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Single Photon Workshop 2017 
Welcome to the Single Photon Workshop 2017. SPW2017 is the eighth installment in a series of international 

workshops on single-photon generation and detection technology and applications. Cutting-edge single-

photon technologies are vital to many applications such as quantum cryptography, quantum information 

processing, quantum imaging, quantum metrology, astrophysics, nuclear physics and biology. 

We are proud to host SPW 2017, which is intended to bring together a broad range of scientists, engineers and 

newcomers in the field of single-photon generation and detection for fundamental science and applications. 

Researchers from universities, industry, and government will present their latest developments in single-

photon devices and methods with a view toward improved performance and new application areas. It will be 

an exciting opportunity for those interested in single-photon technologies to learn about the state-of-the-art 

and to foster continuing partnerships with others seeking to advance the capabilities of such technologies.  

 

Thank you for your participation and we are all looking forward to an excellent workshop. 

 

The organizing committee 

 

ABOUT NIST BOULDER 

A world leader in the physical sciences and precision measurement for more than 60 years, NIST Boulder 

Laboratories provide research, measurements, technology, tools, data, and services that enable innovation and 

improve the quality of our lives.  

NIST Boulder develops and supplies measurement tools, test methods, and scientific data that businesses need 

to invent, innovate, and produce high-quality products for electronics, communications, optics, 

nanotechnology, public safety, biosciences, forensics, defense, and environmental applications. 

NIST Boulder makes possible many commonplace technologies—such as accurate wristwatches and GPS 

navigation systems, advanced communications networks, DVD players, safe laser surgery, and reliable gas 

pipelines. 

NIST Boulder generates spin-off companies and jobs and provides industry, academia, and other federal 

agencies with cutting-edge technologies. Commercial products influenced by NIST Boulder-pioneered 

technologies include closed captioning and chip-scale atomic clocks. NIST technologies used by other labs 

include frequency combs, quantum sensors, laser power meters, single-photon detectors, and 

magnetometers. 
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SCIENTIFIC COMMITTEE 
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Alberto Tosi (Politechnico di Milano - Italy) 
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Nick Peters (ORNL) 

Milos Popovic (Boston University) 

Krister Shalm (NIST-Boulder) 
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SPW 2017 Sponsors 

Gold Sponsors 

    

   

       

 

Silver Sponsors 

     

  

     

      

Bronze Sponsors 

    

Sumitomo Cryogenics of America  
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SPW 2017 General Information 

Wireless access 
Access wireless service on the CU campus by selecting UCB Guest Wireless from your available Wi-Fi network 

options and accepting the terms and conditions upon opening your web browser. You will be prompted to re-

accept these terms and conditions periodically.  

If you encounter difficulty accessing the Internet, call 303-735-HELP (4357) or email help@colorado.edu for 

assistance during their business hours.  

Check firewalls or security settings on your computer that could possibly complicate accessing the campus 

Wi-Fi system before you arrive.  

Important Phone Numbers 
Emergency: 

Campus and Off-Campus Emergencies    911  

CU Police Department (On-Campus, Non-Emergency)   303-492-6666  

City of Boulder Police Department (Non-Emergency)  303-441-3333  

Boulder Community Hospital      303-415-7000  

4747 Arapahoe Ave, Boulder, CO 80303 

Important Addresses 

WORKSHOP LOCATION 
Glenn Miller Ballroom 

University Memorial Center (UMC), University of Colorado Boulder 

1669 Euclid Avenue (corner of Broadway and Euclid) 

Boulder, CO 80309 

CONFERENCE DINNER LOCATION 
Rayback Collective 

2775 Valmont Rd 

Boulder, CO 80304 

NIST LAB TOURS LOCATION 
Main Auditorium 

National Institute of Standards and Technology 

325 Broadway 

Boulder, CO 80305 

  

mailto:help@colorado.edu
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Best Student Poster Award 
The SPW 2017 committee has organized a sponsored ‘Best Student Poster Award’. If you are a student and 

presenting a poster, you should sign up for the best student poster award, if you have not already done so. All 

eligible and signed-up posters are marked with a read sticker next to the poster number. If you are eligible you 

can still get a red sticker at the registration desk. However, please do so before the poster session starts. 

sponsored by:  
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Food and Social Program 
 

WORKSHOP RECEPTION 

The workshop reception will be hosted on Monday July 31st 2017 along with the poster session from 16:45 to 

19:15. Light snacks will be served and a cash bar will be available for purchase of drinks.  

WORKSHOP DINNER 

Join us Wednesday evening for a casual dinner at the Rayback Collective. Come sample the best of the Boulder 

craft beer scene (wine and cider also available), and food from some of the best local food trucks. Drinks and 

food are not included in the registration fee. Since the dinner is self-pay, there is no need to sign up prior to 

the event. Families and significant others are encouraged to join us. We have organized buses leaving the UMC 

(University Memorial Center, where the talks are held) at 18:00 to transport workshop attendees to the 

Rayback. Bus pickups back to the UMC are scheduled for 20:30, 21:00 and 21:30. 

LUNCHES AND COFFEE BREAKS 

Lunches are on your own. There are two main lunch options on the CU campus: the UMC (University Memorial 

Center, where the talks are held) and C4C (Center for Community) offer buffet-style lunches. If you purchased 

the meal plan during registration, your lunches will be at the UMC or C4C. If you did not purchase the meal 

plan, you can still eat at the UMC or C4C for $12+tax (credit or debit card only, no cash). Through the CU housing 

registration page you can sign up for the “Commuter Meal Package” only, following the instructions. The cost 

is $43.30 for four lunches (Monday through Friday). 

The University Hill neighborhood (“The Hill” for short), across Broadway from the UMC, also has many 

restaurants. See the maps and “Places to Eat” section below for more detail. Coffee breaks are held in the 

vendor area of the UMC. Light refreshments and snacks will be served at each coffee break. 

  

https://confreg.colorado.edu/Registration/Welcome.aspx?e=087B5832E1C2F9282A6DD596B2E10185
https://confreg.colorado.edu/Registration/Welcome.aspx?e=087B5832E1C2F9282A6DD596B2E10185
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Workshop Satellite Meetings 
 

SHORT LECTURE COURSE 
Tuesday August 1 2017, 19:00 – 21:30 

location: UMC Aspen Room 

SPW2017 will host a short satellite meeting lecture course on “Single-photon metrology and its application to 

quantum technologies” on Tuesday evening. Participation in this course is encouraged for all attendees, 

especially students and recent graduates. Refreshments and light snacks will be provided. There is no fee for 

this course, which is sponsored by EMPIR project 14IND05 MIQC2, and coordinated by the National Physical 

Laboratory (NPL), the Istituto Nazionale di Ricerca Metrologica (INRiM) and the organizing committee of 

SPW2017.  

Please note that the number of attendees is limited. Therefore, ensure that you sign up for the short course 

beforehand on the sign-up sheet at the registration desk. 

NIST LAB TOURS 
Friday, August 4 2017, 8:00 – 13:00 

location: Main Auditorium, NIST, 325 Broadway, Boulder, CO, 80020 

On Friday, August 4, we are offering lab tours at our NIST Boulder facility. For registered lab tour attendees, a 

bus pickup is arranged for 8:00 at the UMC (University Memorial Center, where the talks are held). We will 

serve a sponsored lunch for all lab tour attendees on the NIST campus at 12:00 and a mid-morning coffee 

break. The return bus to the UMC is scheduled for 13:00. 

Only those who signed up for the tour at the time of registration will be able to attend. Unfortunately, we 

cannot offer a last-minute waiting list, since all attendees need to be registered with our security office in 

advance. (Note that sign up for the NIST lab tours occurred during the registration process, and was limited to 

75 participants. If you were not asked during registration whether you would like to participate in the NIST lab 

tours, then the lab tours were already filled up.) 

SINGLE PHOTON RADIOMETRY AND DISCUSSION FORUM ON FEW 
PHOTON METROLOGY 
Friday, August 4 2017, 13:00 – 15:30 

location: NIST, room 1-1107 

The TG11 "Single Photon Radiometry" and TG7 "Discussion Forum on Few Photon Metrology" is organizing a 

joint meeting during SPW 2017. The discussion forum will address:  

 Progress report and discussion of the Si SPAD comparison [TG11] 

 Update the schedule plan of the Si SPAD comparison [TG11] 

 Planning of the future InGaAs SPAD comparison [TG11] 

 Update the technical issues in the few photon metrology field [TG7] 

 Needs for publication of technical guidance [TG7] 

Because the forum is held on the NIST campus, prior registration with the NIST security office is required. To 

sign up for the meeting, contact Stefan Kück (Stefan.Kueck@ptb.de) or Dong-Hoon Lee (dh.lee@kriss.re.kr). 

 

mailto:Stefan.Kueck@ptb.de
mailto:dh.lee@kriss.re.kr
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Local information 
 

ABOUT BOULDER 

Located right against the eastern foothills of the Rocky Mountains and at an altitude of 1,655 m (5,430 ft), 

Boulder is a famous gateway to exploring the natural beauty of the centennial state of Colorado. Only 30 km 

(18 miles) away lies the continental divide with many peaks above 4,000 m (13,100 ft). Rocky Mountain 

National Park with its beauty and wildlife is only about a one hour drive away. Of course, the first settlers in 

1858 were stunned by the beauty of the surrounding area, but also because of gold finds in the nearby 

mountains, evidence of which can still be seen today in many ghost towns. 

CLIMATE 

Boulder is located about one mile above sea level and has a semi-arid climate with low humidity. Average highs 

in early August are 30°C (85°F) and lows are 15°C (60°F). During a typical summer day, it can get quite warm 

while in direct sunlight. For prolonged exposure, especially at higher elevations, be sure to bring sunscreen or 

other sun protection. Afternoon thunderstorms are common and lightning can be a serious threat, especially 

at higher elevations. To lessen the risk, hiking or other activities above tree line (about 3,500 m (11,500 ft)) 

should be started in the early morning and completed by noon. Because of the high elevation and dry climate, 

it is advisable to drink plenty of water. 

WHAT TO DO  

Many tourists like to explore the Pearl Street walking mall with lots of shops, restaurants and street performers. 

Located close to the mountains, Boulder is famous for its plethora of outdoor activities. From hiking and biking 

to whitewater kayaking and rock climbing, there are many ways to explore the natural habitat. For more urban 

pursuits, Denver is just 50 km (30 miles) away. 

BIKE SHARE 

For the full Boulder experience, consider the Boulder B-Cycle bike sharing program. For only $11, you can 

purchase a month-long membership that allows unlimited 30-minute rides. (This should be plenty of time to 

reach most restaurants in Boulder from the UMC or any of the hotels.) There are stations within a short walk 

of all the hotels and the on-campus housing, and one right next to the conference venue. Just remember to 

cancel your membership once you depart Boulder to avoid being charged for the next month. 

  



18 
 
 

MAPS 

 

  

U
M

C
Ta

lk
s,

 p
os

te
rs

,
co

ff
ee

 b
re

a
ks

C
4C

Lu
n

ch

B
ak

er
 H

al
l

O
n

-c
am

p
u

s 
h

o
u

si
n

g



19 
 
 

UNIVERSITY MEMORIAL CENTER (UMC) 

Location of talks, poster sessions, short course and coffee breaks Monday-Thursday. Alferd Packer Restaurant 

& Grill is also located in the UMC, and is the closest option for a quick lunch. If you signed up for a commuter 

meal package, this is one place to go for your lunch. 

CENTER FOR COMMUNITY (C4C) 

Large, on-campus cafeteria, known for good food. Located a short walk from the UMC, this is a place to grab 

lunch if you are signed up for the commuter meal package. An all-you-can eat buffet, this place has 

something for everyone, from sushi to salad and sandwiches to burgers. Even if you didn’t pre-purchase the 

meal plan, you can pay on site with credit card or debit card (no cash): $12 + tax for lunch. 

BAKER HALL 

On-campus housing. 

 

 

 



20 
 
 

 

ORIENTATION 

From most places in Boulder, the nearest mountains will be to your west. Broadway and 28th St are the main 

north-south streets running on either side of campus. Major east-west streets include Baseline, Arapahoe, 

Canyon and Pearl. 
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PUBLIC TRANSPORTATION 

The UMC (University Memorial Center, where the talks are held) is well served by the public bus system, 

which is run by RTD. Fares must be paid in cash as you board the bus, and no change is given. Transfers are 

valid for 3 hours and can be used on your return trip; ask for a transfer when you board. 

The SKIP and DASH buses run north and south along Broadway, providing frequent service to NIST and 

downtown Boulder’s Pearl Street Mall. The HOP line provides service between the CU campus, Pearl Street, 

and the 29th Street Mall. Local bus fare for any of these three routes is $2.60 per ride. Local daily passes can 

be purchased when you board for $5.20. 

The FF1 (all stops) and FF2 (express) buses also pick up along Broadway and travel between downtown 

Boulder and downtown Denver. The fare is $4.50 each way. 

The AB1 bus runs along Broadway and goes directly to the Denver International Airport (DEN) for $9.00 each 

way. 

More information is available at www.rtd-denver.com. There are also several phone apps with real-time bus 

arrival information. Search for “RTD” wherever you purchase apps. 

PLACES TO EAT 

Boulder is a food town, with restaurants scattered throughout its neighborhoods. Many are clumped in the 

areas listed below. For specific recommendations, ask a local—everyone’s got a favorite or two they rave 

about! 

UNIVERSITY MEMORIAL CENTER (UMC) 

Alferd Packer Restaurant & Grill, located in the UMC, is the closest option for a quick lunch. If you signed up 

for a commuter meal package, this is one place to go for your lunch. 

CENTER FOR COMMUNITY (C4C) 

Large, on-campus cafeteria, known for good food. Located a short walk from the UMC, this is a place to grab 

lunch if you are signed up for the commuter meal package. An all-you-can eat buffet, this place has 

something for everyone, from sushi to salad and sandwiches to burgers. Even if you didn’t pre-purchase the 

meal plan, you can pay on site with credit card or debit card (no cash): $12 + tax for lunch. 

THE HILL  

This is the closest set of restaurants to the UMC, with an emphasis on cheap, quick lunch options, skewed 

toward the student lunch crowd. 

PEARL STREET MALL  

This pedestrian mall at the heart of downtown Boulder contains the highest concentration of restaurants, 

with more fine dining spots than other neighborhoods.  

29T H  STREET MALL 

The Twenty Ninth Street mall has a number of shops and restaurants, with the latter skewed more towards 

fast food and fast casual dining. In addition, there are many restaurants on or near Arapahoe Ave, especially 

near Folsom and 28th Streets.  

http://www.rtd-denver.com/
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Program Overview & Summary 

 
MONDAY: JULY 31, 2017 

8:00 Registration open1 

8:50 Welcome 

9:10 Metrology I 

10:20 Coffee Break 

10:50 Applications I 

12:00 Lunch 

13:30 Detectors I 

15:00 Coffee Break 

15:30 Integration I 

16:45 Reception & Poster Session 

19:15 End 

 

 
WEDNESDAY: AUGUST 2, 2017 

8:30 Detectors II 

10:00 Coffee Break 

10:30 Applications III 

12:00 Lunch 

13:40 Integration II 

14:30 
Group Picture, Coffee Break &  
Exhibit-Only time 

15:40 Metrology III 

17:20 End 

  

18:00 –  Conference Dinner, Boulder Casual: 

21:00 Food Trucks & Craft Beer 

  
1The registration desk will be open throughout the 

workshop from 8:00 – 17:00. 

2We will have buses back to the UMC for attendees leaving 

after lunch 

3We will have buses back to the UMC for attendees 

attending the Single Photon Radiometry Forum 

4Prior sign-up required. See “Workshop Satellite Meetings” 

section for more detail. 

