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Quantum computing



Worldwide Quantum Activity

Source : Quantum Europe 2016

Dozens of startups, universities, 
governments.





How to build a QC : qubits
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Motivation for photonic qubit
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Qubits: A photon and two waveguides.
Preparation: Photon source + interferometer.
Readout: Single-photon detectors.
Low noise: Photons see a T = 0 bath.
Gates: Recent breakthroughs – gates feasible

Low noise

Does not require mK temperatures
No atomic-scale fabrication

CMOS compatible
Inherent quantum I/O
No quantum cross-talk

Manufacturable
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Quantum interference and 2-qubits gates



Beam Splitter and Classical Photons
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Single photon interference
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Interference between two indistinguishable photons 
only allows for above two possible outcomes
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Interference between two indistinguishable photons 
only allows for above two possible outcomes
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Basis for building qubit interactions
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More complex entangled states



Generating 3-photon entangled states
from a pair of 2-photon entangled states



Entanglement Circuit



Step 1



Step 2



Step 3a



Step 3b



Generating 3-photon entangled states
from a pair of 2-photon entangled states



Memory representation



⟩|0 + ⟩|1

⟩|0 + ⟩|1 &
N=30 : ~1G
N=50 : ~1P
N=100 : >>WW production of memory
N=300 : More than the particles in the universe

Quantum State Representation

( ⟩|0 + ⟩|1 ) ( ⟩|0 + ⟩|1 ) = ( ⟩|00 + ⟩|01 + ⟩|10 + ⟩|11 )



Requirements for building a QC



1. A scalable physical system with well characterized qubits

2. The ability to initialize the state of the qubits to a simple fiducial state, such as |000...⟩

3. Long relevant decoherence times, much longer than the gate operation time 

4. A “universal” set of quantum gates 

5. A qubit-specific measurement capability 

DiVincenzo, D. P. & Loss, D. Quantum information is physical. Superlatt. Micro. 23, 419–432 (1998) 
DP DiVincenzo Fortschritte der Physik 48, 120 (2000)

Requirements

1. Qubits
2. Set qubits
5. Read qubits
4. Gates
3. Persistence



1. Integration with classical electronics

2. Scalable system*

3. Manufacturable

4. Supports quantum error correction

Compelling system requirements



1. Integration with classical electronics

2. Scalable system* to 1,000,000 qubits

3. Manufacturable

4. Supports quantum error correction

Compelling system requirements



Knill, Laflamme and Milburn Nature 409, 46 (2001)

Quantum computation with photons



Knill, Laflamme and Milburn Nature 409, 46 (2001)

Quantum computation with photons

Theoretical solution: Measurement induced non-linearity, with ancillas

Quantum computing possible with:
- Single photon sources
- Single photon detectors
- Linear optical elements (beamsplitter, phaseshifter)



Linear optical quantum computing architecture



Existing Silicon Photonics Components

52

• Waveguides
• Delay lines
• Beamsplitters
• Phase shifters
• Switching
• Detectors
• Sources
• Filters



Single Photon Sources and Detectors
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• High χ(3) nonlinearity ~ x100 > SiO2

• Low Raman noise

450nm

220nm

Ultra-high confinement of light:

1mW waveguide power gives 
~1MW/cm2 power density

Photon generation in Si waveguide



Photon generation in Si waveguide
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On-chipphoton-pairgeneration,manipulation,and

high-visibilityquantuminterferencebetweentwosilicon

waveguidesources

J.W.Silverstone,D.Bonneau,K.Ohira,N.Suzuki,H.Yoshida,N.Iizuka,M.Ezaki,
R.H.Hadfield,V.Zwiller,J.G.Rarity,J.L.O’Brien,andM.G.Thompson

February15,2013

Introduction

Quantuminformationsciencepromisestremendouscompu-
tationalpower,physicallyguaranteedcommunicationsecu-
rity,andunparalleledprecisioninmeasurement.Sourcesof
photonpairs,togetherwithmulti-photonstatemanipulation
anddetection,arekeycomponentsforallquantumphotonic
technologies.1,2,3Integratedopticshasemergedasaleading
approachforrealisingphase-stablequantumphotonicappli-
cations.4Leveragingthisstability,arangeofincreasingly
complexquantumcircuitshavebeenrealised,includinga
fullyreconfigurabletwo-qubitunitary5,walksofquantum
particles6,andamulti-portthree-photoninterferometer7.
Todate,though,therehavebeenfewdemonstrationsofpho-

tonsourcesintegratedwithphotoniccircuits:aquantumre-
lay,8atwo-colourheraldedphotonsource,9andasourceof
colour-segregatedpolarisation-entanglement.10

