; and ε0
and μ0 denote the permittivity and permeability of the background
material, respectively.

The designed structure includes the silver (Ag) reflector, silicon
(Si) and hydrogen silsesquioxane (HSQ) slots, NbN nanowires, and
the sapphire substrate from top to bottom, as illustrated in Fig. 1.
The stack structure with the optical microcavity was widely applied
in the design and manufacture of the SNSPDs.13,22 To investigate
the relationship between the structure parameters and the optical
absorption efficiency, a commercial numerical simulation software,

FIG. 1. Schematic of the stack structure of the proposed SNSPD. The pitch of the
period unit, the length of the cavity, and the width of the nanowires are denoted by
P, L, and W, respectively. The direction of the incident light is marked by the black
arrow and the incident light is TM-polarized.

i.e., FDTD Solutions (by Lumerical, Inc.) was applied. The thick-
nesses of Ag, Si, and HSQ layers are 130 nm, 400 nm, and 400 nm,
respectively. In addition, the width of NbN nanowires (W) was fixed
to 80 nm, a typical parameter of the nanowires in SNSPDs. In the fol-
lowing simulations, complex refractive indices nsapphire = 1.74, nHSQ
= 1.4, nNbN = 4.905 + i4.293, nSi = 3.628, and nAg = 0.322 + i10.99

were used.18 The region surrounded by the dashed line is the period
unit for electromagnetic simulations. The incident light used in the
simulations is incident from the bottom and is transverse mag-
netic (TM) polarized. Periodic boundary conditions were used in the
numerical simulations, and the edge effect of themeander nanowires
were neglected.

Two typical near-infrared wavelengths (1064 nm and 1550 nm)
were selected in the following electromagnetic simulations. The
thickness of the NbN nanowires is 4 nm. To demonstrate the supe-
rior performance of the proposed SNSPD, it was compared with the
conventional SNSPDs with Ag slots in the following discussion.13

The calculated absorption efficiency dependence of the pitch are
shown in Fig. 2(a). Due to the Si–HSQ–Si slots, the optical absorp-
tion efficiency of the nanowires can be over 90% whether the wave-
length of the incident light is 1550 nm or 1064 nm, though the pitch
is as large as 732 nm or 674 nm. The corresponding filling-factor
is about 10.9% or 11.9%. In addition, the absorption efficiencies of

FIG. 2. Simulated pitch (a) and cavity length (b) dependence of the optical absorp-
tion efficiency in the nanowire. Solid and dashed lines represent the proposed
SNSPD with Si slots and conventional SNSPDs with Ag slots, respectively.

AIP Advances 10, 085111 (2020); doi: 10.1063/5.0006057 10, 085111-2

© Author(s) 2020

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 3. Electric field intensity distribution
in the period unit. (a) The incident light
wavelength is 1550 nm and the pitch is
732 nm. (b) The incident light wavelength
is 1064 nm and the pitch is 674 nm.

FIG. 4. Simulated structure parameters
dependence of the optical absorption
efficiency. The incident light wavelengths
are 1550 nm (a) and 1064 nm (b).
The thickness of nanowires is 4 nm. (c)
The smaller value of the two absorption
efficiencies.

conventional SNSPDs with Ag slots are lower than 50% for both
wavelengths. It is a significant improvement to the conventional
SNSPDs in terms of the filling factor. Then the relationship between
the absorption efficiency and the cavity length was investigated, as
shown in Fig. 2(b). The pitch lengths were fixed to the optimum val-
ues. The absorption efficiencies of the proposed SNSPD increase to
the maximum for two wavelengths when the cavity length is about
400 nm. In addition, the absorption efficiency for the 1064 nm wave
is more sensitive than that for the 1550 nm wave as the cavity length
changed. This demonstrates the cavity effect in the structure for both
wavelengths.13 However, the absorption efficiency of conventional
SNSPDs with Ag slots is poor when the pitch is large. When the
structure parameters and the incident light wavelength are changed,
the distribution of the electric field is also changed because Si, a
high-index dielectric, was applied as the slot material. It compen-
sates the dielectric mismatch between the NbN nanowire and the
cavity material and has a strong transmission of light at the wave-
length of 1550 nm and 1064 nm compared to Ag. When the value
of the structure parameter reaches a special range, the absorption
efficiency has an increment because the electric field intensity in the
region of the nanowires is greatly enhanced. In order to see this per-
formance more intuitively, we investigated the distribution of the
electric field in the period unit of the optimum pitch for the two
different wavelengths, as shown in Fig. 3. The electric field inten-
sity in the Si–HSQ–Si slots, especially in the region where the NbN
nanowires are placed is higher than that in other areas. In addi-
tion, the distributions have the same phenomenon for the two tar-
get wavelengths. As obtained from Eq. (1), the high electric field

intensity within the nanowires corresponds to the high absorption
efficiency. It demonstrates that the absorption efficiency can also be
high under the condition of low-filling-factor nanowires due to the
proposed structure.