 
TUESDAY: AUGUST 1, 2017 

8:30 Applications II 

10:00 Coffee Break 

10:30 Metrology II 

12:00 Lunch 

13:20 Exhibit-Only Time 

14:20 Sources I 

15:10 Coffee Break 

15:40 Sources II 

17:10 End 

  

19:00- Short lecture course4 

21:30 Single-photon metrology and its 

 application to quantum technologies 

 
THURSDAY: AUGUST 3, 2017 

8:30 Quantum Measurements 

10:00 Coffee Break 

10:30 Imaging 

12:00 Lunch 

13:30 Sources III 

15:00 Coffee Break 

15:30 Detectors III 

17:00 Closing remarks 

 
 
 
FRIDAY: AUGUST 4, 2017 

8:00 NIST lab tours pickup at UMC4 

9:15 Welcome 

9:30 Lab tours4 

12:00 Lunch2 

  

13:00- Single Photon Radiometry and 

15:30 Discussion Forum on Few Photon 

 Metrology3,4 
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Monday: July 31, 2017 
8:00 Registration open  

8:50 Thomas Gerrits 

Marla Dowell 

Welcome 

 

Metrology I Alan Migdall  

9:10 Carl Williams (Invited) 
NIST-Gaithersburg 

A Federal Perspective on Single Photon Metrology and Technology 

9:40 Ingmar Müller  
PTB-Berlin 

Bilateral Comparison of Calibration Methods for Photon-Counting 
Detection Efficiency between NIST and PTB using Superconducting 
Nano-wire Single Photon Detectors  

10:00 Christopher Chunnilall 
NPL 

Metrology for characterizing single photon technologies 

10:20 Coffee break  

Applications I John Lehman 

10:50 Alipasha Vaziri (Invited) 
Rockefeller University 

Visual Perception at the threshold 

11:20 Jeff Shainline 
NIST-Boulder 

Photonic signaling and superconducting detectors for large-scale 
neuromorphic computing 

11:40 Matt Shaw 
JPL 

Superconducting nanowire single photon detectors for deep space 
optical communication 

12:00 Lunch  

Detectors I Marty Stevens 

13:30 Robert Hadfield (Invited) 
University of Glasgow 

Infrared single-photon detection with superconducting nanowires 

14:00 Gabrielle Bulgarini 
Single Quantum 

Single-photon detection with near unity efficiency, ultra-high 
detection rates, and ultra-high time resolution 

14:20 Boris Korzh 
JPL 

Single photon detection with a system temporal resolution below 
10 ps 

14:40 Prasana Ravindran 
UMass-Amherst 

Active Quenching of Superconducting Nanowire Single Photon 
Detectors 

15:00 Coffee break Sponsored by:    Sumitomo Cryogenics of America        

Integration I Rich Mirin 

15:30 Hong Tang (Invited) 
Yale University 

Photon pair generation and detection on silicon chips 

16:00 Cale Gentry 
University of Colorado 

Single-chip source of photon pairs with integrated pump rejection 

16:20 Evan Meyer-Scott 
University of Paderborn 

A plug & play single photon source with high heralding efficiency, and 
application to purity-efficiency tradeoff under spectral filtering 

16:45- 
19:15 Reception & Poster Session 
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Tuesday: August 1, 2017 

Applications II Chris Chunnilall 

8:30 Andrew Shields (Invited) 
Toshiba-Cambridge 

A Universal Transmitter for Quantum Communications 

9:00 Morgan Weston 
Griffith University 

Heralded quantum steering over a high-loss quantum channel 

9:20 Catherine Lee  
MIT 

High-dimensional quantum state transfer over deployed fiber 

9:40 Christoph Simon 
University of Calgary 

Single photons for quantum networks, macroscopic quantum effects, 
and neuroscience 

10:00 Coffee break Sponsored by:                 
 

Metrology II Malcom White 

10:30 Stefan Kück (Invited) 
PTB-Braunschweig 

Single-photon sources and detectors for quantum radiometry 

11:00 Glenn Solomon 
NIST/JQI 

Simultaneous, full characterization of a single-photon state  

11:20 Vaigu Aigar 
VTT 

Experimental demonstration of a predictable single photon source 
with variable photon flux 

11:40 Beatrice Rodiek 
PTB-Braunschweig 

Metrological realization of an absolute single-photon source based on 
a nitrogen-vacancy center in nanodiamond 

12:00 Lunch  

13:20 Exhibit-Only Time 

Sources I Krister Shalm 

14:20 Jelena Vuckovic (Invited) 
Stanford University 

Quantum Light Generation with Quantum Dot - Cavity QED systems 

14:50 Carlos Antón 
CNRS 

Efficient single photon sources in the solid-state 

15:10 Coffee break  

Sources II Krister Shalm 

15:40 Lorenzo De Santis 
CNRS 

Single-photon Fock-state filtering with an artificial atom 

16:00 Maria Chekhova (Invited) 
Max-Planck Institute 

Towards photon triplet generation through a direct cubic nonlinear 
effect 

16:30 Mike Reimer 
University of Waterloo 

New nanoscale source of bright entangled photon pairs 

16:50 Gregor Weihs 
University of Innsbruck 

Three Photons – Efficient and Interfering 

19:00- 
21:30 

Short lecture course  
‘Single-photon metrology and its application to quantum technologies’ 
Course organized by the European Metrology Program for Innovation and Research project 
‘Optical metrology for quantum-enhanced secure telecommunication (14IND05)' 

 

 

http://empir.npl.co.uk/miqc2/
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Wednesday: August 2, 2017 

Detectors II Varun Verma 

8:30 Karl Berggren (Invited) 
MIT 

Transmission-Line Superconducting Nanowire Single-Photon Detectors: 
Imagers and Coincidence Counters 

9:00 Félix Bussières 
University of Geneva 

Amorphous MoSi SNSPDs with a low time jitter and a high detection 
efficiency 

9:20 Daniel Slichter 
NIST-Boulder 

UV-sensitive SNSPDs for integration in an ion trap quantum processor 

9:40 Zhaohui Li 
E China Normal Univ 

Multi-beam laser imaging with 100-channel single-photon detector 

10:00 Coffee break Sponsored by:   
   

Applications III Oliver Slattery 

10:30 Hugo Zbinden (Invited) 
University of Geneva 

Quantum-enabled applications 

11:00 Peter Bierhorst 
NIST-Boulder 

Device-Independent Random Number Generation with Photons 

11:20 Ivo Degiovanni  
INRIM 

Inferring the fairness of a quantum coin with a single (detected) toss 

11:40 Aitor Villar 
National U of Singapore 

Photons in space: a demonstration and a roadmap for satellite QKD 

12:00 Lunch  

Integration II Thomas Gerrits 

13:40 Dirk Englund (Invited) 
MIT 

Large Scale Photonic Integrated Circuits for Quantum Information 
Science and Machine Learning 

14:10 Sonia Buckley 
NIST-Boulder 

Low-temperature waveguide coupled Si LEDs and superconducting 
nanowire detectors 

14:30 Group Picture, Coffee break & Exhibit-Only time 

Metrology III Ingmar Müller 

15:40 Sergey Polyakov 
NIST-Gaithersburg 

Characterizing single-photon detectors within a second-order model 
and beyond 

16:00 Hugo Ferretti 
University of Toronto 

Beating Rayleigh’s Curse Using SPLICE 

16:20 Jean-Philippe MacLean 
University of Waterloo 

Experimental observation of ultrafast biphoton correlations with 
energy-time entanglement 

16:40 Animesh Datta 
University of Warwick 

New aspects of quantum-optical sensing: multiple parameters & 
covertness 

17:00 Ivan Burenkov 
NIST/JQI 

Quantum Coherent Spectrometer: frequency discrimination below the 
standard quantum limit 

18:00 Conference Dinner, Boulder Casual: Food Trucks and Craft Beer 
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Thursday: August 3, 2017 
Quantum Measurements Omar Magana-Loaiza 

8:30 Andrew White (Invited) 
University of Queensland 

Manifold single photons and their many uses 

9:00 Geoff Pryde 
Griffith University 

Unconditional shot noise limit violation in photonic quantum 
metrology 

9:20 Alex Jones 
University of Oxford 

Many-photon distinguishability and unambiguous characterization of 
multiport interferometers 

9:40 Michael Mazurek 
University of Waterloo 

Quantum-free state and measurement tomography 

10:00 Coffee break Sponsored by: 
 

Imaging Sae Woo Nam 

10:30 Eric Fossum (Invited) 
Dartmouth College 

Photon-Number-Resolving Quanta Image Sensor 

11:00 Joshua Rapp 
Boston University 

Unmixing Signal and Noise for Photon-Efficient Active Imaging 

11:20 Davide Portaluppi 
Politecnico di Milano 

Monolithic CMOS SPAD array with gating, timing electronics and 
photon-coincidence detection for 3D-ranging 

11:40 Richard Younger 
MIT-Lincoln Labs 

Crosstalk Elimination in Infrared Geiger-mode Avalanche Photodiode 
Arrays 

12:00 Lunch  

Sources III Alessandro Farsi 

13:30 John Rarity (invited) 
University of Bristol 

Spins and photons 

14:00 Fumihiro Kaneda 
University of Illinois 

Memory-assisted time multiplexing for efficient multi-photon 
generation 

14:20 Morgan Mastrovich 
University of Waterloo 

Spectral manipulation of entangled photons with an upconversion 
time lens 

14:40 Till Weinhold 
University of Queensland 

Sub-Megahertz Linewidth Single Photon Source Suitable for Quantum 
Memories 

15:00 Coffee break  
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I. Mueller1, R.D. Horansky2, R.M. Klein1, J.H. Lehman2, S.W. Nam2, I. Vayshenker2, L. Werner1, and M. White2

1Physikalisch-Technische Bundesanstalt, Berlin, Germany
2National Institute of Standards and Technology, Boulder, Co, USA

Three different calibration methods for fiber-coupled single photon detectors that are traceable to 
cryogenic radiometers of NIST and PTB have been compared. The results agree within their uncertainties. 
However, fiber connection and coupling issues were found to have a dominant influence on the calibration result
and are excluded from the uncertainties that are related to the calibration methods.

Several radiometric calibration methods for single photon detectors, traceable to the International 
System of Units, have been described [1-7]. In recent years the achievable relative standard uncertainties were 
improved. For free-space detectors uncertainties as low as 0.16~\% have been reported. For fiber-coupled single 
photon detectors radiometric calibrations with approximately 2~\% relative standard uncertainty have been 
shown [5]. However, in order to become a mature and well standardized technology, the equivalence of the 
different calibration methods has to be shown. In this sense, the verification of repeatability, consistency and 
accuracy of every radiometric calibration method is crucial for the development of customer-available quantum 
radiometry. Here, three different calibration techniques have been compared using superconducting nano-wire 
detectors (SNSPDs) as transfer standards. Two methods are traceable to a cryogenic radiometer of NIST, namely 
the direct-substitution method [9] and the calibrated-attenuator method [1]. The third calibration method is 
traceable to a cryogenic radiometer of PTB and uses the unique properties of synchrotron radiation [5,8].

Fig 1. Measured detection efficiency of a commercial superconducting nano-wire single photon detector at approximately 
1550 nm. The detection efficiencies were obtained by means of the calibrated attenuator method (blue curve) at 1547 nm, 
direct-substitution method (red curves) at 1547 nm, and the synchrotron method (green curves) at 1552 nm.

The varying fiber-connector losses, however, turned out to have a dominant influence on the calibration. 
While this problem can be easily overcome by fiber splicing this is not always possible when a customer 
detector is calibrated and, hence, fiber connector losses remain an issue. Superconducting nano-wire 
detectors proved to be close to ideal transfer standards as they combine high detection efficiency, low 
dark count rates, can be operated in free running mode and achieve maximum count rates up to 100 MHz 
and higher. The polarization dependence of the detection of most SNSPD systems may be a liability, but 
the control of the polarization states is necessary in any case to minimize the influence of polarization 
dependent losses. In this talk I will discuss the results and uncertainty budgets of the different techniques.
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Photonic signaling and superconducting detectors for large-scale 
neuromorphic computing

Jeffrey M. Shainline1, Sonia M. Buckley1, Adam N. McCaughan1, Jeffrey Chiles1,

Richard P. Mirin1, and Sae Woo Nam1

1National Institute of Standards and Technology, Boulder, Colorado, USA

Advanced neuromorphic systems require massive interconnectivity, extreme energy efficiency, and complex 
signaling mechanisms. Here we propose an integrated optoelectronic platform utilizing superconducting 
electronics with photonic signaling to enable neuromorphic computing beyond the scale of the human brain.

In neuromorphic systems, information is encoded in a temporal sequence of pulses. Neurons in the brain make 
thousands of connections in order to identify a large number of patterns in pulse trains. This method of information 
encoding is energy efficient, resilient to noise, and has high bandwidth. However, such massive connectivity places 
severe demands on interconnectivity in neuromorphic hardware. Light is an excellent candidate for massive 
interconnectivity between artificial neurons due to its non-interacting, bosonic nature. In an integrated-photonic 
environment, fanout can be implemented without an RC penalty. In addition, communication with photons 
provides access to degrees of freedom such as frequency, polarization, and mode order which can be used for 
information encoding. 

To achieve neuromorphic systems on the scale of the human brain, 1011 neurons are required. Any hardware 
platform hoping to operate at this scale must utilize devices with extreme energy efficiency. Yet many integrated 
photonic detectors draw power in the steady state and require large input power to operate with a useful signal-to-
noise ratio. However, superconducting-nanowire single-photon detectors (SNSPDs) are capable of detecting single 
quanta of light with greater than 90% efficiency. These detectors can be easily integrated with room-temperature-
deposited nanophotonic waveguides in a scalable process [1]. The use of superconductors leads to energy 
efficiency both by minimizing static power dissipation as well as by enabling few-photon signals. We are therefore 
motivated to pursue neuromorphic systems combining superconducting electronics with photonic signaling to 
achieve massive connectivity with extreme energy efficiency [2].

The basic neuronal device of the superconducting optoelectronic platform combines an an array of SNSPDs 
in parallel with a light-emitting diode (LED). The LED must be compact to minimize capacitance, and should be 
integrated with a nanophotonic waveguide. Hybrid III-V emitters or point defects in silicon can be used for this 
purpose. The signals from upstream neurons must be collected and combined on the SNSPD receiver array. 

A principal advantage of photonic signaling is the potential to achieve massive fanout and routing without 
incurring RC parasitics and power penalties. Two important devices make this fanout and routing possible: 
directional couplers and waveguide crossings. To create one-to-many directional couplers, deposited photonic 
planes can be independently patterned, leading to devices that couple light both laterally and vertically. This can 
be done with either amorphous silicon or silicon nitride [1]. A device utilizing three waveguiding planes can split 
light from a central waveguide to nine output ports. Coupling a neuron to roughly 700 downstream neurons appears 
feasible with these devices, and to accomplish this, three such one-to-nine splitters can be cascaded. Synaptic 
weights can be modified using mechanically mobile waveguides or electronic means based on Josephson circuitry.

Multi-plane photonic couplers are useful for massive fanout, but if one wishes to utilize a small number of 
waveguiding planes (on the order of 10), intra-plane waveguide crossings [3] are still required for routing. Such 
waveguide crossings have been implemented with 0.02 dB/crossing, leading to the potential for massive 
connectivity between photonic neurons.

The fanout, routing, and complex signaling operations required by neuromorphic computers are greatly 
facilitated by the physics of light. It is sensible to base a neuromorphic architecture around photonic signals. 
Having made this decision, superconducting electronics offer excellent performance for both detecting photons 
and biasing the circuitry with minimal steady-state power dissipation. A platform combining superconductors 
and light appears promising for implementing large-scale neuromorphic computing with massive connectivity 
and extreme energy efficiency. Estimates comparing the proposed hardware platform to a human brain show that 
with the same number of neurons (1011) and 700 independent connections per neuron, the hardware presented 
here may achieve an order of magnitude improvement in synaptic events per second per watt.
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Superconducting nanowire single photon detectors 
for deep space optical communication

J. Allmaras1, F. Marsili2, A. Beyer2, R. Briggs2, A. Velasco2, and M. Shaw2

1Applied Physics, California Institute of Technology, Pasadena CA 91125 USA
2Jet Propulsion Laboratory, California Institute of Technology, Pasadena CA 91109 USA

The Deep Space Optical Communication (DSOC) project is a NASA-funded technology demonstration 
mission which will represent the first true bidirectional optical communication experiment from deep space [1]. 
With a flight transmitter on the PSYCHE spacecraft and a downlink receiver at the 200-inch Palomar telescope, 
the DSOC system is designed to support downlink data rates of 0.2 to over 200 Mbps at ranges of 0.1 to 2 
astronomical units. We report on the development of a 64-pixel tungsten silicide superconducting nanowire single 
photon detector (SNSPD) array with a 320 µm diameter active area which is suitable for the DSOC ground 
receiver. We are targeting a free-space coupled device with >50% system detection efficiency at 1550 nm, 100 ps 
time resolution, gigacount-per-second saturation rates, and background-limited false count rates below 1 Mcps, 
with negligible crosstalk and afterpulsing. 

SNSPDs are the highest performance single-photon detectors available in the infrared, with unmatched 
efficiency, saturation rates, false count rates, and time resolution. SNSPDs have previously been fielded in ground 
terminals for the Lunar Laser Communication Demonstration [1,2] and are widely used in quantum optics 
experiments. Based on single-pixel fiber-coupled WSi SNSPDs developed collaboratively at JPL and NIST [3], 
we have developed a 64-pixel WSi SNSPD array suitable for use in the ground receiver for the DSOC project. To
efficiently couple the focal plane array to the 5-meter telescope aperture in the presence of atmospheric disturbance
and to accommodate fast beam centroiding, we have developed a free-space coupled 320-µm diameter focal plane 
array divided into four spatial quadrants, with 16 co-wound nanowires per quadrant. The WSi nanowires are 
embedded in a front-side illuminated quarter-wave optical stack to enhance absorption. In this presentation, we 
share the most recent results on SNSPD array development for the DSOC project, as well as provide an overview 
of the DSOC project and the design of the ground receiver. 

Figure 1. (Left) Optical microscope image of a prototype 64-pixel SNSPD array. The round active area has a 
diameter of 320 µm, all of which is photosensitive. (Right) A scanning electron microscope image showing the 

co-wound meandering nanowire structure. Each quadrant of the focal plane array contains 16 meandering 
nanowire sensor elements.
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Infrared single-photon detection with superconducting nanowires

R. H. Hadfield, R. M. Heath, N. R. Gemmell, A. Casaburi

School of Engineering, University of Glasgow, Glasgow, G12 8QQ, United Kingdom

Abstract. Single photon detectors based on superconducting nanowires have emerged as a highly 
promising alternative for single-photon detection [1].  These devices offer single photon sensitivity from visible 
to mid infrared wavelengths with high efficiency, low dark counts and tens of picoseconds timing resolution.  
Major avenues of development include scale up from single pixel SNSPDs to large area arrays, integration with 
optical waveguides and nanoantennas [2,3].  At the University of Glasgow, Scotland, we are employing novel 
superconducting materials and advanced nanofabrication techniques to realize these designs [figure 1 (a),(b)].  
We are using a suite of advanced characterization tools, including low temperature photoresponse mapping to 
characterize these devices from near to mid infrared wavelengths.  In tandem our group is addressing the 
challenge of practical device operation at cryogenic temperatures.  We have recently partnered with STFC 
Rutherford Appleton Laboratory to realize a miniaturized 4 K cooling platform for SNSPDs [figure 1 (c)]. In 
collaboration with UK and international partners we are deploying SNSPDs in a wide range of advanced photon 
counting applications.  Recent examples implementations include quantum communication networks [4], on-
chip quantum information processing [5], single photon remote sensing [6] and singlet oxygen luminescence 
dosimetry for photodynamic therapy in the treatment of cancer [7].

