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Superconducting strip photon detectors and applications

SSPD/SNSPD: also known as Superconducting Nanowire Single Photon Detector
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Superconducting sensors and detectors

Ultra-low Frequency Microwave/THz Photons
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About a photon

Photon Energy E = hTL h=6.626 x 10 34joule-s

T6 um 2 um 4 um 10% um

Short e c=2.998 x 108 m/s

wave cateporized as either short,

e [ o | il m E(eV) = 124

Ravs Ravs Waves

Alpm)

1.5um~ 0.8 eV
~ 1.3x107%°)
~ -169 dBm

There are ~ 102° photons per sec for a 10 Watts lamp theoretically
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Single Photon Detector (SPD)
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Detection Mechanism

- - - Goltsman et al, Appl Phys Lett, 2001, 79:705
Cooper pair breaking by single photon
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Goltsman et al, Appl Phys Lett, 2001, 79:705

Book written by Honglin Ding in 1993

Ref.1: Liengme O. Superconduct Particle Detectors, Ed by Barone, World Sci Pub, 1988
Ref.2: D. H. Andrews et al, Phys. Rev. 76, 154 (1949) info from Masakta Ohkubo @AIST

We may learn more from history ( to read original papers)
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SPD performances @ 1550 nm

SPD SDE DCR CR TJ Temp
(%) (cps) (Hz) (ps) (K)
SSPD (NbN) -~ 98 <1 >1G <10 ~21K
STJ (Al 60 N/A 5 K N/A < 1K
TES (W) 95 ~0 100 K 100 ns 0.1K
InGaAs APD 20 16K 100 M 55 200 K
IR PMT 2 200 K 10 M 300 Room Temp
Q) =
=0, =
APD APD module R eig i S000)

Pride/Sumitomo
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SSPD System

1. SSPDs

2.1 Cryostat

2.2 Mechan Pump
2.3 Compresser
2.4 Cryostat inside
3. Electronics

————————————

‘

SSPD systems (1.2 m high Rack) SSPD chip & cryostat
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Latest practical systems
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SDE & Optics
SDE = Opt Coupling x Absorption x IDE 0.99x0.99x0.99=0.97
NV N NN
M
N NV NN
NV e NN
A &J\'
NN
NN
Active area: 15*15 um? 7 nm NbN for 1550 nm IDE ~100%
OC > 95% Abs: ~30%
v' Active Area v" Thickness v Thickness (Tc)
v’ Spot Size v’ Linewidth v’ linewidth
v’ pitch v Uniformity
v Opt Structure v’ Current crowding

Challenges in Design: Entangled factors;
Challenges in Fabrication:
5 orders of Mag in 3-D, ultra uniform ~5nm thick, t: w: |1~ 1: 20: 200,000

¥ B F R LKA RS SRR AT anghai Institute of Microsystem and Information Technology, Chinese Academy of Sciences



IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 60, Sept. 2025.
r Presentation given at ISEC 2025, Erfurt, Germany, June 2025.
SimMir

Break the trade-off in NbN SSPD

=
o
1

o
oo
1

©
()]
L

6/3/6 nm

o
~
[]

NbN/SiO2/NbN

Absorption efficiency

o
N
1

lon irradiation

Intrinsic detection efficiency

Twin-Layer structure

O
o
1

) 4 6 8 10 12 14 16
Nanowire thickness (nm)

o
N
I

¥ B F R LKA RS SRR AT 13 gha ute of Microsystem and Information Technology, Chinese Academy of Sciences



IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 60, Sept. 202.

Tune SDE with He ion irradiation

100

~97.5%
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W. J. Zhang Phys Rev App 12, 044040 (2019). l, (LA)
Schematic of He ion irradiation of the NbN thin film SDE vs Ib for SNSPDs with He ion irradiation

We were able to tune superconductivity of NoN nanowires, thus, tune IDE/SDE of SSPD.
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Tune ABS with twin-layer film P

(a) Incident photons

NbN
nanowire

VS

(b) NbN/SiO2/NbN
_ e
Monolayer Bilayer

6/3/6 nm

NbN/SiO2/NbN

o B A IR Lk R G5 15 S H AR AT

IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 60, Sept.
Presentation given at ISEC 2025, Erfurt, Germany, June 2025.
-

 §

g

L l{'ﬂl

T LI L L . . . L L L T
) m'{ﬂj- 0.8K ==
= g
= | 21K o
=2 §i)- —
s ~
o2 704 45
e 10
= 604 E
S s0- 10' &
.- B =
z 4+ 3
. o
@ 10
=] 3['-. -:5
E 20 =
=& 10’
51. 104

i

70T Becumentgua)