Thesilicon-on-insulator(SOI)photonicsplatform,op-
eratinginthemid-infraredhasrecentlybeendevelopedfor
classicalphotonicsapplications,11,12buttheuptakeofSOI
intoquantumopticshasbeenswift–activelinearcircuits,13
andspontaneousfour-wavemixing(SFWM)photonpair
sources14,15,16,17havebeendeveloped.Theplatformo↵ers
compactdevices,withmicron-scalewaveguidebendradii,
maturefabricationtechniques,astronge↵ective�(3)optical
nonlinearity,andcompatibilitywithbothtelecomopticsand
CMOSelectronics.

Here,wedemonstratethemonolithicintegrationoftwo
photon-pairsourceswithinasimplereconfigurableinterfer-
ometer;weobservehigh-qualityquantuminterferencebe-
tweenthesesources;andweshowhowourdevicecanbe
usedasalumpedphoton-pairsource,toproducetwopho-
tonsintwoon-chipmodes.

Devicedesignandoperation.Togeneratesinglepho-
tonson-chip,weexploitthe�(3)nonlinearityofoursilicon
waveguides.SFWMisa�(3)scatteringprocessbywhichtwo
pumpphotonsareannihilatedtocreateacorrelatedsignal-
idlerphotonpair(Fig.1b).Non-degenerateSFWMpro-
duceswavelength-distinguishablesignalandidlerphotons,
spectrallyoneithersideofabrightpump,whiledegenerate

SFWMcreatesanindistinguishablesignalandidler,situated

or
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Figure1:a.Schematicoperationofthedevice.Abrightpump
fieldisinjected,excitingthe�(3)SFWMe↵ectwithinthespiraled
waveguidesonthechip,andproducingsignal-idlerphotonpairs.
Thepairsundergoareconfigurablephaseshift(�),andareinter-
fered.Thegeneratedphotonscaneitherbunchorsplitbetween
thetwomodes,dependingon�.b.Energydiagramsofboth
typesofSFWM.c.Waveguidecross-section.(colouronline)

betweentwopumpwavelengths.Inourdevice,weusedlong
SOIwaveguides,pumpedbybrightlight,assourceelements.

FabricatedviastandardCMOSprocessingtechniques,
twoserpentineSFWMsources(5.2-mmlength)withina
Mach-Zehnderinterferometerformedthecoreofthedevice,
withathermo-opticphaseshifterononearmenablingre-
configurability(phase�,seeFig.1a).Bytuning�,andma-
nipulatingtheon-chipinterferencebetweenthesources,we
couldswitchthedeviceoutputbetweentwomodes:bunched,
wherethepairleftthedeviceinthesamewaveguide,orsplit,
wherethepairwasseparatedintodi↵erentwaveguides.

Wesplitabrightcontinuous-wavepumpfieldbetween
twomodes,usinga2⇥2multimodeinterferencecoupler
(MMI).18,13Thepumpineacharmcouldthencoherently
createasignal-idlerphotonpair,leadingtothesuperposition
ofapairineitheronearmortheother.Traversingour
phaseshifter,a�phasedi↵erencewasacquiredbythebright
pumpfield,whilethebiphotonstateacquireda2�quantum
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• Correlated photon pairs
• lp = 1547nm
• 6mm long waveguide
• 100’s KHz generation rate
• mW’s input power

6mm long waveguide
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Enhancing photon generation
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In equation (1) CC is the number of coincidence counts (pairs) measured per second, D is 

the nonlinear coefficient which links CC and the power inside the ring, r and t are the 

reflection and transmission coefficients of the waveguide coupled to the ring, E is the 

nonlinear coefficient accounting for free carrier absorption, and 1-W is the amplitude 

reduction factor per round trip. The power injected to the ring is calculated from the input 

power accounting for the facet loss. 

 

Figure 2| Results for pair count and CAR. (a) The on-chip photon pair generation rate 
versus the power input to the device for off-resonance, on-resonance and 8 V reverse 
bias applied. Count rate is taken as the integral over the FWHM of coincidence histogram. 
(b) The CAR plotted for these three cases and taken also as the integral over the FWHM - 
see methods section for more details. 
 