Fig 1. SNSPD development at the University of -pixel 
SNSPD array with peak detection efficiency >40%. (b) waveguide integrated SNSPD (c) miniaturized 4 K cooler for 
SNSPDs
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Single-photon detection with near unity efficiency, ultra-high detection 
rates, and ultra-high time resolution

Iman Esmaeil Zadeh1 , Johannes W.N. Los1, Ronan B.M. Gourgues1, Violette Steinmetz1, 
Sergiy M. Dobrovolskiy1, G. Bulgarini1,* Val Zwiller2 and Sander N. Dorenbos1

1Single Quantum B.V., 2628 CH Delft, The Netherlands.
2 Department of Applied Physics, Royal Institute of Technology (KTH), SE-106 91 Stockholm, Sweden.

*presenting author, email: gabriele@singlequantum.com

Abstract

Single-photon detectors with high efficiency, high time resolution, low dark counts and high photon detection-
rates are indispensable elements of quantum optics experiments. Combining all performances in a single device
has been a long time challenge. Here, we demonstrate a broadband detector with an efficiency higher than 92%, 
over 150 MHz photon detection-rate and dark counts below 130 Hz operated in a conventional Gifford-
McMahon cryostat. Furthermore, using our custom made cryogenic amplifiers and optimized detector, we reach 
record low jitter below 10 ps. Remarkably, high time resolution and high efficiency are obtained simultaneously.

We present superconducting single photon detectors fabricated from NbTiN film, with a thickness of 8.4nm, on 
top of gold mirrors. The nanowire width is 50 nm and the filling factor is optimized to 0.44. SEM and optical 
pictures of a device are shown in Figure 1(a). For the wavelength of 1310nm, the efficiency curve saturates at
92.3 ± 4.2 %. The efficiency of SNPDs at their maximum detection-rate can be influenced not only by their 
recovery time constant (defined as the ratio of the kinetic inductance of the SNSPD to the readout impedance) 
but also by the charging and discharging of the readout capacitance. To improve the high detection-rate 
performance of our detectors, we used a resistive network between the detectors and the readout capacitor, 
similarly to [1]. As a result, a count rate up to 150 MHz is reached together with high efficiency. Moreover, we 
demonstrate by using cryogenic amplification integrated within the cryostat a record timing jitter below 10 ps.

Figure.1 (a) An SEM image of a fabricated SNSPD. (b) A typical detector mount, the chips are fixed in FC mating sleeve. 
(c) Efficiency versus detection-rate under pulsed excitations for different count rates. (d) The efficiency curve of the studied 
detector. The detector reaches >92% system detection efficiency in the telecom range.

References

[1]. Zhao, T. et al, Counting rate enhancements in superconducting nanowire single-photon detectors with 
improved readout circuits. Opt. Lett. 39, 1869 (2014).

38 
 
 

  



Single photon detection with a system temporal resolution below 10 ps

Boris Korzh1, Qing-Yuan Zhao2, Garrison Crouch1, Andrew E. Dane2, Peter Day1, Simone Frasca1, Emma Wollman1, 
Karl K. Berggren2 and Matthew Shaw1

1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA
2Massachusetts Institute of Technology, Cambridge, MA, USA

Detecting the arrival time of single photons is a critical requirement of many applications such as optical 
communication, biological imaging, spectroscopy, laser ranging, astronomical observation as well as quantum 
communication and information processing. Among the various single photon detector technologies, 
superconducting nanowire single photon detectors (SNSPDs) have demonstrated the lowest temporal resolution 
of 18 ps [1-2]. Despite the relative maturity of the SNSPD technology, the origin of the temporal jitter, which 
characterizes the uncertainty in the arrival time of the photon, is a topic of ongoing research. 

Recently, we took an important step forward by demonstrating that superconducting nanowires act like a 
high impedance transmission line with velocities of just a few percent of the speed of light in vacuum [3-4]. Since 
SNSPDs form a long meandering nanowire, this leads to a delay of the readout signal, which depends on the 
position of the photon absorption. This effect is referred to as the geometric jitter, and it can become the dominant 
effect, especially for large area devices. The second contribution is known as the noise jitter, arising due to a finite 
slew rate of the readout signal and the presence of electrical noise. This can be reduced by fabricating SNSPDs 
with an increased switching current or reducing the noise of the readout electronics. Finally, the detection 
mechanism of the SNSPD will introduce an intrinsic jitter contribution. To date, the two former effects have been 
the dominant contributions, making it impossible to study the intrinsic jitter.

We have reduced the noise contribution by using a broadband cryogenic amplifier with a noise 
temperature of 9 K, whilst the geometric jitter has been reduced by fabricating NbN devices with very short 
nanowire sections. The combination of these developments has yielded a system temporal jitter of 6.3 ps (Fig. 1a), 
which is a factor 3 lower than the previous record [1]. The bias current dependence of the jitter, Fig. 1b, reveals a 
scaling which cannot be explained by the noise jitter variations alone, indicating that we are probing the intrinsic 
jitter of the nanowires, for the first time. By studying different nanowire geometries, we are able to investigate 
devices with and without the saturation of the detection efficiency and the effect this has on the timing jitter, which 
has been an open question in the community. Our results demonstrate that SNSPDs have not reached their 
maximum potential in terms of temporal resolution and we have taken an important step towards understanding
the origin of this characteristic. This work also opens up a new tool in the study of the detection mechanism, since 
it gives access to information regarding the early stages of the hotspot formation. Work is ongoing to reduce the 
noise contribution to the jitter even further in order to understand the fundamental limits.

Fig 1. (a) System instrument response function demonstrating a full-width at half-maximum value of 6.3 ps. (b) Bias current
dependence of the system jitter as well as the noise jitter contribution in the system.
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Single-chip source of photon pairs with integrated pump rejection 

Cale M. Gentry1, Omar S. Magaña-Loaiza2, Mark T. Wade1, Fabio Pavanello1, Thomas Gerrits2, Sen Lin3,  

Jeffrey M. Shainline2, Shellee D. Dyer2, Sae Woo Nam2, Richard P. Mirin2, and Miloš A. Popovi 1,4

1Department of Electrical, Computer, and Energy Engineering, University of Colorado Boulder, Boulder, Colorado 80309, USA 
2National Institute of Standards and Technology, 325 Broadway, Boulder, Colorado, 80305, USA 

3Department of Electrical Engineering and Computer Science, University of California, Berkeley, CA 94720, USA 
4Department of Electrical and Computer Engineering, Boston University, Boston, MA 02215, USA

We demonstrate the first quantum correlations of photon pairs from an integrated source with pump rejection 
implemented entirely on the same chip.  Fabricated in a commercial 45nm CMOS microelectronics process, the 
spontaneous four-wave mixing source and pump filter span chip areas of approximately 1500 m2 and 3500 m2, 
respectively, demonstrating the feasibility of implementing thousands of sources on a single 10 mm2 chip.  

While photon pair sources based on bulk optical components have been the subject of in-depth study and
have demonstrated high efficiency, indistinguishability, and purity, their size has inherently limited their scalability 
to systems requiring less than approximately 10 sources.  Recent proposals of quantum photonic technologies such 
as multiplexed on-demand single photon sources [1], boson sampling [2], and linear optical quantum computing 
[3] suggest a need for systems with large numbers of photon pair sources. This has led to increased interest in the 
development of microscale quantum photonic sources and circuits on silicon chips which take advantage of the 
high yield and scalability of the fabrication processes pioneered by the CMOS microelectronics industry [4,5].  
While sources, reconfigurable circuits, and single photon detectors have all been demonstrated on-chip, ultra-high 
extinction filters to reject the strong classical pump have remained elusive due to pump light indirectly scattering 
through the mostly transparent chips to the output fiber. To avoid this scattered light, on-chip ultra-high rejection 
filters have, until now, required cascaded filtering stages on multiple separate chips [6-8]. By integrating a silicon 
microring-based spontaneous four-wave mixing source with four cascaded 2nd-order filters [see Fig 1(a)] on a 
single CMOS chip, we demonstrate on-chip pump rejection greater than 95dB [see Fig 1(b)].  Scattered pump light 
is mitigated by absorptive metal and dielectric density fill surrounding the photonic devices, as well as by the 
complete removal of the silicon handle wafer. With only an off-chip 50%-50% splitter to probabilistically separate 
the signal and idler photons, we measure coincidences-to-accidentals ratios (CARs) above 3 with detected pair 
rates near 400 coincidences per second [see Fig 1(c)]. In addition, with a wide band pass filter to remove parasitic 
spontaneous Raman generated light (but not any residual pump), the measured CARs increased to greater than 12 
and demonstrated a visibility in time-energy entanglement of 81.3% [see Fig. 1(d)].   

Fig 1. (a) Concept of the microring-based source and cascaded 2nd-order filters to separate photon pairs and pump. (b) 
Transmission spectra demonstrating >95dB extinction. (c) Detected coincidence rates and CARs with no off-chip filtering. 
(d) Biphoton interference through a Franson interferometer displaying time-energy entanglement with a visibility of 81.3%. 
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A Universal Transmitter for Quantum Communications

George Roberts, Marco Lucamarini, James Dynes, Bernd Frohlich, Zhiliang Yuan and Andrew Shields
Toshiba Research Europe Ltd, Cambridge, UK.

Abstract: We propose optical injection locking as a method to encode the phase of qubits generated by a gain 
switched laser diode and demonstrate its application to several protocols for quantum key distribution. The
technique enables greatly simplified systems with improved stability and performance.  

Phase encoding is one of the most robust methods for transmitting qubits over long distances.  
Typically it involves sending weak coherent pulses from an attenuated laser diode through an unbalanced 
Mach Zehnder interferometer that uses a phase modulator in one arm to encode a phase difference 
between the two output pulses. The qubit state can be read-out by measuring the interference after a 
matched interferometer at the receiver.  

Here we demonstrate an alternative method, employing direct phase modulation of the source.  It 
involves using a second quasi-continuous (master) laser diode, to manipulate the coherence and phase of 
the output (slave) pulsed laser diode.  Applying small modulations to the drive voltage of the master laser 
allows different qubit states to be encoded as a phase difference between pulse pairs from the slave.  We 
show this method allows record low half-wave voltages, V = 0.35V, compatible with CMOS drive 
voltages.  Furthermore driving the master below the lasing threshold breaks the coherence between 
successive pulse pairs, as required for the security of many quantum key distribution protocols.  

We demonstrate that this technique can be used to realize a flexible, universal transmitter for 
quantum key distribution that can be electrically programmed for different protocols, including BB84, 
Distributed Phase Shift and Coherent One Way.  We characterize the performance of each and discuss 
the prospects for realizing greatly simplified and improved devices for quantum communications.

Fig 1. Schematic of the universal QKD transmitter.  Light from a master laser diode is used to control and manipulate the 
phase difference between successive pulses from a slave laser diode.  The modulation patterns are relevant to the BB84 
protocol.

50 
 
 

  



Heralded quantum steering over a high-loss quantum channel

Morgan M. Weston1, Sergei Slussarenko1, Helen M. Chrzanowski1,2, Sabine Wollmann1 and Geoff J. Pryde1

1Centre for Quantum Dynamics & cqc2t.org , Griffith University, Brisbane, 4111, Australia
2Clarendon Laboratory, University of Oxford, Parks Road, Oxford OX1 3PU, UK

Entanglement is the key resource for many long-range quantum information tasks, such as secure 
communication, networking quantum computers, and remote processing of quantum information. As the 
characteristic trait of quantum mechanics, it is also important for testing quantum physics over long 
distances or in different reference frames. Robust verification of remote shared entanglement is highly 
sought after, as it permits these fundamental tests and protocols, such as device-independent quantum key
distribution. However, distributing and rigorously verifying entanglement over long distances is presently
technologically intractable as optical fiber and atmospheric or diffraction losses reduce the transmission 
efficiency below a required threshold, opening up the detection loophole To overcome this challenge,
we design and experimentally demonstrate an event-ready scheme which verifies entanglement in the 
presence of at least dB of added channel loss, equivalent to approximately 80 km of 
telecommunication fiber [1].

The gold standard for complete verification is a violation of a Bell inequality with all loopholes 
closed, which has been experimentally demonstrated in low-loss schemes. An alternative approach that we 
employ is quantum steering, which is an asymmetric protocol that provides enhanced loss tolerance with 
the additional assumption that one party is trusted. The aim of the protocol is that an untrusted party, Alice, 
needs to convince a trusted party, Bob, that she can steer his measurement outcomes for any measurement 
choice from a pre-defined set n In the loss-tolerant quantum steering 
protocol [2] Alice is prevented from exploiting the fair-sampling assumption to cheat, by Bob requiring her 
to announce a measurement a certain fraction of the efficiency), from which he 
constructs a secure steering inequality. This protocol was previously used to demonstrate quantum steering 
over 1 km of optical fiber [2], however in the case of higher-loss (say, 10s to 100s of km of optical fiber) 

heralding efficiency is reduced further, preventing her from violating the inequality.

Fig 1.

Our new heralded quantum steering protocol relies on entanglement swapping to herald the 
presence of a photon in arm after the lossy channel [1]. This additional step allows Alice to maintain
a high effective heralding efficiency and complete the quantum steering protocol with the detection 
loophole closed. To implement the scheme, we use two polarization-entangled photon sources, featuring 
high heralding efficiencies, state fidelities, and purity [3] and superconducting nanowire photon detectors 
[4]. We achieved entanglement swapping with a high singlet-state fidelity of  while 
maintaining an effective heralding efficiency of up to , resulting in a steering inequality
violation of two standard deviations with dB of additional channel loss. The results achieved 
are a considerable step towards the implementation of secure quantum communication, and represents a 
single step quantum relay, a crucial component for future quantum repeaters.
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[1] M. M. Weston, et al., arXiv:1612.06952, (2016)
[2] A. J. Bennet, et al., Phys. Rev. X, 2, 031003 (2012) 
[3] M. M. Weston, et al., Opt. Express 24, 10869 (2016)
[4] F. Marsili, et al., Nature Photon. 7, 210 214 (2013)
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Experimental demonstration of a predictable single photon source with 
variable photon flux

Aigar Vaigu1,2, Geiland Porrovecchio3, Xiao-Liu Chu4,5, Sarah Lindner6, Marek Smid3, Albert Manninen1, Christoph 
Becher6, Vahid Sandoghdar4, Stephan Götzinger4,5 and Erkki Ikonen1,2

1VTT Technical Research Centre of Finland Ltd, Centre for Metrology MIKES, Espoo, Finland, 2Aalto University, Espoo, Finland, 3Cesky 
Metrologicky Institut (CMI), Brno, Czech Republic, 4Max Planck Institute for the Science of Light, Erlangen, Germany, 5Department of 

Physics & Graduate School in Advanced Optical Technologies (SAOT), Friedrich Alexander University (FAU) Erlangen-Nürnberg, 
Erlangen, Germany, 6Universität des Saarlandes, Saarbrücken, Germany

Corresponding e-mail address: aigar.vaigu@vtt.fi

Quantum information technology has been the major driving force for the development of single emitter 
single-photon sources (SPSs) [1, 2] with prominent applications in quantum key distribution, all-optical quantum 
computation and quantum simulations. 

We demonstrate a method [3] that allows us to realise an SI-traceable single-photon source (SPS) based on 
a silicon vacancy centre in nanodiamond [4], which is optically excited by a pulsed laser (Fig 1 a). Our method 
takes advantage of a very sensitive analog-mode photodetector comprising of a low-noise 3×3 mm silicon 
photodiode in conjunction with a custom made switched integrator amplifier [5]. At the excitation rate of 70 MHz, 
the source delivers a photon flux large enough to be measured by the low optical flux detector (LOFD) (Fig 1 b). 
The directly measured photon flux constitutes an absolute reference. A measurement of the SPS's absolute optical 
power with this detector eliminates the need for a precise knowledge of the SPS characteristics. 

By changing the pump laser repetition rate, the photon flux of the SPS can be tuned in a controlled way. 
This gives us a direct way of linking conventional optical power levels, measurable with specifically designed 
analog-mode detectors, down to low photon flux levels needed for single-photon detectors (Fig 2). The advantage 
of our method of changing the pump laser repetition rate is that it does not require precise knowledge of the source 
efficiency, but the source is calibrated by the analog-mode detector and can then be used at the reduced repetition 
rate for detector responsivity characterizations at the few-photon level.

References

[1] S. Scheel, Single-photon sources an introduction, Journal of Modern Optics, 56(2-3):141 160, 2010.
[2] C. J. Chunnilall et al., Metrology of single-photon sources and detectors: a review, Optical Engineering, 
53(8):081910, 2014.
[3] A. Vaigu et al., Experimental demonstration of a predictable single photon source with variable photon 
flux, Metrologia, 54(2):218-223, 2017.
[4] E. Neu et al., Single photon emission from silicon-vacancy colour centres in chemical vapour deposition 
nano-diamonds on iridium, New Journal of Physics, 13(2):025012, 2011.
[5] G. Porrovecchio et al., Comparison down to sub-100-fW optical power level between a high sensitive, 
low noise Si
technique, Metrologia, 53(4):1115 1122, 2016.

Fig 1. Experimental setup. (a) The pumping of nanodiamonds 
(ND) at 685 nm and ND fluorescence emission at =725 nm. 
(b) The LOFD setup for the absolute flux measurement of single 
photons (c) The HBT setup to measure the second-order 
correlation function g2 . PD - SI photodiode, SIA - amplifier
electronics, APD - avalanche photodiode, SM - spectrometer,
CCD - camera.

Fig 2. Photon flux as a function of the pump laser repetition frequency. 
Both, the measurement with an absolutely calibrated silicon 
photodetector (circle symbols, left vertical scale) and the avalanche 
photodiode (APD) count rates (cross symbols, right vertical scale) are 
shown and fitted with a straight line passing through the origin. 
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Metrological realization of an absolute single-photon source based on a 
nitrogen-vacancy center in nanodiamond

Beatrice Rodiek1, Marco López1, Helmuth Hofer1 and Stefan Kück1

1Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, Germany

Single-photon sources are of large interest in several research fields in quantum optics and metrology, 
e.g. in quantum key distribution, quantum computing, and quantum-enhanced optical measurements [1,2,3]. 
Furthermore, a bright and pure single-photon source is also needed in radiometry as a standard source for the 
efficiency calibration of single-photon detectors as well as a link to the classical radiometry [4,5]. Thus, single-
photon detectors can easily be compared to analogue detectors which are traced to a primary standard [6].