O Adopt twin-layer NbN film, guarantee the
ABS and IDE simultanuously

O Highest SDE is 98%

Opt Exp 28: 36884. (2020), Spotlight of OSA
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Results from Other groups

(o =) 4 )
Detecting telecom single photons
with (99.5'33;)% system detection
efficiency and high time resolution @
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Superconducting nanowire single-photon detectors
with 98% system detection efficiency at 1550 nm
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DCR of SSPD
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iDCR of Conventioal SSPDs in time domain

Conclusion: iDCR of typical SSPDs is contributed by the single (weakest) defect/constriction
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Suppress background DCR
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Challenging: cryogenic optical filter with low insert loss, wide stopbands, and narrow passbands
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SSPDs with low DCR or h
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SM-BPF with a high transmittance
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B 1 R - ] 1° L0y A N S B S GO SO I U S S A S (38
SMF-28e 90 —=— w/o SM-filter 1. 904 —— Trans@ 293 KI_
| —e— w/ SM-filter J {4 —— SDE@2.1 K
80 s 3 804" !
70 {10° 70 J ]
}GRIN | E e
—~ 60+ 1 = X 60 |
Q 100 8 I
NBN nanowire : 75 > i E S 2 1
; I Air gap w50 - : o 2 g ]
: [a] - O Q2 1
: it @ 40 110° 5 .2 4] ;
\ : Filter i E ]
301 " , 10° 30 -
20 4 «=—0.4 cps 20 - i
. E -1 p
= 400um Si ~ ol 110 il ]
0-. T T - 1072 0 T T T T T o Y B |
6 8 10 12 14 1540 1550 1560 1570 1580 1590 1600 1610 1620
I, (WA) Wavelength (nm)
SDE and DCR vs bias current with and Room temperature transmission spectrum vs
without SM-BPF SDE wavelength dependence

* a SM-BPF with ~949% transmittance packaged with a SSPD featuring ~98% SDE at 1550 nm
 SDE ~90.5%@ 0.4 cps
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PNR of SSPDs
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Conclusion: SSPD is a switch, which do not have PNR
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*“  PNR using time domain characteristics

B Recently, with improved measurement resolution, conventional SSPD has been found to resolve photon numbers with the

arrival time or rising edge of the response pulse.

1 photon ;ggmz
1-photon event T m
; 70000 2 photon —— 350mV
’/;47 ~— Incident photon —— 400 mV
\ " 15000
-
o
?G>D 10000
[
5000 -
2
s
% O 1 1 || ] 1
§ [ -200 -150 -100 -50 0 50 100
E Time (ps)
Time (5) TCSPC measurement
s M B’ B The measrement is similar to the timing jitter measurement

TU Delft, APL Photon. 9, 066101 (2024)
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~  Fast parallel SSPD with PNR of up to 8

Fast PNR discrimination
up to 8 photons

28 interleaved
active pixels

!

ID Quantique, ACS Photonics 2025, 12, 320
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SSPD with PNR~32
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SSPD with high efficiency and PNR (SDE ~ 98%, PNR ~ 32)
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a c 0 [1.000 0.025 0.043 0.053 0.074 0.085 0.090 v" Single channel readout;
ey 1 0.975 0.082 0.079 0.125 0.132 0.118 . -
== 4 Counter o v High efficiency (98%0);
readoutse(up g 2 0.874 0.135 0.191 0.195 0.167
£ :
[ﬂ’/ﬂ"‘”:’”/ﬁ L’l/:Wﬁ 23 0.734 0205 0.132 0.111 v" Low noise (20 cps)
oltage =
Electronic | layer 2
0.85K cryostat C £ 4 0.405 0.186 0.136 .
cryosta _ = v ngh PNR (32)
"™ bias-tee D cryogenic amp. D 2%RTamp. |/~ | fiter/snubber EIT”TM 5 0.271 0.164
= oOptical O o 5
6 0.215 v High Fidelity

PNR with Resistive-shunted SSPDs Fidelity of Multi-photon
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- Microstrip SSPD with PNR ~ 10

Splitter

Vi 3 c"‘ilb S
—-i }4— At=t—1
b

2 1

Lg‘ L@v@ 6 5 4 3
L L A Rising-edge time (ns)
2 4 6 8
Time (ns) PNR Up tO 10 phOtOﬂS

