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Superconducting devices for
detection of single photons
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Quantum Information ...

Encodes information In
guantum mechanical states

Involves the manipulation and
measurement of qguantum states
with high fidelity and low loss

Atoms, lons, Spins, Superconductors, Cavity-
QED,

We need a toolbox to generate, manipulate, and




Optical photon detector needs In
Quantum Information

High Quantum Efficiency

As high as possible
Broadband (100nm to 2000nm)

Low Dark Count rate
No false counts
No afterpulsing
Speed
Fast recovery
Fast rise / pulse pair resolution
Latecy

Energy Resolving / Photon Number Resolving




Photon Counter vs. Photon Number
Resolving

Optical Input Detector Technology

Conventional

Same output signal
for varying photon
number input

Photon Number
Resolving

Output signal
proportional to photon
number




Superconductivity
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T electrons [K]

Electrical resistance goes to
zero at a critical temperature
Tc

Critical Current Ic or density
Jc above which there Is
resistance below Tc

Critical Field Hc

Electrons in the

superconducting ground state
form Cooper pairs

Excitations above the ground
state are known as quasi-
particles, energy ~ 2A




Superconducting Detector
Technologies

“Photon Number Resolving”
Energy / Photon Number Resolving
Superconducting Tunnel Junction
Kinetic Inductance Detector

Transition-edge Sensor
“Photon Counter”

Single photon sensitive

Superconducting Nanowire Single Photon
Detector (SNSPD or SSPD)




Transition Edge Sensor (TES)

Energy

deposition Thermometer

* Absorber, C

Weak thermal link, g

Thermal sink
(50 mK)

» Calorimetric detection of UV/optical/IR photons:

» Temperatures are ~100 mK to ensure low noise and high sensitivity.

» Absorber and thermometer are the same (superconducting W thin film)
» Microfabrication techniques




Superconducting nanowire Single
Photon Detector (SNSPD or SSPD)

Thermalization of
quasiparticles and
formation

Current density is

above the critical Normal region
is formed

Hot-spot diffusion and
superconductivity suppression

.

2)1+ 24

Resistive region is
formed across the film
}".




System Detection Efficiency

Optical coupling efficiency
Single mode fiber
Fiber to device coupling

Absorption efficiency into the active
areal/region

Internal quantum efficiency / conversion
efficiency

Trigger efficiency (i.e. electronics and
thresholds)




Superconducting
Fabrication Facility (TES)

{ 2700 sq ft class 100 space

) I-line 5x lithography
E-beam lithography
Reticle generation
Sputter deposition (x2)
ECR PECVD deposition
LPCVD (x2)
Thermal oxide / diffusion (x2)
Thermal deposition (x2)
RIE (x2)
Plasma etching
lon mill etching
3 inch wafers




Optical Structures to Enhance
Detection Efficiency

» Optical stack increases probability of absorption in tungsten
» Careful measurements of optical constants for all thin film layers
» Materials compatibility below 1 K

*A ~1% reflected

20 nm W l‘ ~15 % reflected

\ " n
~20 % absorbed / dielectrics
Si “— highly reflective

metallic mirror

+— non-absorbing

* ~65 % transmitted

Rosenberg D. et al. IEEE Trans. Appl. Supercon. 15 2 575 (2005)




Fiber Coupling

Compatibility with large Temperature change

.




TES Signal
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Photon Number distribution — 1550 nm
pulsed laser

Histogram of photon number for a pulsed laser
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Picture of System

BOSTON
UNIVERSITY




New Materials

Higher speed

Rise time

Recovery time
Tunability for different
wavelengths

Dual band devices

850nm

1064nm

Optimal for loop-hole
free test of Bell's
Inequality

Tungsten

Silicon oxide
Aluminum

1000 1500 2000
wavelength [nm]

2500




New alignment scheme

FC/FC mating connectors
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.c=C=C=C=C
C=C=C=C
c=C=C-C-C=

c-C=C c=C=-C-C
c=c=C-C=C
oc-c=C=C=C=

W TES
Zirconia FC/FC Deep RIE etch Bosch SF /C,Fg process:
Fiber ferrule Zirconia sleeve

circular chips with precise dimensions

e Zirconia sleeve’s inner diameter matches the fiber ferrule
e Zirconia sleeve’s inner diameter matches the circular
chips with the center positioned tungsten TES




Alignment continued...