We present the metrological realization of an absolute single-photon source based on a nitrogen-vacancy 
(NV-) center in nanodiamond [7], which is developed at PTB. The source is absolutely calibrated to the national 
standards via an unbroken traceability chain in terms of its absolute spectral photon flux per wavelength and 
absolute spectral radiant flux per wavelength at room temperature. The absolute photon flux is measured with a 
low noise silicon photodiode traceable to the cryogenic radiometer and the spectral distribution was determined 
by using a calibrated spectroradiometer. The single-photon emission is tunable in the range from 55 fW to 75 fW, 
which corresponds to 190,000 photons per second and 260,000 photons per second, respectively. The purity of its 
single-photon emission is determined by the 2nd order autocorrelation function which is as low as 0.10 for a single-
photon emission of 190,000 photons per second (Figure 1a). Furthermore, the absolute spectral photon flux per 
wavelength and its standard uncertainty is obtained (Figure 1b).

At the conference, we will present further details and results of the metrological realization of a nitrogen-
vacancy center based single-photon source, its uncertainty budget and its emission characteristics.

Fig 1. a) Second order autocorrelation function. b) Absolute spectral photon flux per wavelength of the single-photon source. 
Error bars: standard measurement uncertainty.
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Single-photon Fock-state filtering with an artificial atom

L. De Santis1, C. Antón1, B. Reznychenko2, N. Somaschi1, G. Coppola1, J. Senellart1,
C. Gómez1, A. Lemître1, I. Sagnes1, A. G. White3, L. Lanco1, A. Auffeves2 and P. Senellart1*

1Centre de Nanosciences et de Nanotechnologies, CNRS, Université Paris-Sud, Université Paris-Saclay, C2N Marcoussis, France
2CEA/CNRS/UJF joint team "Nanophysics and Semiconductors", Institut Néel, Université Grenoble-Alpes & CNRS, Grenoble, France

3Centre for Engineered Quantum Systems, Centre for Quantum Computation and Communication Technology, School of Mathematics and 
Physics, University of Queensland, Brisbane, Australia

* pascale.senellart-mardon@c2n.upsaclay.fr

Abstract: We demonstrate that a quantum dot-micropillar cavity system can perform as a single-photon 
Fock state filter. When sending coherent light pulses on the device, we observe an optical nonlinearity at the sub-
photon scale and 80% single-photons in the reflected light intensity.

One of the major roadblocks to scale optical quantum technologies is the probabilistic operation of quantum 
optical gates that are based on the coalescence of two indistinguishable photons. A way around this problem is to 
make use of the single-photon sensitivity of an atomic transition when the atom interacts with only a single mode 
of the optical field (one dimensional atom case [1]). In such situation, each photon sent on the device interacts 
with the atom: the first photon is reflected and the second one is transmitted, realizing a deterministic photon 
router. Such possibility has been explored with artificial atoms in the form of semiconductor quantum dots, yet 
in the continuous-wave regime or with strong post-selection to compensate for the inefficient coupling between 
the incident light and the device optical mode.

In this work, we demonstrate the single-photon filtering by a quantum dot deterministically coupled to a 
micropillar cavity, performing as a quasi-ideal one dimensional atom [2], see scheme in Fig. 1(a). The device is 
probed with a pulsed laser and we collect the total reflected signal in the same spatial mode and polarization. As 
shown in Fig. 1(b), the system presents a nonlinearity threshold for an average incident photon number as low as
~0.3. The g(2)(0) measure of the reflected light evidences that it is mostly constituted by single-photons (80% 
single-photons of the total output intensity, see Fig. 1(c)) and that the multi-photon component of the field is 
efficiently suppressed. Three-photon correlation measurements of the reflected signal have been performed to 
evidence the non-poissonian statistics of the output photons [3].

Fig 1. (a) Sketch of the working principle of the Fock state filter, represents the input laser coherent state with average 
photons per pulse (see red arrow), the QD-cavity system scatters back mostly Fock states (blue arrow), filtering 
out other multi-photon states (white arrows). (b) g(2)(0) (green circles, left axis) and nonlinear reflectivity curve (orange 
squares, right axis) as function of , which represents the average photon number per pulse of the poissonian input. (c) 
Fraction from the total output intensity of single-photons (blue circles) and poissonian output (red squares) as function of 

.
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Towards photon triplet generation through a direct cubic nonlinear effect 

Maria Chekhova 

Max-Planck Institute for the Science of Light, Staudtstraße 2, 91058 Erlangen, Germany

Abstract. The possibility of generating photon triplets through a direct decay of pump photons in a cubic 
nonlinear medium is discussed. First results towards this goal obtained with nonlinear crystals and photonic-crystal 
fibers are presented.  

Generation of nonclassical states of light has always been one of the major tasks of quantum optics. 
Among few-photon states, only single-photon and two-photon ones are now routinely produced in 
laboratories, by using, respectively, single-photon emitters and spontaneous parametric down-conversion 
(SPDC) or spontaneous four-wave mixing (SFWM). Going beyond this state of the art and obtaining three-
photon states is far more difficult. Although photon triplets have been produced in several experiments 
using cascaded nonlinear effects and postselection, the direct decay of pump photons into triplets through 
cubic nonlinearity, usually referred to as third-order parametric down-conversion (TOPDC), has not been 
achieved yet. At the same time, this third-order nonlinear effect, unlike its second-order analogue SPDC, 
leads to the generation of a non-Gaussian state without any postselection [1]. Together with the possibility 
of heralded generation of photon pairs, this fundamental property makes TOPDC extremely interesting.  

As possible media for the realization of TOPDC, we consider photonic crystal fibers and nonlinear 
crystals. The former offer a large interaction length together with the high energy confinement in the core, 
while the latter provide an easy way to satisfy the phase matching through birefringence.  

The difficulty in using optical fibers for producing photon triplets is that the phase matching can 
be only realized through inter-modal dispersion. This kind of interaction suffers from rather low overlap 
between the phase-matched modes and has therefore low efficiency. To overcome this difficulty, we have 
designed and manufactured a novel type of hybrid fibre [2] where the pump radiation at 532 nm and the 
triplet radiation at 1596 nm will be guided through different mechanisms: a photonic bandgap in the first 
case and a step index in the second one. The phase matching has been tested through experiments with 
third-harmonic generation, which is reverse to TOPDC [2]. 

Alternatively, we consider using gas-filled kagome-type photonic-crystal fibers filled with noble 
gas. This system allows for tuning the phase matching by varying the gas pressure, which has been also 
demonstrated in experiments on the third harmonic generation [3].  

Fig 1. Seeded generation of photon triplets in calcite, with the seeding beam collinear to the pump beam. The two unseeded 
photons of the triplet are emitted along a cone, similar to non-collinear type-I SPDC.  

 In nonlinear crystals, the main problem is a short interaction length, leading to rather modest 
estimates for the rates of photon triplet generation. Here, our first step is using an input beam seeding the 
emission of one of the three photons under non-degenerate phase matching. This configuration leads to a 
source of photon pairs, which has some similarity with FWM in the sense that the pair production rate 
scales as a product of the pump and the seed powers. At the same time, seeding the emission of one of the 
three down-converted photons allows one to study the three-photon amplitude of the triplet state similar to 
how it is done in the stimulated emission tomography of SPDC [4].  

First experiments on TOPDC with noncollinear e->eoo phase matching in calcite (Fig. 1) and 
seeding collinearly with the pump beam show a measurable rate of pair generation. 
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New nanoscale source of bright entangled photon pairs

M.E. Reimer1, A. Ahmadi1, M. Zeeshan1, S.J. Daley1, N. Sherlekar1, S.J. Gibson1, D. Dalacu2, P.J. Poole2, A. Fognini3, 
K. Jöns4, L. Schweickert4, M.A.M. Versteegh4, and V. Zwiller3,4

1Institute for Quantum Computing, University of Waterloo, Waterloo, Canada
2National Research Council of Canada, Ottawa, Canada

3Kavli Institute of Nanoscience, Delft University of Technology, Delft, The Netherlands
4Applied Physics Department, Royal Institute of Technology, Stockholm, Sweden

The on-demand generation of bright entangled photon pairs is an essential resource in quantum optics and 
communication and in emerging quantum technologies such as sensing. However, a quantum light source 
combining both high entanglement fidelity and on-demand bright emission has proven elusive with current 
leading photon technologies. In this work we present a new bright nanoscale source of strongly entangled photon 
pairs generated with a quantum dot in a nanowire waveguide [1, 2]. The quantum dot guarantees highly 
entangled photon pairs are produced on-demand, while the shape of the nanowire waveguide with a taper 
towards the tip allows both photons of the entangled pair to be efficiently collected. As a result, we detect photon 
pair rates that are more than two orders of magnitude brighter than a bare quantum dot without a photonic 
nanostructure, while reaching entanglement fidelities close to 90 %. These results will be put in perspective with 
respect to state-of-the-art entangled photon sources with the viewpoint of going beyond in the future towards 
near-unity fidelity and efficiency. This nanowire-based photonic structure is the first bright quantum dot source 
of entangled photon pairs capable of violating Bell`s inequalities, opening up future experiments in quantum 
optics and developments in quantum repeaters for long-distance quantum communication, and is a new resource 
for on-chip photonic circuits [3].

Fig 1. Left panel: SEM image of nanoscale source of bright entangled photons based on a quantum dot in a tapered 
nanowire waveguide. The nanowire waveguide diameter at the base is ~ 250 nm with a tapered shape towards the tip. Right 
panel: Simulation of quantum dot in a tapered nanowire waveguide demonstrating the highly directional Gaussian emission.
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Present records and fundamental limits to single photon detection 

19:40 Ivo Degiovanni 
INRIM 

 

Characterization of single-photon detectors 
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20:30 Stefan Kück 
PTB-Braunschweig 

 

Properties of single-photon sources 

20:50 Sergey Polyakov 
NIST-Gaithersburg 

 

Characterization of single-photon sources 

21:10 Chris Chunnilall 
NPL 

 

Examples of single-photon metrology applied to QKD 
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Amorphous MoSi SNSPDs with a low time jitter and a high 
detection efficiency 
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UV-sensitive SNSPDs for integration in an ion trap quantum 
processor 

9:40 Zhaohui Li 
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Multi-beam laser imaging with 100-channel single-photon detector 
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Quantum-enabled applications 

11:00 Peter Bierhorst 
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Device-Independent Random Number Generation with Photons 

11:20 Ivo Degiovanni  
INRIM 
 

Inferring the fairness of a quantum coin with a single (detected) 
toss 

11:40 Aitor Villar 
National U of Singapore 

Photons in space: a demonstration and a roadmap for satellite QKD 

  



Quantum Enabled Applications 

Hugo Zbinden1

1 Université de Genève, GAP-Optique, Chemin de Pinchat 22, CH-1211 Genève 4, Switzerland

It is interesting to note that limitations imposed by the quantum theory like the Heisenberg uncertainty 
principle or the non-cloning theorem lead to interesting applications like QKD or in metrology. In this talk, 
I will show that shot noise can be exploited in many ways. A first application, which is not surprising, is 
the use of shot noise for random number generation. Indeed, noise in modern cameras is heavily dominated 
by shot noise, so random numbers of quantum origin can be extracted from virtually any picture. 
Interestingly, this inevitable shot noise allow us also to achieve steganography in a provably secure way. 
Steganography may eventually be the only way of private communications in countries under a totalitarian 
regime. Finally and most importantly, the study of the entropy related to shot noise allows us also to design 
a new compression algorithm for pictures, which allows at a the same time high compression factors and 
neglectable (and quantifiable) information loss. This is of huge importance in many application with an 
exploiting number of high resolution pictures.  

74 
 
 

  



75 
 
 

  



Inferring the fairness of a quantum coin with a single (detected) toss

Alessio Avella1, Fabrizio Piacentini1, Salvatore Virzì1 Rudi Lussana2, Federica Villa2, Alberto Tosi2, Marco 
Gramegna1, Giorgio Brida1, Eliahu Cohen3, Ivo Pietro Degiovanni1, Marco Genovese1

1Istituto Nazionale di Ricerca Metrologica, strada delle Cacce 91, IT-10135 Torino, Italy
2Politecnico di Milano, Dipartimento di Elettronica, Informazione e Bioingegneria, piazza Leonardo da Vinci 32, IT- 20133 

Milano, Italy
3H.H. Wills Physics Laboratory, University of Bristol, Tyndall Avenue, Bristol, BS8 1TL, U.K

Measurements are the very basis of Physics, especially in Quantum Mechanics, where they assume even a very
fundamental role. Apart from usual projective measurements, causing the wave function collapse into an eigenstate
of the measured operator, in Quantum Mechanics other kinds of measurement are possible, some of them featuring 
remarkable properties. 

An example of these are Weak Measurements [1-3], realised for the first time in [4-6] and used for addressing 
fundamental questions [7-13], and as a very promising tool for Quantum Metrology [6,14-19].

One of the most intriguing properties of Weak Measurements, since they rarely lead to wave function collapse, 
is allowing to gather simultaneous information on non-commuting observables [20,21], impossible with the 
standard (projective) measurement protocols.

A second example, which will be discussed in detailed within this talk, is provided by Protective Measurements 
[22,23], a newly realized technique able to extract information regarding the expectation value of an observable 
even by measuring a single (protected) particle.

A generalisation of the protective measurement approach leads to a novel quantum measurement paradigm
(named hereby Genetic Quantum Measurement) exploiting a genetic-like approach to measurement that mimics 
the evolution-inspired processes of mutation, crossover and selection, typical of genetic evolution, that inspired 
also the concept of genetic algorithm in computer science. This paradigm can be also seen as a special kind of 
quantum random walk [24].

Genetic Quantum Measurements are composed of a sequence of steps consisting of an interaction-interference
stage followed by a selective (i.e. projective) measurement. For a reasonable number of interactions and for
specific interaction strength, this protocol outperforms, in terms of uncertainty reduction, the conventional 
projector-based quantum measurements (even when they represent the optimal measurement, i.e. the one saturating 
the quantum Cramer-Rao bound). Specifically, a detection of just a single photon (the quantum coin is realized by 
the polarisation state of the single photon) for a sufficient number of steps will provide complete information about 
the fairness of the initial state preparation.

For these reasons, the Genetic Quantum Measurement approach appears to be an intriguing technique that may 
have far-reaching implications on the area of quantum measurement, therefore being of the utmost interest for all 
quantum technologies and, in particular, for quantum metrology and quantum-enhanced measurement.
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Experimental observation of ultrafast biphoton correlations with energy-
time entanglement 

Jean-Philippe W. MacLean1,2, John M. Donohue1,2, Kevin J. Resch1,2

1Affiliation: Institute of Quantum Computing, University of Waterloo, Waterloo, Canada, N2L 3G1
2Affiliation: Department of Physics and Astronomy, University of Waterloo, Waterloo, Canada, N2L 3G1

The nonlinear process of spontaneous parametric down-conversion (SPDC) is an effective way of 
producing two photon states and moreover provides a reliable source of energy-time-entangled photons. Due to 
energy conservation, most SPDC sources produce photons with frequency anti-correlations [1]. This is 
accompanied by strong positive timing correlations in the arrival times of the two photons, arising from the 
coherence length of the pump. Precise control over these spectral and temporal correlations is of particular 
importance for quantum communications and metrology. The spectral or energy-time degree of freedom can be 
used to encode information in high-dimensional Hilbert space [2] and is naturally robust when transmitting through 
both long-distance fiber links [3] and photonic waveguides [4].

In order to fully characterize these correlations, both spectral and temporal measurements are required. 
Furthermore, the observation of many quantum effects, including nonlocal Franson dispersion cancellation as well 
as measuring Bell inequalities via Franson interferometry, require fast detectors. While ultrafast pulses are 
frequently analyzed in the spectral and temporal domain, extending these time domain characterization tools to 
single photons is challenging [5].  

Fig 1. a) Experimental setup for spectral and temporal characterization of ultrafast biphotons. Frequency-entangled photons are created through 
spontaneous parametric down-conversion of an ultrafast pulse from a frequency-doubled Ti:sapphire laser. A combination of frequency and 
temporal measurements are made in coincidence in order to reconstruct (b) the joint spectral intensity, (e) the joint temporal distribution, as 
well as the (c,d) joint time-frequency correlations of the signal and idler photons.  Spectral measurements are made with a monochromoter 
while temporal measurements are made using time-resolved frequency upconversion with noncollinear sum frequency generation between a 
strong escort pulse and the signal or idler. A fibre and grating compressor before the upconversion control the dispersion of each photon.  
Frequency anti-correlations observed in (b), are accompanied with positive correlations in the signal-idler arrival times (e). Time-frequency 
plots (c,d) show very little correlations indicating low dispersion in the signal and idler photons.  

In this work, we experimentally reconstruct the spectral and temporal correlations of two ultrafast photons 
produced in spontaneous parametric downconversion with a pulsed pump. Time resolved single photon detection 
is achieved with sum frequency generation and we control the dispersion of the individual photons with a grating 
compressor. We directly observe energy time entanglement of the biphotons from the strong frequency anti-
correlations between photons as well as the strong positive correlations in photon arrival times, measuring an 
energy time product , well below the classical limit of 1. The 
experimental apparatus developed here provides a toolbox which we are using to explore ultrafast quantum effects 
with energy-time entangled photons.