With using microstrip and increase L to tune the slope of rising edge for different incident photons
and improve SNR Advanced Photonics 6: 016004. (2024)

zhai Institute of Microsystem and Information Technology, Chinese Academy of Sciences
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Two-photon coincidence counter
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Fig.1| Sixteen-pixel SNTPC. a, Schematic illustration of the device design and b, Scanning electron micrograph of the 16 detector pixels and partial delay 4 8 12
operation principle. The device is a two-terminal array that connects a chain of lines. Scale bar, 10 um. ¢, Enlarged view of a nanowire delay line. Scale bar, 2 pm. Time difference, At (ns)
smig]e-phomn dEtECtorp'XEIS(.PkPw)usmgasenes OfSIow_Yva.ve delay I.|nes oF 4. CIOS?_Upv'eV.V .Ofa de{ec.mr pIXELWhich comprisesa S'?gle mez_’"de""g Fig. 2| Time-amplitude-multiplexed readout. a-c, Pulse waveforms generated distributions of the time difference and amplitude show 16 distinguishable
various lengths. Any case of a single photon or two photons hitting two different nanowire, specifically designed for potential waveguide integration. Scale P h i h ) h ixel h for i d for i b hedashed b
pixels can be distinguished by the delay-time difference (At =¢,— t, (= t; - t,)) bar, 0.5 pm. Inall scanning electron micrographs, the darker regions represent r-()m the various photon-event CE].SES. onephaton on pixel P9 (a), two. photons on groupsfor p = _0'002 (top) and 152 groups for 1 = 2( X ottom). The dashed boxes
ofthe electrical pulses (V,and V,) arriving at the two terminals (right and left). niobium nitride (NbN), whereas the brighter regions denote the substrate where pixel P9 (b) and two photons on pixels P9 and P13 (c). The pulse amplitudes are mark the 2D points that correspond to the waveformsina (P9), b (P9-P9)
7,(n=1-15), delay times of the delay lines between detector pixels. hv, photon. the NbNiis etched away. extracted from the first peak of the rising and falling edges. d, Measured 2D and ¢ (P9-P13).

Two-terminal two-photon coincidence counter using SSPDs with customized delay-
time series, which resolves all 152 potential single- and two-photon events in a 16-
pixel configuration, with combinatorial time logic and amplitude multiplexing.

Kong et al, Nature Photonics, 19: 407 (2025)
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= SSPD@4.2K, Drone-based SSPD

e
S S10
2 <
5 2.3k
0.9
s g
20.8 2 0.0 s
0 5 10 15 20 25 30 35 1.0 15 20 25 3.0
Time (s) Time (h)
O L=10mm; W = 800g; 0 HEEFEFERR2.4L 55,
O EEI{E20hLAL; O 4.2KiSZEERdE: >2.3h;

Material optimization = T from 2.2K to 4.2K Operation in LHe

Drone-based SSPD system w/ SDE>90%@1550 nm

Optics Express 31: 30650 (2023) ; AP Nexus 4: 026003. (2025)

Shanghai Institute of Microsystem and Information Technology, Chinese Academy of Sciences
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B Background & Introduction
m SSPD with high performance
B Applications

H Summary
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Quantum Information

Superconducting Nanowire
Single-Photon Detector (SNSPD)

omputation

Laser vibrational excitation Infrared fluorescence

NaCl(100), T.=7 K

SSPD plays indispensable role in QIP
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Requirements from Ql

D,
S

QKD Quantum Comput/Sim

Alice :

1o\ e

Dt | S e 44

st Oy

izag it |

| LB / | Waveplafés B»as1.sﬂ 2

i -u- L R,

{ K, (final secure key rate) oc f- u-L- DE CC(n) = mp (UQD Nae Nc- ﬂspn) .S

ER <R, /K,
SPD: High DE, Low DCR, High Speed SPD: High Speed, High SDE, PNR

At least 4 SPDs for BB84 50 qubits need 100 SPDs

High performance SPD is indispensable for Qi
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SSPDs for Quantum Key Distribution