By taking into account the overall losses of the two collection channels including the 

detector efficiencies (calculated as -27 dB and -34 dB from measurement of the singles 

and coincidence counts - see methods section), the intrinsic pair generation rate 

coefficients are calculated to be 45 KHz.mW-2 for off-resonance and 3.1 MHz.mW-2 for on-

resonance. For a fixed injected power of 5.3 mW, a comparison of the off- and on-

resonance cases gives an enhancement in count rate from 998 kHz to 88 MHz — a 88-

fold increase. 

It is well known that the large field enhancement of high Q-factor silicon resonators give 

rise to strong TPA even at relatively low pump powers, generating free-carriers and 

introducing additional losses which degrade the device performance 12. In order to 

 (a) (b) 

On-chip pair generation rate10µm radius ring
73µm length
Q = 30,000

• Enhanced efficiency due to resonance 
effect:

• Photon pairs are spectrally shaped
• Improved brightness
• Control over JSA

• > x100 improvement in efficiency

inikLring E
re
itE

-
=
1

x100 improvement over a 
3mm long waveguide

Engin, et al Opt. Express 21, 27826 (2013)



Multiplexed single photon source



Multiplexed single photon source



Multiplexed single photon source



Multiplexed single photon source



Multiplexed single photon source



Single photon detection

• Thin film of superconducting material (amorphous 
and polycrystalline) -- Deposited via standard 
semiconductor deposition techniques

• Nano-wire widths  sub-100nm

Superconducting Nanowire Single Photon Detector (SNSPD)
• > 95% single photon detection
• Timing jitter ~10 ps
• Dead time ~1 ns (GHz rate operation)
• Dark (noise) <1 Hz
• Single photon sensitivity
• Operating temperature ~4K
• Many Material systems: NbN, WSi, MoSi

Gol’tsman et al, Applied Physics Letters, 79:705 707, 2001 



GaAs waveguide superconducting detector

Silicon waveguide superconducting detector

η=91%

η=20%

Pernice et al Nat 
Comms 3, 1325 (2012)

Sprengers et al , Appl. Phys. Lett. 99, 
181110 (2011)

Photonic-integrated circuits (PICs) are being developed for a
wide range of applications in quantum information science,
including quantum simulation1–4, quantum photonic state

generation5–8, quantum-limited detection9 and linear optical
quantum computing10–13. These applications require multiple
detectors with low timing jitter (TJ). The lowest TJ for infrared
photon detection has been achieved with superconducting
nanowire single-photon detectors (SNSPDs14,15) based on
sub-100-nm-wide and 3- to 6-nm-thick niobium nitride
(NbN) nanowires16. However, to date there has been no
scalable approach for integrating SNSPDs into PICs: while
single, isolated waveguide-integrated SNSPDs have been
demonstrated17–20, the highest reported system detection
efficiency (SDE) for just two SNSPDs integrated into the same
photonic circuit remains significantly below 1%21,22. The central
challenge when building systems with multiple SNSPDs remains
the low fabrication yield, which is limited by defects
at the nanoscale23. This yield problem is exacerbated when
such detectors are integrated onto photonic chips, which can
require tens of additional fabrication steps of their own.

Here we report on a micrometer-scale flip-chip process
developed to overcome the yield problem by separating the PIC
and the SNSPD fabrication processes. Using this method we show
scalable integration of low-jitter SNSPDs with silicon and
aluminum nitride (AlN) waveguides. With four on-chip detectors
operated simultaneously, we demonstrate the first on-chip
correlation measurements of non-classical light. Our approach
is compatible with a wide range of PICs and other substrates,
including complementary metal oxide semiconductor (CMOS)-
compatible silicon photonic platforms, in a back-end-of-the-line

step. This demonstration, along with recent progress on scalable
on-chip sources5, enables fully integrated photonic processors for
quantum information science.

Results
Integration with silicon PICs. Figure 1a outlines the elements of
the assembly process. Hairpin-shaped SNSPDs17,18,24 were
fabricated on B200-nm-thick silicon nitride (SiNx) membranes;
silicon-on-oxide (SOI) PICs were fabricated separately (see
Methods). After evaluating the SNSPDs in a cryostat, high-
performance detectors were selected from the fabrication chip
and transferred onto high-performance SOI waveguides. Using
this method, we assembled a proof-of-concept photonic circuit,
shown in Fig. 1b, comprising an optical network with two input
ports and four output ports, each coupled to an SNSPD. We
measured an estimated on-chip detection efficiency (ODE)
up to 52±6% for 1,550-nm-wavelength single photons and TJ
as low as 42 ps. The light was coupled into the waveguides using
inverse tapered couplers with 3.7±0.3 dB insertion loss (see
Methods and ref. 25), resulting in a SDE (from the external
fiber) up to 19±2%. This system efficiency enables the first
on-chip intensity autocorrelation measurements of non-classical
light, demonstrated here for photon pairs generated by
spontaneous parametric downconversion (SPDC).