References

[1] Donohue et al. Phys. Rrev. Lett. 117, 243602 (2016). 
[2] Nunn et al. Opt. Express 21, 15959 (2013)
[3] Tanzilli et al. Nature (London) 437, 116 (2005)
[4] Brecht et al. Phys. Rev. X 5, 041017 (2015)
[5] Kuzucu et al. Phys. Rev. Lett. 101, 153602 (2008).

84 
 
 

  



85 
 
 

  



86 
 
 

  



87 
 
 

Wednesday, August 2 2017 

 

 

 

 

Conference Dinner  
18:00 – 21:00 

 

  



88 
 
 

Thursday, August 3 2017 

 

Quantum Measurements  
8:30 – 10:00 

Session Chair: Omar Magana Loaiza 

8:30 

INVITED 

Andrew White 
University of Queensland 

 

Manifold single photons and their many uses 
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of multiport interferometers 
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Crosstalk Elimination in Infrared Geiger-mode Avalanche 
Photodiode Arrays 

  



Photon-Number-Resolving Quanta Image Sensor

Eric R. Fossum

Thayer School of Engineering at Dartmouth and Gigajot Technology LLC

Hanover, NH 03755 USA   eric.r.fossum@dartmouth.edu ef@gigajot.tech

Abstract. The Quanta Image Sensor (QIS) is a silicon photon-counting image sensor intended as a platform tool 
for many applications, including scientific and consumer image capture [1]. In this invited paper, the QIS concept 
is reviewed and its imaging characteristics discussed. Recent progress by the team [2] is presented including both 
pixel design and low power readout electronics design. Test devices were designed and characterized at 
Dartmouth, and fabricated by TSMC in a 45nm/65nm stacked, backside-illuminated (BSI) CMOS image sensor 
process, with some small process changes. 
without the use of avalanche multiplication. It relies on small detector capacitance (<0.5fF) and correlated double 
sampling to achieve output voltages above thermal background noise. Quantum efficiency is high due using BSI 
with high fill factor. Average dark current is low (<0.2e-/s) and read noise typically under 0.22e- rms, allowing 
photon-number resolution with low photon-counting error. Dead time is less than 0.1%. The 1Mpixel digital 
readout QIS operates at 1040fps and dissipates less than 20mW including I/O pads due to low voltage operation.

Fig 1. (Left) Test chip with 20 1Mpixel arrays implemented in a 45nm/65nm stacked BSI CIS process. (Right) four photon-counting 

histograms at different exposure levels, H, measured from one pixel with 20k reads of analog output. Read noise: 0.175e- rms, room 
temperature, no avalanche, 20 CMS cycles (to reduce board noise).

Fig 2. 1Mpixel single-photon image grabbed from 1b digital output sensor operating at 1040fps at room temperature, and then processed with 

time-adjacent frames to form gray scale image. Further denoising performed by S. Chan at Purdue.
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Spins and photons
J. G. Rarity,1 P. Androvitsaneas,1* A.B. Young,1 J.M. Lennon,1 S. Knauer, J. Smith, C. Schneider,2 S. Maier,2 J.J. 

Hinchliff,1 G.S. Atkinson,1 E. Harbord,1 M. Kamp,2 S. Höfling,2,3 and R. Oulton1 

1Quantum Engineering Technology Labs and Quantum Engineering Centre for Doctoral Training, H. H. Wills Physics Laboratory and
Department of Electrical & Electronic Engineering, University of Bristol, BS8 1FD, UK

2Technische Physik, Physikalisches Institut and Wilhelm Conrad Röntgen-Center for Complex Material Systems, Universität Würzburg, Am 
Hubland, D-97474 Würzburg, Germany

3School of Physics and Astronomy, University of St Andrews, North Haugh, St Andrews, KY16 9SS, UK

Quantum dots and colour centres in diamond are atom-like two level systems that look promising as deterministic 
single photon sources [1]. They can also exhibit ground state spins that lead to spin dependent transitions and the 
potential to entangle ground state spin with emitted or reflected photons[2]. Spin-photon entanglers are effectively 
universal and deterministic quantum gates enabling quantum memories, quantum repeaters [3] and eventually 
large scale quantum computation. In III-V materials 
established growth and fabrication routes have been 
developed to incorporate quantum dots into 
microcavities and waveguides that enhance the light-
matter interaction and it is a near unit efficiency (high -
factor) light-matter interaction that is essential for both
efficient single photon sources and spin photon 
interactions. A singly charged quantum dot has a spin 
half ground state separating the optical transition into 
circularly polarized components sensing up and down 
spin. Previously we have shown that pillar microcavities 
possess -factor even at low Q-factors and have 
seen time averaged spin dependent phase shift (Faraday 
rotation) [4] of resonant light limited by drift in the dot 
line centre. In our latest work we measure the rotation 
over timescales shorter than the spectral diffusion time
(~100 s) and identify times when the the dot is on 
resonance. Selecting those times we show that large spin 
dependent phase shifts can be generated [5]. In figure 1 
low co-polarised scatter and high cross polarised scatter indicate strong resonant scattering and the dark blue region 
shows a heralded phase shift consistently above 0.63 . Once we take into account mode matching and background 
scatter this indicates that all photons resonantly scattered by the cavity-dot system carry a phase shift of indicating 
that high fidelity spin photon entanglement could be achieved. Our present measurements were performed in a 
Faraday geometry magnetic field separating spin up and down transitions. In future measurements we intend to 
investigate low field and Voigt geometry measurements that may allow measurement of spin rotation via photon 
scattering, the first indication of a spin-photon interface.

Quantum dot spins are hard to control with decoherence 
times measured in microseconds. In contrast the ground 
state spin in NV-centres in diamond has spin coherence out 
to milliseconds at room temperature and the polarisation 
of spin is simply dome by reading out the spin in 
fluorescence measurements. Fabrication of cavity 
structures coupled to NV-centres is still not perfected so 
single shot measurements of spin are still limited by light 
collection efficiency. However the long coherence times 
allow the spins to be used as electric field and/or nuclear 
magnetic field sensors. In our group we are perfecting 
strain sensing techniques using the ground state spin
hyperfine split by the local nitrogen 14 nucleus. A review 
of our latest results in NV-centre spin-photon interfaces 
will be presented.

References
[1] S. Maier, et al Opt. Express 22, 8136 (2014).
[2] C. Y. Hu et al Phys. Rev. B 78, 085307 (2008).
[3] C.Y. Hu and J.G. Rarity, Phys Rev B, 83, 115303 (2011).
[4] P. Androvitsaneas et al., Phys. Rev. B 93, 241409(R) (2016). 
[5] P. Androvitsaneas et al., arXiv:1609.02851(2016).

Fig 1. A contour plot showing the phase shift measured (in 
phase shift detectors) associated with count-rates measured in 
the heralding detectors V1 (co-pol) and H1 (cross-pol) using 

.

Fig 2. A confocal fluorescence image of NV centres close to 
a focussed ion beam milled edge used to show strain effects 
on ground state spin of NV-centres.
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Emerging Semiconductor Single Photon Counters 

16:00 Bernicy Fong 
Excelitas Technologies 
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measurement and implication for single photon counting 
applications 
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Detecting entangled photons using CMOS SPAD arrays 
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Overview of Silicon Photomultipliers Developed at FBK

A. Gola1, F. Acerbi1, M. Marcante1,2,3, A. Mazzi1, S. Merzi1,2,3, G. Paternoster1, V. Regazzoni1,2,3, N. Zorzi1, 
C. Piemonte1.

1Fondazione Bruno Kessler (FBK), Center for Materials and Microsystems, Trento, Italy.
2University of Trento, Department of Physics, Trento, Italy

3Trento Institute for Fundamental Physics and Applications, Trento, Italy

Abstract. Silicon Photomultipliers (SiPMs) are arrays of many single-photon avalanche diodes (SPADs), 
connected in parallel to a common anode and cathode. They are gradually replacing Photomultiplier Tubes (PMTs) 
in a number of applications, offering, among other features, higher sensitivity, ruggedness, lower operating 
voltage, lower cost and higher gain uniformity, making them an excellent candidate for single and few-photon 
counting applications. In this presentation, we report on the latest developments in SiPM technology carried out 
at FBK (Trento, Italy) together with some examples of the results achieved in the most common applications.

Among them, Near Ultra Violet, High Density (NUV-HD) SiPM technology features a peak photon-
detection efficiency (PDE) of 65% at 410 nm (including the fill factor), Dark Count Rate (DCR) in the order of 50 
kHz/mmm2, correlated noise of 10% at 55% PDE, and microcell pitch ranging from 15um to 40um [1]. NUV-HD 
SiPMs provide state-of-the art 85 ps FWHM coincidence resolving time (CRT) in PET applications, reading out 
the light of a Ca co-doped LYSO crystal [2]. Other ongoing optimizations of the NUV-HD technology include the 
development of devices with extended deep-UV sensitivity (down to ~178nm). 

Single Photon Timing Resolution (SPTR) of NUV-HD SiPMs was below 30 ps FWHM, when measured 
on single SPAD with covered edges, and increased to 75 and 180 ps FWHM for SiPMs with active areas of 1x1 
mm2 and 3x3 mm2, respectively, because of the electronic noise [3].

Recent interest in the SiPM readout of liquid scintillators (mainly Ar and Xe), thus operated at cryogenic 
temperatures, triggered the development of a Low-Field variant of the NUV-HD technology (NUV-HD-LF), 
which is optimized for operation at such low temperatures and features a DCR of a few mHz/mm2 at 77 K [4]. At 
this temperature, single and few-photon counting capability was demonstrated using a 10x10 cm2 SiPM array 
coupled to a single analog readout channel. 

At FBK, we also developed the RGB-HD SiPMs with peak sensitivity of 45% at 550 nm and of ~10% at 
900 nm. Ongoing developments aim at increasing the sensitivity in the near-infrared. Based on the RGB-HD 
technology, we developed the Linearly-Graded SiPMs (LG-SiPMs), which provides XY position sensitivity over 
the active area down to the microcell level using only four analog readout channels [5].

Ultra-High-Density SiPMs (RGB-UHD) are an evolution of RGB-HD SiPMs, characterized by an even 
smaller cell size to reduce the SiPM non-linearity. Cell pitch ranges from a 12.5 um down to 5 um, corresponding 
to the remarkable cell density of 7400 and up to 46000 cells/mm2. The 10 um cell reaches a PDE of 35% at 515 
nm, while the microcell recharge time constant is below 5 ns for the 7.5 microcells. 

Figure 1. Left : PDE vs. Wavelength measured on NUV-HD SiPMs with 35um cells at different over-voltages (bias in excess of the 
breakdown voltage). Right: DCR vs. temperature for NUV-HD SiPMs at different over-voltages.
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Detecting entangled photons using CMOS SPAD arrays

L. Gasparini1, M. Perenzoni1, H. Xu1, L. Parmesan1, M. Moreno Garcia1, D. Stoppa1,
Bänz Bessire2, Manuel Unternährer2, André Stefanov2, D. Boiko3

1Fondazione Bruno Kessler, via Sommarive 18, Povo, 38123 Trento, Italy;
2Institute of Applied Physics, University of Bern, Sidlerstrasse 5, 3012 Bern, Switzerland; 
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Abstract. SUPERTWIN is a European H2020 project developing the technological building blocks 
(emitter, detector and system) for an all solid-state microscope exploiting quantum photon states to overcome the 

on the SUPERTWIN detector, that aims at 
measuring high-order spatial correlation functions by multiple coincidences between entangled photons.

The goal of SUPERTWIN consists in the development of a new all solid-state super-resolution 
microscopy technique that exploits N-partite photonic states. SPAD-based imaging has been selected as 
the most promising technology to measure the spatial correlation patterns of quantum photon states after 
interaction with a target object. Preliminary experiments in the near- [1] and far-field [2] have been 
performed using a previously developed sensor [3], specifically designed for Positron Emission 
Tomography. The optical setup and some results are shown in Fig. 1 and Fig. 2. Nevertheless, the sensor 
characteristics are far from the specifications set by the SUPERTWIN project (pixel pitch in the 30-
range; array size 256×256; 20% fill factor, 10% photon Detection Efficiency at 780nm; observation rate 
10MHz). A new test chip has been developed. Fig. 3 shows the chip micrograph. It includes three arrays
of 32×32 pixels, implementing a per-pixel Time-to-Digital Converter (TDC), a per-pixel Time-to-Analog 
Converter (TAC), and an approach based on real-time coincidence detection. Preliminary results of the 
TDC-based architecture are given in Fig. 4 and Fig. 5, showing the DCR distribution and pixel single-
photon precision, respectively. More characterization details and measurement results using entangled 
photons will be given at the time of the workshop. A second chip will be developed within the project 
targeting a 256×256-pixel array, based on the best performing pixel architecture.

Fig. 1. Block diagram of the optical setup for spatial second-order correlation 
measurements of transverse momentum entangled two-photon states in the far-field 
using a CMOS SPAD array to record the photon statistics. The imaging plane lies in 
the focal plane of the lens.

Fig. 2. Second-order correlation function 
showing three anti-correlation points, 
corresponding to the three possible 
outcomes of the beam splitting stage.

Fig. 3. Micrograph of the first 
SUPERTWIN chip, including three arrays 
implementing different pixel architectures 
and an array of SPAD test structures. 

Fig. 4. Cumulative DCR distribution 
2

SPADs.

Fig. 5. Pixel single-photon precision. The 
measurement has been obtained using an 
attenuated 460nm 70ps laser.
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Metrological characterization of a single-photon source based on a 
deterministic quantum dot microlens

M. López1, B. Rodiek1, H. Hofer1, P. Schnauber2, A. Thoma2, J.-H. Schulze2, A. Strittmatter2, S. Rodt2, T. Heindel2,

S. Reitzenstein2, S. Kück1

1

2

Single-photon sources based on quantum dots are promising candidates to be used as efficient quantum-
light sources in quantum computing and quantum cryptography [1]. Moreover, they also have the potential to be 
used as new non-classical standard source in radiometry [2, 3]; especially for its use in the calibration of single-
photon detectors in the near infrared spectral region. From the radiometric point of view, a single quantum dot also 
has the advantage of on-demand emission of single-photons at a specific wavelength with narrow bandwidth,
which allows for the determination of its optical radiant flux with a low standard uncertainty. However, to achieve
this, an efficient photon extraction from a single quantum dot and a low-loss optical setup are required.

In this conference, we will present the setup as well as the metrological characterization of a single-photon 
source based on a single InGaAs quantum dot as emitter for radiometric applications. The single-photon emitter,
fabricated by the TU Berlin, consists of a single InGaAs quantum dot precisely integrated into a monolithic 
microlens coated with a Ta2O5 anti-reflection layer for enhancing the photon- (see Figure 1a)
[4]. The complete source was characterized in terms of its photon flux, spectral characteristics, single-photon purity
(Figure 1b-c), i.e. second order auto-correlation function, and background. The photon flux was measured under 
pulsed optical excitation at 80 MHz using a calibrated Si-single-photon avalanche detector (Si-SPAD) traceable 
to the primary standard for optical power (cryogenic radiometer), while the spectral characteristic was determined 
with a calibrated spectrometer. The maximum photon flux measured for this emitter was up to 1200 kphoton/s, the 
background of approx. 100 counts/s and the lowest g(2)(0)-value obtained was 0.05 ± 0.02. The complete 
metrological characterization and the setup will be reported on at the conference.

Fig 1. (a) Schematic of the deterministic quantum dot microlens [1]. (b) Micro-photoluminescence (µPL) spectra of the single-photon 
emission. (c) Autocorrelation measurement g(2)(0) under pulsed excitation at a wavelength of 850 nm and frequency of 80 MHz. 
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Device-independent quantum key distribution with single-photon sources
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Security of our daily communications is strikingly enhancing with the commercialisation of quantum 
encryption systems immune to adversaries with unlimited classical computational power. While in principle these 
quantum crypto-systems provide unconditional security [1], in practice they are vulnerable to hacking attacks 
exploiting inescapable mismatches between protocol assumptions of trustworthiness and their actual physical 
implementation [2]. 

Device-independent quantum key distribution (DIQKD) provides a formalism that supersedes traditional quantum 
key distribution, as its security does not rely on any detailed modelling of the internal working of the devices,
eliminating in this manner all security breaches from implementation imperfections [3]. The implementation of 
DIQKD protocols is however challenging, as it requires the observation of a Bell inequality violation between two 
distant users free from the so-called "detection loophole", which would jeopardize the security of the scheme.

In our work we introduce a new-generation architecture based on single photons (see Fig.1) which qualitatively 
changes resource requirements to solve the main limitations of previous DIQKD proposals, providing much greater 
robustness against noise and losses, and significantly higher key-generation rates. Our work opens a new and 
promising avenue for implementations of DIQKD protocols, especially taking into account the recent progress on
single-photon-source fabrication [4-5].

Fig 1. DIQKD with single-photon sources scheme. Alice and Bob are in secure locations (black squares) separated by a 
distance L. They couple two single photons encoded in orthogonal polarizations into a beam-splitter (BS) of transmittance T. 
Half-wave plates combine the transmitted polarization components, which are analyzed with a partial Bell-state measurement 
(dashed square) composed of a partial BS of transmittance t, polarizing-BS (splitted squares) and non-photon number 
resolving photodetectors (half-circles). The reflected modes are measured by the users with polarization analysers: a sequence 
of a quarter-wave plate, a HWP, a polarizing BS and two binary detectors producing the outcomes a and b respectively.
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Photon-number-resolving detectors: 
an enabling technology for quantum state engineering
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The measurement of quantum states of light is necessary for both fundamental Quantum Optics 
and Quantum Information. Different kinds of detection strategies exist, giving access to different aspects 
of light: optical homodyne detection is used to investigate the wave-like properties of the states while direct 
detection is used to explore the particle-like features. Moreover, different intensity regimes can be explored 
by using either single-photon detectors or photon-number resolving (PNR) detectors or macroscopic 
detectors. 