USTC 2020/21& ToshibaUK/21:
; 500-800 km TF-QKD Lab/Field : : 4
Univ of Geneva 2018: e fe@e s g 4.2
420KM OW-QKD | = ]ﬂ /\) 1 J '""fl{ - il
PRL 121: 190502 (2018) ] e o \:/) ; 2|84 e b i
B § USTC 2015-16: Collaborated with JW Pan iz f: J & % "
i 4 O PRL113:190501.(2014) e =\
USTC 2014: ; . l: 200 I(m2 MDI'QKD network O PRX 6, 011024 (2016). - -'i OPLL ey e orlL —ww
200 km MDI-QKD * || 404 km MDI-QKD O PRL 117: 190501. (2016)
: O PRL 123: 100505. (2019) .
T e 2023: TF-QKD over 1000 km
e \_ using SSPDs w/ ultralow DCR )
NTT 2010 Tokyo QKD Network O Nat Photon 14: 422. (2020)
A O PRL 126:250502. (2021)
Q) e 102222000 O Nat Photon 15: 570. (2021) f \
=, , T O PRL 128: 180502. (2022)
AN NTT 2007: QKD over 40 dB loss fiber

" | DE (~1%@DCR50Hz)
Nat Photon 1, 343 (2007)

NIST 2006: 1t QKD demo using SSPD
With DE (10%) by R. Hadfield = —
APL 89: 241129. (2006) e ==

2023: TF-QKD w/ 110 Mbps (10 km)
\_ using SSPDs w/ high speed )

O PRL130:210801 (2023)
O Nature Photon 17: 416 (2023)
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SSPDs for Optical Quantum Computation

¢ K i

AT 42\-\ = '*3&3" : : m Eu:
f - . : = .' ;7" \\ 7 o » £ ‘“‘""’"i“ ,'.il.muﬁari 5
Wi s . W iz o R TRk
. ‘ ‘,

USTC 2020/21/23

“slm 2018: > JIUZANG: 76/113/255 qubits Boson Sampling

> Scalable Boson Sampling with photon loss » 100/144 SSPDs in 7/10 cryostats, SDE ~0.81/0.83
(13 SSPDs) /

» 12-Photon Entanglement and Boson Sampling ~

(24 SSPDs)

— : t J “ ‘:-7--;':‘«' 221 ;; é :;.5:, ) |
S FHi§ e - Collaborated with USTC
- { } PRL 118: 190501 (2017)
-l et USTE 2019

PRL 120: 230502 (2018)
» 20-photon Boson Sampling

PRL 121: 250505 (2018)
USTC 201): (~48 qubits) (60 SSPDs)

PRL 123: 250503 (2019)
» 1st Boson Sampling using SSPDs

i

Science 4: 070501 (2020)
PRL 127: 180502 (2021)
PRL 130: 190601 (2023)
PRL 131: 150601 (2023)
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SSPDs for fluorescence imaging

=

; o - - |
I SSP Braly 0.4 0.8 12 16 20 24 28 08 10 12 14 16 18 20 22 24
\ Wavelengh (pm) Wavelength (um)

a 66 Vis NIR-I NIR-II/SWIR b NIR: | lla IIb lic Ild d
e T T—p——r
7 —— skin = 104 -~ -~ Absorption length NIR-I
: : Muscle 3 - - - - Scattering length
60 = Effective attenuation
Intact mouse head Brain tissue <
Ojective = 50 Cranial bone =] &k Repoctad data
\ D,O £ - - 0.8%Intralipid | & 103 <
[ e v — — —— ———— o o o — Cover glass / :340 4 - - 4.6% Intralipid | S
I =30 | Scalp \ ~ 80% glycerol 330 | &
- Skull 20 | c
.. | &
g - < - 2
ﬂ + Filter I Meninges T 10 u g0

BP
1500 I € Detector: InGaAs SNSPD
. nm Excitation: 808 nm
& 3 Emission: NIR-1lb
637 nm fil-)o = ':Tj
CCD | . :
@©

2.6 mm

Depth of imaging in 5% Intralipid

Illumination

ID Scanning Stage

500 x 528 x 1,135 ym®

Confocal microscopy using SSPD Non-invasive in vivo confocal microscopy in NIR-II

O NIR with Wavelength over 2 um; Nature Photonics. (2024), HJ Dai @ Standford Univ
O Quantum limit sensitivity; https://doi.org/10.1038/s41566-024-01391-5
O Large penetration depth for biological imaging
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SSPDs for remote sensing

@MII’

Nanjing University applied his high-speed SSPDs with a large detection area to

detect metastable helium in space, range satellite and moon-to-earth.
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Space Weather, 2024, e2024SW003977. Courtesy of Prof. Labao Zhang
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Niche market
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Conclusion

[0 SSPDs outperform semiconducting counterparts

0 Many applications of SSPDs for QIP

[0 Niche market available for SSPDs

USTC Group 4
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Supercanductmg Electronics Facility (SELF)

We are looking for young talents to join SIMIT-CAS

Contact: Ixyou@mail.sim.ac.cn
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