Unique Features of TES detectors

~ nnn s

Photon Number Resolution by '—
Low Noise JrllL
— NEP < 10%° W/VHz (limited by stray light) 8

“High” QE at telecommunication

wavelengths
— >95% end-to-end measured at 1550nm
— AR coatings give no limit, in principle

90 microns N

“Slow” speed
— Decay time ~1jsec
— 10 MHz clocked systems can be used




How do you make SNSPD’s
more practical?
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Packaging, Optics and
Temperature

Fiber coupling can
be done in ways
similar to the
TES.




NIST Packaging + Moscow devices

System details:

*Detection Efficiency
1-6% (900 nm — 1800 nm)
(Includes fiber coupling losses)

sHadfield et al., Opt. Expr. 13, 1086 (2005)




Fun with photons

TES

Photon statistics
Number distribution (TES) of a Poisson source

Quantum Optics
Squeezed light photon number distribution statistics

SNSPD

Time correlated single photon counting, TCSPC
Higher order intensity correlations




Photon Statistics
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Signal to Noise ratio

How can you use a low efficiency detector
to do anything useful?

Sgnal to Noise = %
dark count rate* jitter

TES has 10 to 100x bigger DE
SNSPD has a jitter 1000x smaller!!!

Inversely related to error rate in a QKD
system




Lifetime Measurements

1 ps, 780 nm Fast Photodiode (Si)
Ti:Sapphire A ,
Laser as
Timing Electronics
I’ N 780 nm’ h'\/lono- Fiber
= chromator
V \/ Z SSPD
Dichroic  25° "M | @ 935 nm
InGaAs/GaAs QW BS Cryostat
£ S IRF Efficiency Dark
;7 [\ > < Conventional (FWHM) | @ 900 nm | Counts
4 / 0 \ ;
0 7 [fh., ~SISPAD 3| convisPAaD | 350ps 38% | ~50 Hz
-/ ' .~ N ]
3[ 1 : RATRI ] 40 ps
e T Fast ™, 1| FastspaD || pt '| 5% ~50 Hz
2 b [ | sisPAD T, ] ong fa
O :
W, T 5P | | G| 0nD
i 4 ; Gaussian
10", VgE _
e .ﬁﬂ SSPD 3 Gaussian response + Few dark counts
10° | Y l , ! , ! — Tolerate low efficiency
-500 0 500 1000 1500 — Identify multiexponential processes

Time (ps)
*Stevens et al., APL 89, 031109 (2006)



Lifetime Measurements
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Lifetime Measurements: Novel Materials

InGaAs grown on InP

Single InGaAs Quantum Dot
Apetect = 1650 Nm

Apetect = 902 Nm

Counts
Counts

> > > > }PPPPP}P}PPP

-500 500 1000 1500 2000 2500 0 1000 2000
Time (ps) Time (ps)

“EEPD Ol WITEE S o *Single-photon sensitivit
(A>1 pum) ge-p 4




Jitter & Efficiency vs. Wavelength

Ti:Sapphire
Laser
0.7—-1pum

100 fs

Fast Photodiode (Si)

80 ———

0

Mono-
chromator

B [o2]
o o
[ [

Jitter FWHM (ps)

0 1 |

0.6 0.8

1.0 1.2 14 1.6

Wavelength @um)

1.8 2.0

Fiber
SSPD
Fiber >
Cryostat

Timing
Electronics

Attenuator

e Jitter has little or no
wavelength dependence

SPADs:
* A\-dependent IRF shape



Jitter & Efficiency vs. Wavelength
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Entangled Pair Generation in Fiber

Characterization of fiber-generated entangled
photon pairs with superconducting single-photon
detectors

Chuang Liang, Kim Fook Lee, Milja Medic, and Prem Kumar

Center for Photonic Communication and Computing,
Department of Electrical Engineering and Computer Science,
Northwestern University, 2145 Sheridan Road, Evanston, IL 60208-3118
liang(@ece. northwestern.edu

Robert H. Hadfield and Sae Woo Nam

National Institute of Standards and Technology, 325 Broadway, Boulder, Colorado 80305

(C) 2007 OSA 5 February 2007 / Vol. 15, No. 3/OPTICS EXPRESS 1322
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Correlated Pair Generation in PPLN

Correlated photon-pair generation in reverse-
proton-exchange PPLN waveguides with * 10 GHz clock
integrated mode demultiplexer at 10 GHz clock
* Count rate 4.7 MHz +

Qiang Zhang', Xiuping Xie', Hiroki Takesue’, Sae Woo Nam®, Carsten Langrock',
M. M. Fejer', and Yoshihisa Yamamoto'

jI‘Eu"u*m"a' L. Ginzton Laboratory, Stanford University, Stanford, California 94305 - C O I n C I d e n Ce -to = aCC I d e ntal