In particular, PNR detectors give access to the number of photons in pulsed states, thus allowing 
the reconstruction of the photon-number statistics, of auto- and cross-correlations, both in the classical and 
in the quantum domain. Many kinds of PNR detectors are available nowadays, but the optimal choice is 
still missing. In fact, some detectors have a low value of quantum efficiency (hybrid photodetectors, HPDs), 
others (Si-photomultipliers, SiPM) are affected by unwanted effects (dark counts and cross-talk), others 
have a limited dynamic range (fiber-loop detectors, and visible-light photon counters), and few of them are 
quite cumbersome as they operate at cryogenic temperature in a bulky apparatus (transition-edge sensors 
and superconductive nanowires). 

In our work, we used HPDs and SiPMs to demonstrate, in spite of their limitations, the 
reconstruction of photon-number statistics of classical and nonclassical states, to measure classical and 
quantum correlations, to generate non-Gaussian and sub-Poissonian conditional states. Moreover, we 
exploited the photon-number-resolution capability of HPDs to optimize a phase-estimation protocol. 

Fig 1. Left: Experimental setup for the generation of conditional sub-Poissonian states. Right: Evaluation of the noise 
reduction factor R. If R<1 the states are nonclassically correlated [8].

Finally, we implemented a new hybrid detection scheme, in which the homodyne detection 
technique is performed by employing PNR detectors instead of pin photodiodes and the difference between 
the two outputs of the interferometer is calculated in post processing. At variance with other existing 
homodyne-like detection schemes, which can only operate in a very low intensity regime, the detection 
apparatus can work in a wider dynamic range (up to tens of photons).
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Metrology for Quantum-Cryptography: the Coordinated European Effort
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Quantum Key Distribution (QKD) is essentially the generation of perfectly secure random keys 
shared between two parties that communicate by an open quantum channel. This enables the parties to 
establish a secret key from short pre-shared secret and public exchanges, something which has never been 
shown to be possible by classical, i.e. non-quantum, means [1]. QKD is today no longer confined to 
laboratories. Practical QKD networks have been realised in the metropolitan area in all five continents [2].
Nowadays, commercial products or industrial prototypes for point-to-point QKD are available from SMEs 
and large companies. Despite this strong industrial interest in QKD, the standardisation process of QKD 
systems is still in its initial phase, as is the development of a measurement framework for the 
characterisation of the physical (optical) components inside QKD system.

Specifically, European National Metrological Institutions under the EURAMET research 
programmes EMRP and EMPIR (by means of the funded project EMRP IND06 “MIQC” 
[http://projects.npl.co.uk/MIQC/] and EMPIR 14IND05 “MIQC2” [http://empir.npl.co.uk/miqc2/]) are 
pushing the development of a metrology framework to foster a market take-up of quantum communication 
technologies, in order to achieve the maximum impact for the European industry in this area.

It should be noted that, irrespective of the underlying technologies, there are quantum devices that 
appear in most QKD systems, namely sources and detectors. The characteristics of these quantum optical 
components are crucial for security analysis at the quantum optical level. In this sense, the above mentioned 
EMRP IND06 “MIQC” project (ended in September 2014) had been the first answer of the metrological 
community to these needs. In the framework of the EMRP IND06 “MIQC” project, measurement 
techniques for the characterisation of QKD quantum optical components in the telecom regime (around 
1.55 µm) were developed. The activities in the project were mainly focused on pseudo-single-photon 
sources and single-photon detectors, but also attention was paid to the characterisation of quantum random 
number generators (QRNG). 

Following the lines of the good results achieved by MIQC, and in order to sustain advances of the 
metrology for quantum technologies, a follow-up project, namely EMPIR 14IND05 “MIQC2”, was then 
conceived, funded and is actually ongoing. It focuses on aspects of primary importance as outlined in the 
following. Firstly, two pilot-comparisons in photon counting regime will be carried out in the context of 
this project: one on single-photon sources and the other on single-photon detectors.

The second covered topic takes into consideration the fact that fibre and free-space Quantum Key 
Distribution (QKD) systems use real devices, which do not have the ideal characteristics envisaged by the 
initial QKD concept. This means that practical systems can be vulnerable to one or more of the many 
quantum hacking attacks proposed and/or demonstrated. Counter-measures against these attacks have 
already been identified, but their effectiveness should be ensured by rigorous characterisation of the optical 
components. The 14IND05 “MIQC2” has already started the work to assess and fix these issues [3-5]. 

In parallel and synergy with all these aspects, it is worth noting that some of the National 
Metrological Institutions and industrial partners of the EMPIR 14IND05 “MIQC2” project actively 
participate in the standardisation effort in the context of the ETSI Industry Specification Group for QKD 
(ISG-QKD) [6]. In summary, the aim of this poster is to provide an overview of this European Effort for 
the development of the Metrology needed for the standardisation of the QKD.
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Multi photon entangled states are at the hearth of quantum metrology, where the property of quantum 
entanglement can be exploited to go beyond the measurement accuracy allowed by classical approaches. This 
field has strongly benefited from the advances in the production and manipulation of single and entangled 
photons, and a very interesting resource is represented by NOON states. These states can be used to achieve 
super resolved measurements and a precision beyond the Standard Quantum Limit [1]. The mostly investigated 
ones are polarization-entangled NOON state, typically generated with parametric sources and characterized in 
the polarization basis [2,3]. In an alternative approach the Hong-Ou-Mandel (HOM) effect, which is commonly 
used to quantify the indistinguishability of single photons, allows to deterministically obtain a spatially-
entangled 2-photon NOON state. In this work, we create such a state and develop a novel method to perform an
overcomplete tomography of the two photon state path basis density matrix.

We use single photon sources fabricated by deterministically coupling a quantum dot to an electrically-
controlled semiconductor micropillar cavity [4]. Using resonant excitation, these sources provide a highly
indistinguishable stream of single photons used for the generation of the NOON state. The output state of the 
HOM beam splitter (BS1) can be described by a 3 level system, whose basis is constituted by the 3 possible 
distribution of the 2 photons on the two output spatial modes: , , (see Fig. 1(a)). To fully 
reconstruct the density matrix of such a state, we developed a measurement scheme consisting of three 
experimental configurations based on beam-splitters, a phase shifter and photon counters in order to perform a 
Quantum State Tomography directly on the spatial-mode basis. This protocol excludes the need for a
polarization mapping of the NOON state allowing us to use the interferometric setup both to observe the phase 
super-resolution coming from the biphoton interference (Fig. 1(b)) and at the same time collect the full
tomographic data. We realize an overcomplete set of 83 measurements, owing to which we can obtain the 
density matrix of the NOON state with a Maximum Likelihood Estimation. Even with a limited or noisy 
statistics we can optimally reconstruct the density matrix for our state, revealing spatial coherences terms that 
would be hidden using standard tomography protocols. (Fig.1c).

Fig 1. (a) Schematics of one of the configurations used in the experimental setup: two input single photons interfere in BS1,
transformed with a phase shifter ( ) and two beam splitters (BS2 and BS3). Correlation 

measurements are performed among the three detectors as a function of the interferometer phase. An additional BS (not 
shown in the scheme) is placed in mode C to achieve a total of 83 different measurements. (b) Correlations between 
detectors at modes nterference of the biphoton state. (c) Real part of the reconstructed density 
matrix of the NOON state.
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Decomposition of the 1/f Noise in QDOGFET Single-Photon Detectors
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QDOGFET (quantum dot optically gated field-effect transistor) single-photon detectors combine photon-
number-resolving detection with quantum memory - two important capabilities for building quantum networks.  
In these detectors, quantum dots (QDs) are embedded in a specially designed high-electron-mobility transistor, as 
shown in Fig. 1(a), and used as optically addressable floating gates.  A Si -doped region produces a pair of two-
dimensional electron-gas (2DEG) regions, one closer to the QDs (primary) and one further away (secondary).  A 
photon incident on the gate contact is detected when it is absorbed in the structure and electrically charges a QD 
with a photo-generated hole carrier. The stored charge subsequently alters the current flowing through the primary 
2DEG by screening the gate field, where the change in current is proportional to the transconductance (gm = 

I/ Vgate) of the 2DEG.  The photoconductive gain associated with this process provides QDOGFETs with single-
photon sensitivity when cooled below 40 K [1]; however, at elevated temperatures increased electrical noise 
degrades the photosensitivity, as quantified by the signal-to-noise ratio (SNR).  In addition, the SNR has been 
shown to vary dramatically depending on the exact bias conditions, a dependence that is not yet fully understood.  
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Fig 1. (a) A QDOGFET is composed of alternating layers of GaAs (white) and AlGaAs (gray) with a layer of QDs (red dots) 
along the top of the GaAs absorption region.  A Si -doped layer (thick black line) produces a primary 2DEG along the 
bottom of the absorption layer and a secondary 2DEG along the top of the GaAs buffer layer.  RpG, RpD and RpS (RsG, RsD and 
RsS) denote the resistances of the gated and ungated portions of the primary (secondary) 2DEG. (b) Standard deviation, , of 
the noise in the detector’s output as a function of Vgate.  The total modelled noise (gray) is decomposed into contributions due 
to the six resistive portions of the 2DEGs and compared to measured data (dots). (c) Transconductance, gm, and signal-to-
noise ratio, SNR, as a function of Vgate.  All data shown in (b) and (c) were acquired for T = 7 K.  

Here, we use a linear-systems model to show how independent noise sources contribute to the overall 
noise in the QDOGFET detection system and to investigate how those sources of noise vary with bias conditions 
and temperature.  In previous work [1], we showed that the power spectral density (PSD) of the noise in 
QDOGFETs exhibits a 1/f character and described in detail how it impacts the SNR of the detectors. Here we 
provide a more detailed look into the fundamental sources of the noise by treating each resistive element of the 
2DEG system [see Fig. 1(a)] as an uncorrelated source of 1/f noise with an independent Hooge parameter ([2] and 
references therein).  The primary (secondary) 2DEG is characterized by a gate-controlled resistance, RpG (RsG), in 
series with the resistances of the ungated conductive regions nearest the source and drain contacts, RpS (RsS) and 
RpD (RsD), respectively. Taking the Hooge parameters of the six regions to be independently adjustable, the
standard deviation, , of the noise in the detector’s output is calculated and compared to experimental data.

Samples of our investigation are shown in Fig. 1(b) and (c), were , gm, and SNR are plotted as functions
of Vgate for a 7 K operating temperature. For |Vgate| < 1.4 V, the transconductance is dominated by that of the 
primary 2DEG and a SNR of greater than 5:1 is achieved.  Notice that optimum SNR does not occur where gm

peaks, but instead is observed for lower gate voltages where the noise contributed by RpG is reduced.  As |Vgate| is
increased, the noise generated by the gated portion of the primary 2DEG increases (due to increased RpG) and the 
SNR decreases.  For |Vgate| > 1.4 V, there is little photoresponse, and the noise originating in the secondary 2DEG 
dominates that of the detection system. In our presentation, we will describe how the structural composition, 
temperature, bias conditions, and elements of the external detection circuitry (not shown) influence the various 
sources of noise and show how this information can be used to optimize the performance of the detector. 
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Abstract: Ghost imaging is a novel technique that produces the image of an object by correlating the 
intensity of two light beams, neither of which independently carries information about the shape of the 
object. Combining the photon counting method and ghost imaging, we established a ghost imaging 

Ghost imaging (GI) methods can be used through the spatial intensity-correlation measurements to 
acquire the image of an object indirectly [1]. GI can be obtained using pseudothermal light produced by 
a laser beam with a rotating diffuser, and detectors using in object path usually are photomultiplier tubes 
(PMTs). However, with the increasing demand for remote sensing imaging, when the emission energy is 
limited, and return signal from the target is weak to several photons, it is difficult for PMTs to obtain 
accurate responds in these photon-starved situations. In the mean time, single-photon detectors can offer 
high quantum efficiency and tremendous noise suppression capabilities. Thus GI sysyem using a single 
photon detector can work in the environments with a small photon-flux. Recent progress in erbium-doped 
lasers suggests burgeoning various applications at the wavelength of 1550 nm, which lies in the eye-safe 
region of the spectrum and offers much lower solar background noise, as well as lower atmospheric 
attenuation. In the last decade, SNSPDs have been demonstrated with a near unity detection efficiency, 
low dark counts and wide response spectrum from visilbe to infrared. Thus, employing an SNSPD in GI 
system would not only afford the capacity to work under weak light source but also extend the GI 
technology to near-infrared wavelength.

Fig 1. Experimental setup of 1550-nm GI system with pseudo-thermal light using an SNSPD.

The experiment setup is schematically illustrated in Fig. 1. A series of independent random speckle 
patterns, obtained by modulating a pulsed laser with a rotating diffuser, were divided by a beam splitter 
into two paths and then projected onto the target and a charge-coupled device (CCD), respectively. 
Synchronized by a synchronization controller, the fixed CCD was used to record the distribution of 
speckle patterns and the signals reflected from the target were recorded by a mutimode-fiber-coupled 
SNSPD. According to the distribution of speckle patterns and the corresponding reflection signals from 

the image reconstruction method. We selected some 
simple targets for the imaging, and the results are shown in Fig 2. The results can be improved by 
optimizing the uniformity of the speckle patterns or utilizing advanced algorithms.

Fig 2. Experimental demonstration results of the GI system. 
(a)-(d), the images of the target; (e)-(f), the photographs of the targets.   

[1] B. I. Erkmen, and J. H. Shapiro, "Ghost imaging: from quantum to classical to computational," Adv 

Opt Photonics 2, 405-450 (2010).

124 
 
 

#120  

  



125 
 
 

#121  

  



126 
 
 

#122  

  



127 
 
 

 

#123  

  



Disturbance-free measurement and experimental test of CHSH inequality

Sang Min Lee1,2, Minsu Kim2, Heonoh Kim2, Han Seb Moon2, Sang Wook Kim3

1Korea Research Institute of Standards and Science, Daejeon 34113, South Korea
2Department of Physics, Pusan National University, Busan 46241, South Korea

3Department of Physics Education, Pusan National University, Busan 46241, South Korea

Abstract. One of the strange features of quantum mechanics is the inevitable measurement-induced 
disturbance, i.e., any acquisition of information from a quantum system causes disturbance. Here, however, we 
propose a method of asymptotic disturbance-free measurement using the so-called “weak-value scheme”. The 
key concept is that the weakly measured quantum system is measured again to confirm that it is not disturbed. 
The weak-measurement outcomes of the Bell state post-selected in this manner exhibit classical behavior in the 
sense that they satisfy the Clauser-Horne-Shimony-Holt (CHSH) inequality. We experimentally confirm our idea 
by performing joint weak measurement of polarization-entangled photon-pairs and subsequent fiber-based Bell-
state measurement.

Our proposed disturbance-free measurement (DFM) is schematically described in Fig 1. After an 
observable M is very weakly measured, we obtain the expectation value m and the initial state is slightly 
changed to due to the measurement-induced disturbance. Using the post-selection to the initial state , we 
collect non-disturbed subset of and their outcomes . Since, in the weak measurement limit, the probability 
of the post-selection is near unity, we call this measurement as asymptotic disturbance-free measurement.

Fig 1. Schematic diagram of disturbance-free measurement. WM: weak measurement; PS: post-selection.

Using DFM, we experimentally test the CHSH inequality [1] based on polarization-qubits of photons
and linear optics. First, we generate polarization-entangled photon-pairs via a type-II spontaneous parametric 
down-conversion (SPDC) process of a periodically-poled KTiOPO4 (PPKTP) crystal [2]. The each photon of a 
pair is mode-filtered by single-mode fiber (SMF) and traverses polarization weak-measurement apparatus [3]. 
The weakly polarization-measured photons are re-coupled into SMFs and post-selected on one of Bell states via 
fiber-based Bell state analyzer. We perform experiments as decreasing measurement strength and observe the 
tendency of CHSH inequality’s violation, because it is hard to experiment in the weak measurement limit.

The experimental results in the weak limit follow the theoretical prediction, i.e., the inequality is satisfied even 
the initial state is a maximally entangled state. However, if we negate the post-selection (include all results of 
post-selections), the inequality is violated as it was originally. This implies that a quantum state behaves
classically if we measure it without disturbance (or extract disturbance). Thus it shows that measurement-
induced disturbance is the essence of quantum mechanics (or non-classicality). This classical behavior of 
quantum states via DFM is different with previous works of quantum-to-classical transition via decoherence [4], 
and faulty measurements [5,6]. In the presentation we will show experimental setups and results in detail.
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Nanophotonic advances for room-temperature single-photon sources
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For practical device implementation, e.g., for long-distance secure quantum communication with quantum 
repeaters, room-temperature single-photon sources (SPSs) are necessary [1]. This review outlines state-of-the-art 
in development of room-temperature SPSs with photons exhibit
SPSs with definite circular and linear polarizations. It is focused on nanophotonic aspects of the problem describing 
advances in stable room-temperature single-emitters as well as the methods of their fluorescence enhancement [2]. 
Photon indistinguishability at room temperature is a very challenging task, but a high degree of indistinguishability 
was predicted in [3] on the examples of two typical room-temperature single emitters within photonic crystal and 
fiber-based microcavities. (The special regime was found in which the broad spectrum of the single emitter was 
funneled into a narrow cavity resonance).

In the first part of this review the best emitters with long operational life for room-temperature SPSs will be 
discussed: single giant colloidal semiconductor nanocrystal quantum dots (NQDs) and dot-in-rods, color-center 
diamonds (both bulk and nanodiamonds) and trivalent rare-earth ions (TR3+). Some new stable single-emitters 
(silicon carbide, zinc oxide, SiO2 doped with carbon nanotubes, two-dimensional hexagonal boron nitride (hBN), 
and borosilicate glass and quartz) will be considered as well. Table 1 provides comparison between main stable 
single emitters for room-temperature SPSs.