The detector comprised multiple nanowires connected in
parallel (see Supplementary Fig. 1), as shown in Fig. 2a. This
SNSPD variant26,27 has been shown to double the signal-to-noise
ratio of the photodetection voltage compared with traditional
single-wire SNSPDs. The detector length was designed using a
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Figure 1 | Assembly of high-system-efficiency PIC with integrated detectors via membrane transfer. (a) Membrane transfer of an SNSPD onto a
photonic waveguide. (b) Sketch of photonic chip with four waveguide-integrated detectors (A1, A2, B1 and B2). (c) Micrographs of sections I–VI labelled in
b. Infrared light (red arrows) was coupled from a lensed fibre (I) with a spot diameter of 2.5mm into a 2! 3mm polymer coupler (II). The coupler
overlapped with a 50- to 500-nm-wide inverse-tapered section of a silicon waveguide (III). The input light travelled along the 500-nm-wide waveguide (IV)
over a distance of 2 mm before reaching a 50:50 beam splitter (directional coupler in V) followed by the waveguide-integrated detectors (VI). The
equivalent length of the scale bar (blue) is 3mm.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6873

2 NATURE COMMUNICATIONS | 6:5873 | DOI: 10.1038/ncomms6873 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

Najafi, et al Nat Comms 6, 5873 
(2015).

Flip-chip integration

NbTiN
η=96%
0.1Hz dark counts
53ps jitter
7ns reset time

Figure 1: A waveguide integrated SNSPD designed as a coherent perfect absorber by pat-

terning an asymmetric nanobeam cavity around a superconducting nanowire. The optical mi-

crograph at the center shows a typical chip that includes two SNSPDs connected to grating couplers

(GC) number 1 and 2 via two waveguides (WG). The other devices are for calibration purposes.

Insets on the left are scanning electron microscope images (nanowire is colored) zoomed into the

detector region. The dashed blue line encloses components held at cryogenic temperature (2.05K).

The photons generated by a laser are delivered to the detector through waveguides, grating cou-

plers, a hole in a cold shield surrounding the chip (S) and room-temperature optics (P: polarizer,

L: lens, BS: beam-splitter, W: cryostat windows, D1: power meter). GC-WG-GC devices together

with a second set of room temperature optics that involves D2 are used for calibration, imaging and

alignment purposes (I: iris). The nanowire is biased by a voltage source, a resistor (R = 100Ω),

and an inductor (L = 100nH). The detection signal is devlivered to a low noise amplifier (LNA)

through a coupling capacitor (C = 22pF) for transmission to a room temperature amplifier (AMP)

and a counter through a coaxial cable.

4

Cavity enhanced

Akhlaghiet al, Nat Comms 6, 8233 (2015).

Single photon detections



Quantum Si Photonics Systems
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Entangled source

Linear optics gates

• 4 sources + entangling gate
• 16 controllable elements
• Arbitrary 2-qubit preparation and measurement

2 qubit processor

Santagati et al. (2017). Silicon photonic processor of two-qubit 
entangling quantum logic. Journal of Optics, 19(11), 114006



Wang et al., Science, 2018

High dimensional entanglement generation

• 16 sources, 48 grating couplers, 182 MMIs, 256 crossers 
• ≈ 600 optical components
• Generation and analysis of 16 dimensional entangled quantum state



Silicon Photonics
State of the industry



Si Photonics Industry



Si Photonics Industry
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Quantum photonics Moore’s Law

1

10

100

1,000

10,000

2012 2014 2016 2018

Nu
m
be

r	o
f	c
om

po
ne

nt
s

Year

0
100
200
300
400
500

2012 2014 2016 2018
Year



Summary of PSIQuantum
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The right materials 
(silicon)

+
Technological advancements 

(fewer, simpler components required)
+

The right people 
(the world leaders)

+
Approach

(low noise silicon photonics)71

• Mission to build the worlds first useful silicon photonic quantum computer

• Founded by foremost experts in the fields (quantum computing and silicon photonics)

• Assembled world class team, investors, advisors

• Based in Palo Alto, California



“There are a million ways to make one qubit…
…But only one way to make a million qubits”

Stu Aaron, COO

PsiQuantum