240 . . . - . . - . .
NTT Basic Research Laboratories, NTT Corporation, 3-1 Morinosate Wakamiva, Atsugi,

Kanagawa 2430195, CAR) >4000:1
. ‘ anagawa 243-0198, Japan ratlo ( > .
“National Institute of Standards and Technology, 325 Broadway, Boulder, Colorado 80303

giangzh(wstanford.edu

— 50% improvement
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Quantum Key Distribution at Stanford

ARTICLES

Quantum key distribution over a 40-dB
channel loss using superconducting
single-photon detectors

0
HIROKI TAKESUE™, SAE W00 NAM?, QIANG ZHANG®, ROBERT H. HADFIELD?t, TOSHIMORI HONJO?, E
KIYOSHI TAMAKI" AND YOSHIHISA YAMAMOTQ34 8
E Channel loss (dB) ©
0 10 20 30 40 a0
106 - 343

105

. >

T
= 104
B * 1st secure key at 10 GHz
2
E g2 2k « Longest fiber QKD link
7o "' 12.1 bits/s over 200 km
100- \ * 17 kbits/s over 105 km
" | | | | — 100x previous best
0 a0 100 150 200 230

Fibre length (km)



Quantum Key Distribution around
the world

Provably secure technique
for key generation

Bound the amount of
Information an
eavesdropper could obtain

Telecommunication band




Hanbury Brown-Twiss Interferometer. SSPDs
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m B
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BS v - [ 7
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Multi-pixel SNSPD by MIT and

*Fabricated by Eric Dauler (Karl
Berggren) at MIT

System detection efficiency up to
46% @ 1550 nm
(Sum of each of the 4 elements at
97.5% of |.)

E. J. Dauler et al., arXiv:0805.2397




Higher Order Correlation Functions —
Psuedothermal light

Ground 12 V DC Fan (up to 6000 rpm)
Glass A

Grating-Stabilized
CW Diode Laser
1070 nm

Time-stamp each channel

Scattered Light ~7 ns bins
Speckle
6-channel
4-element FPGA

i A _ Fiber SSPD
1.8 |- :':.;‘.. - :> A 4

. P - Cryostat
16 | ; ; R PC
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Summary of Detector Experiments to
date

TES In a QKD link

SNSPDs to herald photons from an SPDC source at
1550nm

SNSPDs to perform time-correlated single photon
counting (TCSPC)

SNSPDs to perform free-space LIDAR

SNSPD to characterize CNOT gates
SNSPD to measure higher order intensity correlations




Optical Photons

Collaboration with Blas Cabrera’s group at Stanfdrdversity
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McDonald Observatory

Stanford - NIST collabor ation

s February 2000

«4-pixel TES optical bolometer array

» Kelvinox dilution refrigerator

» Used digital feedback electronics

 Each photon time-stamped to a fraction o
a microsecond with GPS

» Data from faint periodic and quasi-

periodic objects




200 pm UV 2.7 m aperture
fiber optic -

3 m length \,
cold loop

\

McDonald Observatory 1074
February 1-7, 2000
NIST & Stanford

» Crab pulsar

_ gring °PSR0656

Y . i
~ spherical Esklmo nebula
/ lens ° Geminga
20 um X 20 pm e ST-LMI white dwarf
TES w/ Tc~70 mK » Hercules X1

Crab pulsar

e calibration stars

NH National Institute of Standards and Technology ¢ Technology Administration e U.S. Department of Commerce



Device Packaging
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Background Subtracted Crab Pulsar
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Pixel Performance and
Multiplexing

Operating resistance is ~1 ohm

Power dissipation <100 fW per pixel

Bias current is small (~ 100 nA)

Modest energy resolution

Slow count rates

Pixels are small (25 microns x 25 microns)

Small current steering switches at each pixel
Inductors for Nyquist filtering




Schematic

S11
D Resonator 1 Resonator 2
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TES 1 gﬂ\

TES 2 g\-l |
ﬂ
TES]EB%'R

One coax can be used to 64 coax = Mega Pixel
FDM 128 channels which
use CDM to mux 128 TES
16k per coax
5 MHz BW per carrier Lenslet array

40 s time constants
1 kcps




Conclusions

Superconductivity offers another technique for
achieving high performance optical detectors

Much more work is needed to make the detectors
usable in real experiments and systems

Basic research and development into device

performance is still needed.

What are the fundamental limits to QE, recovery time, jitter,
dark counts?

What are the practical limits?
Optical TES can be multiplexed reasonably with CDM

Mega-pixel with count rates 1 kcps / active element
(switch) at each pixel