Methods of single-emitter fluorescence enhancement (microcavities (including photonic bandgap, Bragg 
reflector, chiral liquid crystal, and fiber-based), plasmonic nanoantennas, metamaterials, and the alignment of 
anisotropic single emitters with liquid crystals) will be outlines in the second part of my review. In spontaneous 
emission enhancement for SPS applications achieving two goals are equally important: (1) ultrafast spontaneous 
emission for high-speed SPSs with emission rate exceeding 10-100 GHz and (2) enhancement of the total count 
rate per second from SPSs (greater than Mcounts/s). For instance, using metamaterials can be a solution to reach 
the first goal, but to extract photons with high efficiency from metamaterials they should be combined with other 
nanostructures or should be nanopatterned.

Table 1: Comparison of main room-temperature emitters with long operational time for SPS applications.

Single emitters Advantages Disadvantages
Color-center 

diamonds
NV-nanodiamonds are on the market;

stability against bleaching;

Si-V, Cr and NE8 centers have narrow lines at 
room temperature (less than few nanometers)

NV-centers have a wide spectral band;

difficult to find a single color center with g(2)(0) ~0;

Si-V center has lower stability and brightness;
no color center exists at optical communication 
wavelength

Giant (large 
shell) 
nanocrystal 
quantum dots 
and dot-in-rods

relatively easy to prepare;

relatively stable;

fluorescence at both visible and optical 
communication wavelengths;

possibility of alignment of dot-in-rods to 
create definite polarization of photons

less stable than color-center diamonds and rare-
earth ions;

wide spectral lines

Rare-earth ions 
in nanocrystals

emitters with highest stability (no bleaching);

variety of ions with fluorescence wavelengths  
both in visible and at optical communication 
wavelengths;

short fluorescence lifetimes for allowed 
transitions

forbidden transitions (including 1.55 µm)  have low 
oscillator strengths and  long (millisecond) 
fluorescence lifetimes;

allowed transitions have wide spectral bands and 
require two-photon  excitation of specific 
wavelengths

Theory predicts [1], that for application in long-distance quantum communication systems with quantum repeaters,
SPS efficiency should be higher than 70% with a negligible double-photon emission (less than 10-4). SPSs also 
need to be compatible with the memory wavelength and bandwidth (hundreds of MHz).

References

[1] N. Sangouard & H. Zbinden, Journal of Modern Optics 59, 1458-1464 (2012).
[2]  S.G. Lukishova and L.J. Bissell, Chapter 13, in Advances in Quantum Photonics: from the First Single-

photon and Nonlinear Optical Experiments to Modern Quantum Photonics, R.W. Boyd, S.G. Lukishova, 
V.N. Zadkov, Eds., Springer, 2017.

[3] T. Grange, G. Hornecker, D. Hunger, J.-P. Poizat, J.-M. Gérard, P. Senellart, A. Auffèves, Phys. Rev. Lett.
114, 193601 (2015).

129 
 
 

#125  

  



A QRNG system based on the oversampling principle

Nicola Massari1, Zahra Bisadi2, Leonardo Gasparini1, Georg Pucker1, Lorenzo Pavesi2, Matteo Perenzoni1

1Fondazione Bruno Kessler, Povo (TN), via Sommarive 18, Italy
2University of Trento, via Sommarive 14, Italy

Abstract. A new QRNG system is presented in this paper. The new system consists of a compact QRNG, 
made by a Silicon Nano Crystals Light Emitted Diode (Si-NCsLED) coupled with a SPAD-based detector, 
controlled by an FPGA, connected, through USB cable, to a PC for data visualization, and saving. The QRNG is 
based on the measurement of the arrival time of photons in a presence of low photon flux (oversampling regime). 
The maximum bit rate is limited to up 0.4Mbps in favour of a more system compactness.

QRNGs are characterized to have relevant performance in term of output quality and bit rate [1-2]. 
However, QRNG systems are typically expensive and bulky, preventing the spread of this technology in many 
applications such as in the Internet of Things (IoT) or, in general, in portable devices. In this paper a compact 
QRNG is reported. It is made by a SPAD-based detector coupled with a Si-NCsLED [3] in a 3D packaging 
implementation to reduce the QRNG size. The device has been then embedded into a prototype and interfaced to 
the PC through an FPGA (see Fig.1). The QRNG architecture is based on a cluster of 16 SPADs connected to four 
TDCs to detect the arrival time of photons into a specific time window Tw and the address of the triggered SPAD. 
When working as QRNG, the system is forced to operate in oversampling regime. In this case the sampling 
frequency (1/Tw) is greater than the photon rate ( ) and the resulting code distribution of the TDC is approximately 
linear and uniform (see Fig.2a.). The Total Variation Distance (TVD) of output codes is a measure of the system 
bias. Fig.3 shows a measurement of the TVD of the QRNG with respect to different light conditions. Data raw of 
the system is given by the time stamp of photons sorted by SPAD addresses. The randomness of the device has 
been tested through NIST tests as shown in Table 1, where a post-processing was needed in order to reduce the 
resulting bias of raw data.
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Table 1:  Result of NIST tests of raw data and with post-processing                          

Fig 1. Prototype of the proposed QRNG                        Fig.2: Simulated output of the TDC in case of: a. oversampling; b. 
moderate oversampling and c. undersampling regime.

Fig 3. Measurement of TVD vs photon rate.
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A few-photon detector based on a custom-made induced junction photodiode with predictable quantum 
efficiency is under development. It is equipped with a switched integrator current amplifier to render possible the 
low noise amplification of photocurrents down to the pW level.

The few-photon detector (see Figure 1(a)) is based on the Predictable Quantum Efficient Detector (PQED) 
[1,2] and, hence, the detector can be used with radiant power levels from approximately 300 µW down to the 
detection limit. To minimize the lower detection limit, the detector is actively cooled and a low-noise switched 
integrator current amplifier is installed next to the photodiode and on the same temperature controlled base plate. 
The housing can be purged with dry nitrogen in order to prevent condensation on top of the photodiode. The 
photodiode is mounted under an angle of 45° relative to the incoming beam. This configuration, that is close to 

, reduces the reflection losses to less than 10 % for p-polarized radiation at 850 nm. The inside of 
the detector is all black, which reduces the relative false light level below 1 %. However, while the internal 
quantum efficiency can be calculated using sophisticated software models and is higher than 0.9999 in the range 
from 400 nm to 800 nm [3], the calculation of the reflectance is more difficult because the actual thicknesses of 
the SiO2 layers have to be known precisely. A single photodiode usually has a strong spectral dependence of the 
reflectance on the incident wavelength. This has to be taken into account for this system, for instance, by measuring 
the photodiode reflectance at all used wavelengths.

Fig 1. (a) CAD-drawing of the few-photon detector. The outer housing and the current amplifier are not shown. (b) 
Horizontal scan with the few-photon detector (red marker) equipped with a 210 µm pinhole, two single photon counting 
modules (green and blue markers) across the focal spot and the calculated response of a detector with an active diameter 
of 210 µm (FWHM) and a spot size 30 µm (standard deviation).

Furthermore, this detector can be equipped with different apertures from 25 mm down to several µm. This feature 
can be used to minimize the influence of the different detector sizes of detectors used in classical radiometry and 
single photon detectors (see Figure 1(b)). When the lowest possible uncertainties are required, the detector can be 
calibrated against another standard, such as an PQED or a calibrated trap detector.

This detector system is ideal to be implemented as a stable reference detector [4] with a huge dynamic 
range into applications such as commercial Quantum-Key-Distribution systems and to be used by research and 
calibration laboratories that work with radiant power levels from hundreds of µW down to the pW level.

This work was performed in the context of the project EMPIR 14IND05 MIQC2. The EMPIR initiative is co-
funded by the European Union's Horizon 2020 research and innovation programme and the EMPIR Participating 
States.
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  Single-photon detectors based on superconducting nanowires (SSPDs) have attracted much attention in the last 

years thanks to a remarkable progress that has been made in increasing their detection efficiency. System detection 

efficiency up to 93% with dark count rates below 1 count/s has been demonstrated using an SSPD based on WSi 

[1]. Recently, the same value of detection efficiency of 93% with a timing jitter as low as 14.8 ps was obtained 

using NbTiN as superconducting material [2]. Such high values of efficiency are obtained by inserting the 

superconducting nanowire in an optical cavity. However, in such a configuration, the efficiency becomes strongly 

dependent on the polarization of the incident light due to the optical anisotropy introduced by the nanowire 

geometry. This polarization sensitivity limits the application potential of SSPDs. We have recently proposed a 

new, cost-effective approach to reduce the polarization sensitivity [3]. 

 In this work, we demonstrate an experimental confirmation of the theoretically predicted effect. SSPD detectors 

were fabricated on NbTiN films. The wire is 100 nm wide with a fill factor of 0.5, and covers a round spot with a 

diameter of around 16 m (Fig. 1). The difference between the detection efficiency for TE- and TM-polarized light 

has been measured (TE refers to the electric field being parallel to the nanowire length, whereas TM refers to the 

perpendicular direction), obtaining a TM/TE responsivity ratio of 0.3 – 0.5 at 1310 nm. These values are in a good 

agreement with theoretical simulations performed with the commercial RSoft Fullwave software (Fig. 2). In a 

previous work [3], we showed that the polarization sensitivity of SSPDs can be significantly reduced by inserting 

a high-refractive-index dielectric layer in the optical cavity, which reduces the refractive index anisotropy. In order 

to validate these results, a 390 nm thick SiNx layer was deposited on the devices after characterization. The 

polarization sensitivity was significantly reduced (TM/TE responsivity ratio = 0.7). In the future, even better results 

can be obtained. Our theoretical calculations predict a TM/TE ratio of 1 keeping relatively high absorption 

efficiency of 90.8% at 1550 nm using dielectric layers with higher refractive indexes (n > 2) such as TiO2 (n  2.3-

2.5) [3]. 

Fig. 1. Scanning electron microscopy image 
of the SSPD meander. 

Fig. 2.Theoretical simulation of the TE and 
TM absorption efficiency as a function of 
wavelength.

Fig. 3. TM/TE responsivity ratio vs the   
bias-to-critical current ratio (IB/IC) for 
SSPDs before and after SiNx deposition. 
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Abstract
Nowadays superconducting nanowire single photon detectors (SNSPDs) are the most advanced devices to detect 
single photon in the visible and the infrared range1. In addition to their high detection efficiency, they prove very 
low dark count rate, high time resolution1 and they show their compatibility with Si technologies2. Colloidal 
quantum dot (QD) or semiconductor nanocrystal is a reliable quantum emitter which is an attractive alternative 
to atoms, ions, molecules or nitrogen-vacancy center in diamond. The control of their synthesis methods and the 
wide choice of the semiconductor allow to tune their optical properties of emission and to integrate them in 
photonics circuits3. Optimized single photon sources and detectors are crucial for quantum optics technologies 
and their integration on photonic circuits will allow more complex devices for optical communication and 
quantum optical experiments. 

In this poster, I will present integrated nanophotonic devices that emit and detect single photons with the 
ultimate goal of performing antibunching experiments directly on chip at cryogenic temperature (~ 4 Kelvin). U-
shaped nobium titanim nitrate (NbTiN) nanowires, 25µm long and about 100 nm wide are fabricated on a 
silicon/silicon oxide chip. Silicon nitride waveguides are added on top of them with a single layer of quantum
dots embedded inside (figure 1). The layer is patterned by Langmuir Blodgett which allows accurate control of 
the quantum dots location. The photoluminescence of the quantum dots is confined in the waveguide mode and 
will be coupled evanescently to the SNSPD. We have performed optical FDTD simulation and we observe that 
due to the long interaction distance waveguide/SNSPD, all the QD emission is absorbed by the nanowire and it 
generates an electrical signal which, after amplification, can be recorded by any pulse counter or time tagging
electronic instrument.

Figure 1: Optical microscope image of integrated nanocrystals devices.

References:
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Abstract. IMEC is developing a CMOS compatible platform for fully depleted image sensors [1-4]. Full 
depletion allows enhancement of the charge collection speed, signal detectivity and sensitivity in photodetectors.
This abstract addresses the integration of linear and breakdown mode single-photon sensitive devices within our 
fully depleted CIS platform.

The device concept of transferring a photogenerated charge packet (1) through an avalanche 
multiplication region (2) towards a pinned storage region (3) is depicted in Fig.1 [2-3]. The device can be 
readout by transfer (4) towards a floating diffusion. We presented that this device may be used in linear 
mode in combination with a low-noise threshold detection circuit (Fig. 2 - left) [3]. In this work we address 
that this device concept can also be operated in breakdown region (Fig. 2 - right). Crucial for both operation 
modes is the trade-off between breakdown bias [2-3] and punch-through leakage current over the built-in 
potential barrier that embeds the readout circuitry [2-4].

1

2

3 4

Fig 1. Cross-sectional view of fully-depleted device concept using photosensitive region (1), avalanche multiplication
region (2), storage and transfer regions (3, 4) [3-4].
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Fig 2. Left: single photon detection through linear avalanche multiplication in combination with a thresholding circuitry [3]
Right: single photon detection through breakdown operation in compatibility with full depletion.
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Abstract. We fabricated SU8 waveguide and microcavity embedded colloidal quantum dots with low 
concentration, and the photoluminesce spectrum and the single photon emission were measured from the end of 
the SU8 waveguide.

Integrated photonic chip is essential for developing high-perform devices and systems for high-speed, 
high-capacity data transmission, telecommunication and quantum information. Several integration schemes in 
optoelectronic area have been developed, such as the schemes based on indium phosphide material, SOI material
and polymer material, etc. Meanwhile, integrated circuits using polymer composites have advantages in easy 
operation, flexibility and low cost. SU8 waveguide with colloidal quantum dots for classical integrated chip have 
already been investigated [1], however, report about SU8 matrix with colloidal quantum dots for quantum 
integrated chip has not been found. SU8 and colloidal quantum dots are possible to fabricate both classical and 
quantum integrated photonic circuit.

Integrated single photon sources will have important applications in quantum information, including 
quantum communication, quantum computing and quantum metrology. Single photon source in microcavity 
coupled waveguide system is an important step for integrated photonic quantum circuit [2]. Single quantum dots 
embedded in waveguide and microcavity can be maded as single photon sources on chip, which is one of
promising direction in integrated photonic quantum technology. Our goal is to make active integrated photonic 
quantum chip combining polymer matrix with colloidal quantum dots, where only solution process and 
photolithography are required. Single photon sources based on colloidal quantum dots can operated at room
temperature, which is a useful factor for pratical application. Single colloidal quantum dots usually are not 
compatible with the other dielectric materials and are difficult to fabricate as active waveguide. 

In this study, we fabricated SU8 waveguide embedded with colloidal quantum dots by photolithography, 
and the concentration colloidal quantum dots is less than 1×10-9 M, which is possible to produce single photon 
source. The fabrication process likes this: we prepared a layer of SiO2 with thickness of 4 m produced on 
silicon substrate by wet oxidation. A layer of SU8 resist was spun coating on the SiO2, and colloidal quantum 
dots was introduced on the surface of SU8. And then, another layer of SU8 was spun coating on the colloidal 
quantum dots. Lastly, the SU8 waveguide with collidal quantum dots fabricated simply by photolithography, and 
the width of the SU8 waveguide was approximately 2 m. In the measurement, an objective lens was used to 
focus the excitation laser in vertical direction onto the SU8 waveguide with colloidal quantum dots, and the 
photoluminescence spectrum and single photon emission from a quantum dot in the waveguide were measured
through a single mode fiber coupling from the end of the SU8 waveguide. It was found that the emission 
intensity from colloidal quantum dots decreases several times after it was embedded in SU8 compared with that 
on the surface of SiO2. Even though, the emission from colloidal quantum dots with very low concentration
transmitted through the SU8 waveguide is detectable. We also designed and fabricated SU8 microring with side 
coupling waveguide, and colloidal quantum dots are embeded in SU8 microring. The transmission spectra from 
the waveguide-coupled microring based on SU8 were measured, judged from which, light in waveguide can be 
coupled to microring modes. The photoluminescence emission from the quantum dots in microring in vertical 
direction is measured. Moreover, the single photon counts from the microring coupled to the waveguide was 
investigatged.  

In conclusion, we fabricated waveguide and microring based on SU8 resist embedded with colloidal 
quantum dots by using photo-lithography and solution process. The single photon emission coupled out from the 
SU8 waveguide was detected. The active waveguide from polymer and quantum dots compotes may provide a 
way for low-cost, flexible integrated quantum photonic circuit. 
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An integrated emitter-detector quantum random number generator based 
on a silicon photomultiplier and a single-photon avalanche diode

Fabio Acerbi1, Zahra Bisadi2, Giorgio Fontana2, Lorenzo Pavesi2, Nicola Zorzi1, 
Nicola Massari1, Alberto Gola1, Giovanni Paternoster1, David Stoppa1, Claudio Piemonte1

Thanks to the quantum mechanical properties truly" random numbers can be produced by photonic
quantum random number generators (PQRNG). Cryptographic tasks (encryption and decryption) can be executed 
using secret keys based on random numbers. Mathematical algorithms are extensively used to generate random 
numbers but could suffer from guessability . QRNGs benefit from the intrinsically unpredictable properties of 
physical processes involved. As an example, the randomness in path taken by photons on a beam splitter or the
comparison of photon arrival times [1] have been exploited to generate random numbers.

In this paper, we present an implementation of a compact solid-state QRNG with integrated photon-emitter 
(source of entropy) and detector in the same silicon chip, producing a compact RNG. Not only they are integrated 
one close to the other, but also they have been fabricated ( in FBK, Trento, Italy), with the same manufacturing 
steps and similar layouts. This makes the structure very interesting for possible low-cost production. Fig. 1 shows 
the layout of one implementation of this structure: the emitter is a small silicon photomultiplier (SiPM), composed 

-photon avalanche diode (SPAD), as well as the detector. Two different 
detectors are present, making it more flexible (e.g. using two detectors and the temporal difference between their 
clicks), but in the method presented here we used only one of them. The characteristics of emitter cells and 
detectors are similar: they are based on the FBK NUV technology reported in [2]. This technology has been chosen 
since it demonstrates a reduced delayed correlated noise probability (i.e. including afterpulsing). Emitter is reverse 
biased: photons are emitted during avalanche multiplication. The detector has been shielded from ambient light 
thanks to a top metal layer: only photons form emitter are detected, making this integrated approach more robust.

