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Superconducting nanowire single-photon detector (SNSPD)
Superconducting transition-edge sensor (TES)
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Transition Edge Sensor (TES)

Resistance vs. temperature

Energy
. dependence for W
d_ep03|t|on. Thermometer
single f -
hotons 3
p o | R,
8
Absorber: Tungsten 2 L
O
4

‘ superconductor

I —\Weak thermal link -

Temperature

Thermal sink
(50 mK)

Calorimetric detection of X-ray/UV/optical/IR photons:
Photon(s) are absorbed by a W ultrathin film, very connected to a thermal sink.

Temperature of the absorber is monitored by an ultra-sensitive thermometer
(superconducting-to-normal transition).
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* Relatively high T, superconductor L of superconductors

. . . W | 100 mK
— Improve response time, time jitter and i
timing resolution W |6 i
— Titanium 7_.~360 mK Ti | 360 mK

« Multi-layered optical cavity structure
— Anti-reflection/TES/High reflection mirror =Frmrrrers
— Dielectric films of Ta,O5 and SiO, =
— High absorption and wide bandwidth
— Optimized at any wavelength

Substrate

D. Fukuda, Proc.
SPIE 7236C(2009)

THHER AR B T BB AL
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Ti-TES with optical cavity

Absorptance (%)

100

850 nm device

I M T N ]

Optical structure
= Experiment
——— Design

bare Ti

400

1990 nm device

500 600

700 800 900
Wavelength (nm)

1 " 1 A
1000 1100 1200

w44
80 - -:
o AEE)
g 07il
8 60 [ |
&
~ Si substrate B OORSEIEL S i
—— ——— ———g a 40-"%
< ] AV
30 - | Optical cavity
1{— Design
20+ A
] * Experiment
D. Fukuda, Opt.Express, 19, 870, 10- .
bare Ti
(2011) 0 PR | ' B 9
400 600 800 1000 1200 1400 1600 1800
narionaL mstirure of ADVANCED INDUSTRIAL SCII Wavelength (nm)




Absorber

* epoxy used to attach multiwall carbon
nanotubes over the TES

* Nanocyl, > 99% absorption from
visible to 10 um

silicon black

1
~ -.'\ ,:"’ \
X5 X F 0
Sk / \ / \ /
§ aFe f‘ ')" Il / \wl
5 ' (\. 'I \
(g |,' \“ |l| HI
£ 099 ) '\% \
g |
E’ ’ ‘ I'| |) | I,
.§ ’ \ ]’ \I .I‘,
< 0985+ | [ VRN \
A
0.9 ‘ ' |/ \% |,
¥ gon 800 1000 1200 1400 1600 1800 2000

Wavelength, nm
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HAR AR ARGRE A5 (AIST) TESTI R S55tiE A
Fiber coupled TES device

10T 71—

Fiber — A

If’eS|gn

TES chip\,; . : ‘/ |

7046 _» 10 §1 /oéreﬂetiztton\;\ /

package

1) (%)

: : : e ® =
s " -\\; 7 ",-"e'!‘-,—-?-:f-/::--—— —-———-

01%reﬂectton --------

-

—
oI

Reflectance R(

] - Refiecténce

e LT m easuredresults """""""""" """""""""

s\ ¢ ¥ ¢ ¥ ¢ ¥ ¢ § 5 ¥ ¢ ¥ 5 F 5 3 4 §

800 810 820 830 840 850 860 870 880 890 900
Wavelength (nm)

*The reflectance of the fiber coupled device was
measured with return loss measurement method
(IEC 61300-3-6).
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HAR = 3 REES S ER (AIST) TESSEIG M= R %

» A chip carrier for 6-ch TES array is placed in
cryogen free ADR(adiabatic demagnetization
refrigerator)

« Turn-key operation in ADR, the minimum
temperature~50 mK
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Radiometry Electrical Substitution Radiometry

High-Accuracy Laser
Cryogenic Optimized
P oy Radiometer Cryogenic
ih Heater of (HACR) 1980s Radiometer
Shutter resistance X - (LOCR)

n Receiving cone N 1990s
Radiant flux, &p || of temperature T uguanenen_ BB oy tiniece
g { and heat capaci(y H Lt B - K5 1.~ resarvor

< Thermal link of TR
conductance (

Sl )
K muonh ﬁl = | |l ‘p_;%x Twn Filre haater

A
o Y

Temperature /

SENSOr
v X raglaton shveld By o Abearbing cavity
{specular wack paint)
s, T Radiston yap (1.2 K) T ant
Heat Sink at 7; |~ inbtododea
From NIST Technical Note 1421, A. Parr [
3
N
Pumping por < g
umping g 5%)
| v o
0 100mm

Optical Power = Electrical Power st s s |




X EESREER (NIST) TESE & 5yLi84

Complete radiometer
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Detection efficiency

A= 1550 nm
f=100 kHz

Pulsed laser

103 /pulse < pu <10/pulse

Detection probability

Attenuation

10" g
10° : }—D—C%TFE—:P—CFCHTF#;TFQ{}_CH_
ROIH) o tDle'} Dty
-1 I sucdl SF ;‘“ V_L)-\\
10 -~ 7R \\
O / ""(3‘ JAS
o L Al 2 2 AL \
E T g PV
: & /7/ K‘] /A \\
o fa?® pe. | A S
. 2 A8l A ,A/ "
10 P 2] |
A4|)
- & /
7 /
// /
10° ettt — = '
107 107 107 10° 10

incident photon number p

]
A B R ‘
n=1 n=2 n=3 n=1 " detector

Photon detection probability
with a free parameter 1,

" o=
Py(n| ) =
n.

u: Incident average photon number
n: Photon number
n: Detection efficiency

!