The pitch and the cavity length are considered independent in
the analysis above, which directly demonstrates that a high absorp-
tion efficiency can be obtained when the pitch and cavity length
are in the special value ranges. However, we are more concerned
about the robustness to fabrication uncertainties than those specific
optimum values. Moreover, to investigate the correlations between

FIG. 5. Simulated pitch dependence of the optical absorption efficiency for different
incident light wavelengths and thicknesses of the nanowires.
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FIG. 6. Simulated structure parameters
dependence of the optical absorption
efficiency. The incident light wavelengths
are 1550 nm (a) and 1064 nm (b). The
thickness of nanowires is 10 nm. (c)
The smaller value of the two absorption
efficiencies.

these structure parameters and the absorption efficiency compre-
hensively, both the pitch and the cavity length were considered
simultaneously. The correlations between the two structure param-
eters and the absorption efficiency for two wavelengths are shown
in Fig. 4. It is obvious that the absorption efficiency can be over
80%, even 90%, in a parameter range, for each wavelength. In addi-
tion, the satisfied parameter range of 1550 nm is larger than that of
1064 nm. This is consistent with the results in Fig. 2. The smaller
value of these two absorption efficiencies of two wavelengths is
also illustrated in Fig. 4(c). This indicates the minimum absorption
efficiency the SNSPD can achieve when it works with two wave-
lengths at the same time. From Fig. 4(c), a narrow parameter range
can be obtained, which satisfies the condition of the absorption
efficiency exceeding 80% for both work wavelengths. Meanwhile,
the filling-factors of nanowires are all very low due to the large
pitches in the parameter area. So themultispectral SNSPDswith high
absorption efficiency and low-filling-factor (about 12%) nanowires
can be obtained by using the satisfied structure parameters
in Fig. 4(c).

Considering the errors in realistic fabrication, the narrow opti-
mal parameter range is better to be expanded. We increased the
thickness of nanowires to enhance the ability of absorbing pho-
tons.18 So the thickness of the nanowires is increased to 10 nm.
The calculated absorption efficiency dependence of the pitch for
different wavelengths is indicated in Fig. 5. For comparison, the
results of the 4 nm nanowires are also shown. The optical absorp-
tion efficiency of the nanowires is also over 90% for each wave-
length, though the pitch is about 718 nm or 664 nm. The inter-
section of two solid curves indicates that the absorption efficiency
can be about 80% for both wavelengths when the pitch is about
676 nm. The intersection of solid curves is on the top left of the
intersection of dashed curves, which demonstrates that the absorp-
tion efficiency of the 10 nm nanowires is higher than that of the 4 nm
nanowires, though the pitch is slightly smaller, and then, the corre-
lations between the two structure parameters and absorption effi-
ciency for two wavelengths are shown in Fig. 6. It is obvious that the
satisfied parameter range in Fig. 6(c) is larger than that in Fig. 4(c).
It means that the tolerance for the fabrication errors is enhanced. So
the satisfied parameter range is expanded and the absorption effi-
ciency is further improved due to the thicker nanowires. It should
be noted that the nanowires with the thickness over 10 nm are
hardly selected in realistic fabrication because for these thicknesses
of nanowires, they are hard to achieve saturation of the internal
detection.23,24

III. COUNTING RATE

Another important parameter is the counting rate, which
describes the detection speed of SNSPDs. The overall non-sensitive
time of the SNSPD consists of two parts. One is the rise time of the
voltage pulse, which is determined by the time-dependent hotspot
resistance and the load impedance. The other is the decay time of the
voltage pulse, which is determined by the kinetic inductance of the
nanowire. Because the decay time is much longer than the rise time,
the reset time can be reduced considerably by reducing the kinetic
inductance.11 The kinetic inductance of the nanowire is defined as25

Lk = μ0λ
2
l/S, (2)

where μ0 is the vacuum permeability, λ is the penetration depth, l is
the nanowire length, and S is the cross-section area of the nanowire.
The reset time (denoted by τ) is defined as the time needed for the
device efficiency recovering up to 90% of the device efficiency in the
origin state after a detection event. Thereby, the reset time is also
defined as the time needed for the current to recover from 0 to I90%
by13

τ =
Lk
R

ln[1/(1 − I90%

Ib
)], (3)

where Ib is the bias current, I90% is the current when the device effi-
ciency is 90% of the device efficiency at Ib, and R = 50 Ω. Generally,
we assumed that Ib = 0.95Ic, where Ic is the critical current of super-
conducting nanowires, and I90% = 0.9Ic. After the simulations and
calculations, the filling-factor of our proposed SNSPD is about 12%;
however, the filling-factor of the conventional SNSPDs is about 50%.
It is assumed that these two kinds of devices have active areas of the
same size and nanowires of the same cross-sectional area. The length
of 12%-filling-factor nanowires is about 24% of the length of 50%-
filling-factor nanowires, and the result is the same as Lk, which can
be obtained from Eq. (2). So it can be roughly estimated from Eq. (3)
that the reset time of our proposed SNSPD is about 24% of the con-
ventional SNSPDs. This indicates that our proposed SNSPD has a
better performance in the high-speed detection situations.

IV. CONCLUSION

In conclusion, we have proposed a multispectral and low-
filling-factor SNSPD, which can achieve a high absorption effi-
ciency and a high counting rate at two target wavelengths simul-
taneously. Due to the Si–HSQ–Si slots and the Ag reflector, a high
absorption efficiency can be achieved even for the low-filling-factor
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nanowires whether the incident light wavelength is 1550 nm or
1064 nm. In addition, the satisfied structure parameter range is
also shown. Meanwhile, to reduce the fabrication difficulty and to
further improve the absorption efficiency, the optimal parameter
range is expanded by using the thicker nanowires. The reset time
of our proposed SNSPDs is about 24% of the conventional SNSPDs,
so it will have a better performance in high-speed detection situa-
tions. The designed SNSPD in this paper provides access to fabri-
cate multispectral SNSPDs with a high absorption efficiency and a
high counting rate, which can be applied in many optics applica-
tions, such as quantum optics communication and multiwavelength
sensing.
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