To extract the random bits we employed the recently developed robust method described in [3]: it is based 
on the measurement of photon arrival times, using discrete time bins, in a time frame repeated in time. A dead 
time is present between the frames, to get rid of the effects of afterpulsing and the detector non-idealities. The 
autocorrelation function of the detector counts has been measured and used to fix the dead time at the beginning 
of each frame to ~4.5µs. The output bit rate reaches a maximum of ~100 kbps. The joint probability mass function
for generated random symbols has been measured, showing a deviation of 5x10-6 from expected theoretical value. 
We then apply statistical tests in NIST tests suite to the generated raw data, obtaining results shown in table below.

Based on this concept we are developing a CMOS version with an array of emitter-detector structures.

Fig 1. Layout of the integrated emitter-detector QRNG and schematic of the connections.

Table 1: NIST tests results for 1 G random bits. The significance level is =0.01. 

Acknowledgment: the research was funded by the Autonomous Province of Trento, , project
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Statistical test P-valueT Proportion Result Statistical test P-valueT Proportion Result
Frequency 0.424453 0.9880 Passed Overlapping templ. 0.009071 0.9890 Passed
Block frequency 0.336111 0.9930 Passed Universal 0.522100 0.9870 Passed
Cumulative sum 0.516113 0.9920 Passed Approximate entropy 0.965083 0.9920 Passed
Runs 0.933472 0.9930 Passed Random excursions 0.083143 0.9853 Passed
Longest run 0.686955 0.9910 Passed Random excursions var. 0.152493 0.9918 Passed
Rank 0.075719 0.9940 Passed Serial 0.164425 0.9950 Passed
FFT 0.715679 0.9880 Passed Linear complexity 0.610070 0.9920 Passed
Non overlapping templ. 0.363593 0.9920 Passed
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Photon Statistics of Electroluminescence from Suspended Carbon 
Nanotube Field Effect Transistors

Bo Wang1, Sisi Yang1, David Yeaton-Massey2, Dale Durand2, Matthew L. 2 Jerome Luine2, 
Stephen B. Cronin1

1USC Viterbi School of Engineering, Los Angeles, California, USA
2Northrop Grumman Corporation, Redondo Beach, California, USA

Abstract. We report the photon statistics of electroluminescence from suspended carbon nanotube 
(CNT) field effect transistors (FETs) under extremely low applied electrical powers (~nW). Thermal emission is 
avoided by operating the devices . In the off 
state, a high bias voltage (4V) results in only 1nA current, and corresponding electrical power of 4nW. Second-
order correlation, g(2), and number-resolved photon detection are reported for emitted photons in the range of
1,300 to 1,550 nm. Number-resolving photon detection is accomplished using a superconducting Transition 
Edge Sensor (TES) developed and built by the National Institute of Standards and Technology, Boulder [1]. The 
photon statistics are used to assess the potential suitability of these devices as electrically actuated single photon 
emitters. 
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Superconducting single-photon detectors integrated with multitudinous 
photonic devices

Jeffrey M. Shainline1, Sonia M. Buckley1, Cale Gentry1, Jeffrey Chiles1, Adam N. McCaughan1, Varun Verma1,
Adriana E. Lita1, Thomas Gerrits1, Martin Stevens1, Nima Nader1, Richard P. Mirin1, and Sae Woo Nam1
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Integrated photonic devices and systems offer exceptional potential for control and characterization of light.
Single-photon detectors integrated with high-index-contrast waveguides can be used to measure properties of 
optical signals such as power, coherence, frequency, and statistics. We will present devices which accomplish 
these tasks with WSi detectors integrated with both silicon and silicon nitride waveguides.

For advanced optical systems, complete knowledge of the characteristics of the photonic signals is required. 
This includes accurate assessment of metrics including: optical power from the single-photon level up to milliwatt 
levels used in telecommunications; coherence of laser sources; frequency of various types of emitters and optical 
sources; and photon statistics to distinguish between thermal, single-photon, and coherent sources. On-chip devices 
can be utilized to perform all these measurements in a compact, versatile manner. We will present single-photon 
detectors integrated with nanophotonic devices [1] to characterize many of the properties of light sources.

Superconducting-nanowire single-photon detectors (SNSPDs) have been exceedingly impactful for optical 
measurements at the few-photon level [2]. Yet they also can serve to measure higher-power signals when combined 
with the appropriate photonic devices. We will show how cascaded SNSPDs coupled to an optical waveguide can 
measure optical power with a large dynamic range. To accomplish this, a fraction, f, of the light is tapped from the 
waveguide before the remainder is routed to an SNSPD. This unit cell repeats so that the i-th detector receives f i-

1 (1-f) of the initial power. By choosing the tapping fraction f and the number of detectors appropriately, one can 
cover many orders of magnitude in dynamic range. This is useful, for example, if one wishes to characterize a light 
source both below and above laser threshold.

To demonstrate laser action, one must show not only that the power generated as a function of the power 
supplied has the characteristic threshold behavior, but also that the light generated is coherent. One way to 
conclusively demonstrate this is to pass the light through a Mach-Zehnder interferometer (MZI). We will 
demonstrate the integration of SNSPDs with an MZI.

In addition to characterizing laser sources, MZIs can be useful for manipulating non-classical light. 
Demonstration of non-classical light can be achieved by analysis of photon statistics at the two output ports of a 
50/50 beam splitter the infamous Hanbury-Brown-Twiss experiment. We will demonstrate the implementation 
of such an experiment in an integrated-photonic environment using a beam splitter manifest in waveguides and 
coupled to SNSPDs to differentiate between single-photon sources, light-emitting diodes, and lasers.

For all types of classical and quantum light sources, it is necessary to characterize the spectral content of the 
photons. This can be accomplished with on-chip spectrometers based on ring-resonator based filters or arrayed-
waveguide gratings. We will demonstrate these devices and discuss the strengths and limitations of each.

In addition to using these photonic devices to characterize integrated light sources across a broad range of 
operating conditions, we also wish to be able to use them to characterize off-chip sources. To perform such 
measurements, the insertion loss from an optical fiber to a nanophotonic waveguide must be minimal. This is best 
accomplished with an adiabatic transition for wide bandwidth and low loss. We present a device based on a 
terminating tapered optical fiber to an on-chip polymer waveguide coupled to a high-index waveguide.

One of the great challenges of integrated quantum photonics is to generate entangled photon pairs on-chip and 
utilize them for quantum information processing. A promising avenue to accomplish this is to pump a ring 
resonator with a coherent state to produce entangled pairs through cavity-enhanced spontaneous four-wave mixing 
[3]. A key challenge in scaling up this technology is that the pump generally contributes 1016 photons per second 
to the chip, while only 105 photon pairs are produced per second. Thus, 120 dB pump rejection is required, and 
the presence of scattered light renders this impossible. To overcome this limitation, we will present a design for 
enclosed waveguide-integrated detectors which allow in only a single optical mode and suppress all stray light.
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Improvement of Diffuse Correlation Spectroscopy sensitivity to brain 
through Time-Correlated Single-Photon Counting technique

Davide Tamborini1, Bernhard Zimmerman1, Kuan-Cheng Wu1, David A. Boas1

and Maria Angela Franceschini 1

1Optics Division at the Athinoula A. Martinos Center for Biomedical Imaging, Department of Radiology, Massachusetts General 
Hospital and Harvard Medical School, Charlestown, Massachusetts, USA

dtamborini@mgh.harvard.edu

Diffuse Correlation Spectroscopy (DCS) is a near-infrared spectroscopy (NIRS) technique able 
to measure an index of microvascular blood flow (BFi) [1]. A long-coherence light source is fed into the 
tissue while a single-photon detector collects the light from a single speckle spot and tags the photon 
arrival. By computing the autocorrelation function of the detected light, DCS measures the temporal 
speckle fluctuations due to the moving scatterers in tissue (blood cells). A limitation of DCS is the 
requirement of an accurate knowledge of the tissue optical properties to precisely compute BFi.
Therefore, a DCS device is usually paired with time-domain (TD-) or frequency-domain (FD-) NIRS 
systems to measure absolute BFi [2]. A second limitation is the low light detected from a single speckle, 
especially when measuring cerebral BFi (CBFi), due to the large source-detector separation needed to 
reach the brain.

Our novel approach, Time-Domain Diffuse Correlation Spectroscopy (TD-DCS) aims at 
merging DCS with TD-NIRS in a single instrument [3]. The idea is to measure simultaneously the optical 
properties of the tissue as well as temporal speckle fluctuations, but also to take advantage of the time-
domain information to discriminate between short and long photon paths to perform DCS processing only 
on photons that travelled deep in the tissue, increasing the sensitivity to the brain. This discrimination 
allows  to shorten the source-detector separation, increasing the signal-to-noise ratio.

We present a TD-DCS system suitable to  become a convenient, continuous, and reliable bedside 
measure of cerebral blood flow. As shown in Fig.1, the system employs a picosecond pulsed laser source 
that is able to provide 100-200 ps full-width half-maximum pulses with enough coherence length to
performe DCS measurements. In addition, to acquire multiple simultaneous light paths, we utilized 4
Red-Enhanced single photon avalanche diode (SPAD) detectors which combine high-temporal resolution 
(50 ps FWHM) with high photon detection efficiency (25%) in the near infrared range. We also designed 
a custom FPGA-based board to host time-correlated single photon counting cards (TDC-cards) used for 
measuring the time of flight (ToF) of individual photons with 10 ps resolution. The FPGA then pairs the
ToF information with the absolute photon arrival times, measured by an internal counter locked to the 
laser clock. The ToF histogram  is called temporal spread point function (TPSF). A validation with a two-
layer phantom is showed in Fig. 2, comparing the autocorrelation function of two groups of photons: the 
first one uses the light that travelled close to the surface, while the second one uses the light that travelled 
about 5 cm further (i.e., 300 ps after the peak of the TPSF curve). As expected, the resulting BFi in the 
superficial layer (0.9·10-9 cm2/s) is lower than the one in the deeper layer (3.8·10-9 cm2/s).

Fig. 1: Block diagram of the TD-DCS system. Fig. 2: Validation of TD-DCS approach by computing DCS 
processing on two groups of photons, selected by the TPSF data.
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Towards a Waveguide-based Single Photon Detector 
for Integrated Quantum Photonics Platforms

Salih Yanikgonul1,2, Jun Rong Ong3, Victor Leong1, Leonid Krivitsky1

1Data Storage Institute, Agency for Science, Technology and Research, 138634, Singapore
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The scalability of quantum networks is a key challenge in developing practical quantum technologies. 
Recent developments in quantum photonics platforms show remarkable promise, but nonetheless still require the 
coupling of light from the device to external photodetectors [1,2]. For a truly integrated photonics platform, these 
quantum devices need to be combined with on-chip single photon detectors. Here, we present our efforts towards 
a waveguide-based Geiger-mode Si single photon avalanche diode (SPAD), optimized for visible wavelengths.

Input light is end-coupled from a Si3N4 waveguide, which has low losses at visible wavelengths, into the 
Si waveguide in the same layer, which forms the SPAD [3]. We design our devices with p-n+ (heavily doped n)
junctions such that the depletion regions extend largely into the p-doped side; the absorption of a photon in the 
depletion region would then trigger an avalanche of electrons, resulting in a macroscopic photocurrent signal. 
We study two doping profiles. The first design is a straight doping profile with a single continuous depletion 
region along the direction of light propagation. The position of the p-n+ junction results in a large overlap of the 
depletion region and the optical waveguide mode, which results in a high detection efficiency. This approach 
requires a stringent control during fabrication as a misalignment of the junction will result in a large mismatch 
between the optical mode and the depletion region. The second design is an interdigitated doping profile 
perpendicular to the direction of the light propagation which is less sensitive to such fabrication errors, but has a 
lower efficiency due to discontinuities in the depletion region along the waveguide. 

Both the devices have an absorptivity of >98% at 638 nm. We simulate device performance by 
calculating their electric field (E-field) distribution profiles, which determine the avalanche triggering probability 
of the photo-generated carriers. The calculated breakdown voltage is about 12V. The calculated efficiencies for 
straight asymmetric doping profile and interdigitated doping profile at 638 nm are 78.5% and 42.2%, 
respectively, for a reverse bias voltage of 22V.
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Gating techniques for InGaAs/InP and silicon SPADs 
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Time gating is becoming an important technique for SPADs, both for improving their performance (e.g. the 
maximum count rate) and for detecting faint signals hidden by strong unwanted pulses.

A growing number of applications in the 1 µm - 1.7 µm range require single-photon detectors with high count 
rates (greater than a few Mcount/s), high detection efficiency (> 30%), low noise (few kcount/s), narrow temporal 
response (FWHM < 100 ps). InGaAs/InP SPADs show good performance and are suitable for practical and reliable 
systems, but their main drawback is the strong afterpulsing, which limits the maximum count rate [1]. Afterpulsing 
can be mitigated either by increasing the hold-off time (even > 10 µs), though strongly limiting the count rate, or 
by reducing the avalanche charge. The latter approach is effective, but requires smart circuital solutions for 
working with short gates (<< 1 ns) that quench the avalanche during its build-up [2]. Here we describe two short-
gate techniques for high-speed photon counting with InGaAs/InP SPADs: i) a sinusoidal gating system at 1.3 GHz, 
with very low afterpulsing (~ 1.5 %), high count rate (650 Mcount/s), high photon detection efficiency (> 30 % at 
1550 nm), low dark count rate (2.2·10-5 per gate) and low timing jitter (< 70 ps FWHM); ii) a SiGe integrated 
circuit (ASIC) for sub-nanosecond gating with < 300 ps rising/falling edges and low (< 20 ps) time jitter.

Concerning silicon SPADs, time gating is employed mainly for time filtering the optical waveforms.
Picosecond time-gating of wide-area single-photon detectors enables higher depth penetration and higher 

contrast in time-domain diffuse optical spectroscopy as compared to CW systems [3]. To this aim, we first 
developed high-performance single-pixel silicon SPAD systems, which were then miniaturized for integration in 
portable and wearable imaging devices that can be employed in many applications, e.g. medical diagnostics 
techniques (from oncology to neurology) and quality assessment of food.

Images of objects hidden from can be reconstructed exploiting time-of-flight 
of multiply scattered photons. A fast-gated SPAD (either Si or InGaAs/InP), along with a pulsed laser, is employed 
for reconstructing complex scenes: the time gate blocks the first bounce light, thus increasing the effective dynamic 
range since successive bounces (required for reconstruction) are many orders of magnitude fainter [4].

Miniaturization with integrated circuits (ASIC) will further reduce size and cost of time-gating technology. To 
this aim, we are developing arrays of fast-gated integrated circuits (based on the SPAD-dummy approach) that 
will be wire-bonded to both InGaAs/InP and silicon SPAD arrays.
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Fig 1. Left: Photon detection efficiency of InGaAs/InP SPAD at a sub-ns gate. The FWHM is 60-100 ps. 
Center: System-in-package including an InGaAs/InP SPAD and its fast-gating ASIC. Left: Short gate applied to an 
InGaAs/InP SPAD by the fast-gating ASIC: a width < 300 ps is feasible.
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Temporal jitter in free-running InGaAs/InP
Single-Photon Avalanche Detectors
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Single-photon detectors (SPDs) at telecom wavelengths play an important role in many applications such 
as quantum key distribution (QKD), photon counting optical communication, singlet-oxygen dosimetry for 
photodynamic therapy, optical time domain reflectometry and general quantum optics experiments. InGaAs/InP 
single-photon avalanche diodes (SPADs) are the most frequently used detectors for the near-infrared range (NIR, 
1000 nm 1700 nm), thanks to their compact size, ease-of-use (cryogenic temperature not required) and 
competitive performance. When the expected time of photons arrival is unknown, the detectors need to be operated 
in free-running regime. The simplest implementation for this is to use a passive circuit, such as a series resistance 
which is able to quench the avalanche current following a detection event. So far, the most effective self-quenching 
NIR SPAD is known as the negative-feedback avalanche diode (NFAD) [1], which has an integrated monolithic 
thin-film resistor. 

The temporal resolution, also known as timing jitter is a critical characteristic for a vast majority of SPD 
applications. Although this has been extensively studied in gated-mode SPADs [2], which has shown that these 
detectors can be a competitive alternative to superconductor-based devices, it has not been demonstrated if free-
running NFADs can achieve a jitter of <100 ps. Moreover, the nature of jitter at low temperatures has not been 
thoroughly studied in NFADs, which is crucial if operation with a low DCR is an additional requirement.

In a recent paper [3], we demonstrated that free-running InGaAs/InP NFADs can operate with a temporal 
jitter as low as 52 ps, which puts them on par with the best gated-mode devices. We also conducted a detailed 
characterization of the timing response for different NFADs with a particular focus on the temperature dependence. 

Fig 1. Jitter histograms for NFADs in different conditions. (a) Varying excess bias voltage at a constant temperature of -130C. 
(b) A constant excess bias voltage of 1 V for different temperatures. (c) A constant bias voltage of 65.5 V for different temperatures.

Moreover, we analyzed the effect of carrier transport between the absorption and multiplication regions in 
these devices, which has enabled the understanding of the jitter contribution due to charge-carrier pile-up, a 
phenomena which has been rarely studied. Finally, we showed that the minimum operating bias voltage for a given 
timing jitter is limited at the lowest operation temperatures. Subsequently this gives rise to the connection between 
the lowest achievable DCR and the temporal jitter, when operating at low temperatures.
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