71=98 Yo% 1%
@ 844 nm "




Photon number resolving capability

A=850 m, or 1550 nm
f=100 kHz

Pulsed laser

Attenuation

AAAA

10 um size device@ 850 nm(Ti-TES)

600 —E;l.46 eV

amVLIE

AEjOijeIV ]
T L
O_JU U \,}

200 400 600

counts/bin

us = 1.9/pulse

I
JUV AR,

800 1000

Pulse height (channel)

RN E T HEE WAL

n=2 n=3 n=1

A 4

detector
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Response speed

| Te~300mK 1

. T~460ns = /P oc T
3 1o fall fall 3 / ¢

: 55T 1+a/n

Lo - w
AR Bl | L B |

T A Tc~360 mK

Pulse height (a.u.)

Pulse height (a.u.)
N WU N
\dl B 54 Bl ) | I IR )

| U |
LN -0
A4 | T -

Time (us) Time (u8)
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TES $FR

Wave Dispersive Spectroscopy = Energy Dispersive Spectroscopy

(WDS) (EDS)
high spectral resolution high efficiency
but low efficiency but low energy resolution

\/

transition-edge sensor
(TES)

_

high spectral resolution high efficiency
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=, Nobel Prize

John Bardeen Leon N. Cooper J. Robert Schrieffer
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Normal electron i'jl
states = 0.5 =
—
]
Eg ~-======= Energy gap 2A 0.0 |
Ao Cooper-pair state 00 o> 19

TMe

2A(T=0) = 3.52 kg T¢

e Superconductivity is an inherently quantum mechanical
phenomenon that manifests itself on a macroscopic scale

e Cooper pairs (kt, -k#) form a single macroscopic wavefunction
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— M T HIGEE hf
A N1550nmp )G 1. 28 x 107 9FEH.

,)S'Ztt1550nm5‘6¥ 6 : 0.8eV
ENbNEEFE(T=0) : 5.12 meV
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€ 400
£ 200
N 0

3

X (um)
Prof. Gregory N. Goltsman

Superconducting electrons

-—Y
Is Ls

lN HN
| —
1

Normal electrons

* Superconductor is truly lossless only for dc currents
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1.2

—— Simulated

0.8

T

Superconducting hanowire
\ X

| Output Voltage
I:

Output Voltage, a.u.

0 5 10 15 20
@ (WD Time, ns

Broken Cooper Pairs

Mechanism: interaction between photons and superconductor
Multi-physical factors: Vortex pairs, Photons, electrons, phonons,

superconductor carriers and quasi-particle. Kadin et al, PRL 65, 3193,1990
) Gol'tsman et al, APL 79, 705-707, 2001
Nano-structure: boundary effect. Gol'tsman et al, APL 80, 4687-4689, 2002
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Semiconducting vs. superconducting detectors

Semiconductors Superconductors

a) One optical photon a) One optical photon creates
creates only one ~100-1000 excited electrons
electron-hole pair (superconducting gap
(typical bandgap 1-2 eV). ~ 2 meV for NbN).

b) Room temperature and b) Relaxation times are
cryogenic operation. picosecond.

c) Large dark counts. c) Extremely low dark counts.

d) Complicated biasing d) No gating required, simple
schemes. voltage-source biasing.

Low temperature environment reduces background noise
and thermal fluctuations responsible for dark counts.
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Counting Rate : SSPD >> APD or PMT

Ultra-thin NbN films

100-fs optical pulse
InGaAs/InPAPD ~ 10°Hz

v =6.5ps O Electrons
&) (e) Ces Te
Te-ph =~ 10 ps \} H Tph-e = 6'5'Te-ph
Phonons

ey |G Ten T, =34.5ps 20 GHz

&
Teg = 38 PS {} Tph-e = 1.7 7e¢

Substrate T,
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e N e  a e e

EHT = 3.00 kV WD = 3.6 mm Date :13 Mar 2013
Signal A=InLens Mag= 3.17KX Time :14:58:08

Y BRI E MR H &, 907 RO R AT
HARN £
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Nb2FE 5 100nm/50% 5 25 b AT /8 b 45

/L

: 200 nm* EHT = 3.00 kv WD = 3.7 mm Date :13 Mar 2013
. Signal A= InLens  Mag = 150.00 KX Time :14:45:10 ' |

FEEU% @Iﬁ/leOSG 1100uC/cm2 Rfﬁﬂ@lﬂhﬁﬁTo ]
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=HFMERLIN Compact SEM




EHT = 5.00 kV Signal A = InLens Date :22 Mar 2016

WD = 6.9 mm Photo No. = 165 Time :17:51:07
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EHT = 3.00 kV Signal A = InLens Date :18 Sep 2015
WD = 3.8 mm Photo No. = 1027 Time :21:52:20
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EHT = 5. 00 kV

I l WD=41mm

Signal A = InLens Date :26 Nov 2015
Photo No. = 1554 Time :16:53:52



Signal A = InLens Date :26 Nov 2015 ZEISS
Photo No. = 1571 Time :17:29:52




Optical images of packaged SNSPDS/\\

A B C D
Detection area =10pum X 10um =10pum X 10pum =15um X 15um =10um X 10um
Fiber type Single mode Single mode Multi-mode Multi-mode
(50 um) (62.5 um)
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F

DC source

Optical component

Amplifier

Packaged and

—  Fiber aligned chips

Coaxial cable

100 MMz fmax)

System structure of SNSPD ‘ 5075
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