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Photons

* lllumination in eye from | pixel of laptop at 100 km in | sec

* Energy inversely proportional to wavelength
— Longer wavelength => harder to detect
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Tapetum Lucidum of a Cat

Bernstein and Pease, “Electron Microscopy of the Tapetum Lucidum of
the Cat” Journal of Cell Biology, Vol. 5, 35-39, (1959) 9
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i Characteristics of Photon Detectors
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Nanowire Single-Photon Detector
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DEVICE OPERATION



Illir Superconductive Nanowire Behavior
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4 nm

Detection Mechanism
Explanation

superconductor is biased near its
transition
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Detection Mechanism

Explanation

photon-induced hotspot forces bias

current above critical density
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A.D.Semenoy, G. N. Gol’tsman, and A.
A. Korneey, “Quantum detection by
current carrying superconducting
film,” Physica C, vol. 351, pp. 349-356,
2001.
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Detection Mechanism
Explanation

resistive barrier spans nanowire
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Detection Mechanism
Explanation

resistance grows from heating
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Detection Mechanism
Explanation

current is diverted

4 nm _T_ | niobium nitride /
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Detection Mechanism
Explanation

superconductivity is restored

4 nm ; | niobium nitride /
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Detection Mechanism Explanation

superconductivity is restored
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Detection Mechanism
Explanation

bias current is restored
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Kerman, Dauler, Keicher, Yang, KB, Gol'tsman,Voronov, Applied Physics Letters, (2006)
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I'lir SNSPD integrated in an optical cavity
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I'lir Summary of Device Performance
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Basic Fabrication Flow
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Basic Fabrication Flow

hydrogen silsesquioxane (HSQ)
(electron-beam resist)

I I <— gold contact pads
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Basic Fabrication Flow
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Cavity Fabrication Flow

HSQ

I

120nm
B Ti/Au

mirror

<— Au contact pads

N[s]\N sapphire substrate
detector

HSQ cavity

HSQ
ARC

| 11114-rochester



APPLICATION






llir Pseudo-Thermal Source Setup NIST
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3-photon coincidences
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“High-order temporal coherences of chaotic and laser light”, Stevens, Baek, Dauler, Kerman, Molnar, Hamilton,
Berggren, Mirin, and Nam, Optics Express, 18, 1430 (2010) 35
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NANO-ANTENNAE



The Three Keys to Efficiency
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Antenna — Integrated Detector

top view
small pitch large pitch fill the gap with gold

T

L e e o mm mm mm e o o o — 1 e T e i s i e i e Rt st S e S el o o 1
Cross section
HE B BB EEEEEEENE B — | | [ ] [ | [ | —
\Y VI—
t t

| 111 14-rochester



™

| 11114-rochester

Optical Nano-Antenna
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Final Version
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Optical Nano-Antenna

™
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Fabrication
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Nano-Optical Antenna for Nanowire Detectors

* Nano-antennae improve collection, permitting 3 x area, with same reset time
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SUB-30-NM DEVICES
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UITe 30-nm-wide-nanowire SNSPD
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Illif Standard vs Ultranarrow-Nanowire SNSPDs

detection efficiency, 7 (%)
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Illif Standard vs Ultranarrow-Nanowire SNSPDs

detection efficiency, 7 (%)
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Illif Standard vs Ultranarrow-Nanowire SNSPDs
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detection efficiency, 7 (%)
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Standard vs Ultranarrow-Nanowire SNSPDs

Constrictions
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Korneey, “Quantum detection by current

carrying superconducting film,” Physica C, vol. 5
351, pp. 349-356,2001.
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Illif Standard vs Ultranarrow-Nanowire SNSPDs

Constrictions
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Illif Standard vs Ultranarrow-Nanowire SNSPDs

detection efficiency, 7 (%)
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Illif Standard vs Ultranarrow-Nanowire SNSPDs

Negligible responsivity above 2 um

Quantum Efficiency,%
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1111 14-rochester Gol’tsman et al., IEEE Trans.Appl. Supercond (201 1)
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Illif Standard vs Ultranarrow-Nanowire SNSPDs

Negligible responsivity above 2 um
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detecttion efficiency (%)
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Detection efficiency vs I; and wavelength
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detecttion efficiency (%)
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Detection efficiency vs I; and wavelength

w = 30 nm
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Illif Detection efficiency vs I, wavelength and width
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SIGNAL TO NOISE RATIO



Amplitude (V)
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Low signal to noise ratio
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Amplitude (V)
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“A Cascade Switching Superconducting Single Photon Detector,”

M. Ejrnaes, R. Cristiano, O. Quaranta, S. Pagano, A. Gaggero, F.
Mattioli, R. Leoni, B. Voronov, and G. Gol'tsman,

Appl. Phys. Lett. 91, 262509 (2007)
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III._ Superconducting Nanowire Avalanche Photodetectors
I (SNAPs)
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III._ Superconducting Nanowire Avalanche Photodetectors
1

(SNAPs)
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Basic model of SNAP operation
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Basic model of SNAP operation
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Basic model of SNAP operation
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Il Basic model of SNAP operation

IBC ﬁ RA;E;I
=
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Amplitude (V)
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SNAPs improve the SNR

1.2

0.8 1

0.4

10 15 20 25 30

Time (ns)

69



i Experimental results
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i Experimental results

threshold current

~ 20 !
S | B
=
Ti bt
z
2
Q
=10
(D)
o
S
g 5
B
= A= 1550 nm
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
[B/[SW
71

| 11114-rochester



Experimental results
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i Experimental results
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In which bias range are 3-SNAPs working as single-photon detectors!?
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Illir SNAP operation below the avalanche current

(D
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Illir SNAP operation below the avalanche current

(D
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Illir SNAP operation below the avalanche current

(D
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Illir SNAP operation below the avalanche current

(D
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Illir SNAP operation below the avalanche current

(D
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Illir SNAP operation below the avalanche current

(D
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Illir SNAP operation below the avalanche current

(D
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Illir SNAP operation below the avalanche current
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i SNAP operation below the avalanche current

0 ﬁ L2
-
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i Experimental results
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it  »# Power Dependence Explained
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it  »# Power Dependence Explained

photon arm +

dark count trigger
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i Electro-thermal simulation of SNAPs

secondary 9
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i  3-SNAP in “arm-trigger” regime

Pseudo 2-SNAP

0.5 :
time (ns) superconducting
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voltage | hv

Inter-arrival time measurements

Avalanche mode:

AN AN AN AN AN
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Mlir Inter-arrival time measurements

Avalanche mode:

voltage (Y
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Mlir Inter-arrival time measurements

Arm-trigger mode:

voltage | T
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VAN~

time

90
| 111 14-rochester



Mlir Inter-arrival time measurements

A
voltage

Arm-trigger mode:
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i Inter-arrival time histograms

probability
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F. Marsili et al, Nanolett. (201 1)




UITe 20-nm-wide-nanowire SNAPs
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UITe 20-nm-nanowire-width SNAPs

A= 1550 nm

1
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Mhir The Future

* Scaling sensitivity out to longer wavelengths

— (is high-efficiency single-photon detection possible at
|0 um?)

* Understanding the source of jitter

— Intrinsic to material? Electronic? Thermal? Electro-
thermal?

— Dependent on design/architecture? Engineerable!?

* Can we break the | ns speed limit?
— Need to investigate new materials
— Need to investigate new device designs

* Is near-100% efficiency possible?

95
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