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PHYSICAL QUBIT ROADMAP FOR QUANTUM COMPUTER

- HISTORY AND FUTURE

Source: Quantum Technologies report, Yole Développement, 2021

Craph below shows physical qubit roadmap (Note: for a quantum computer, 50 logical qubits minimum are required - it means 50 000 physical qubits)
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ROADMAP
@ CrossMark

2022 Roadmap on integrated quantum photonics

OPEN ACCESS

Galan Moody"* (), Volker J Sorger’, Daniel ] Blumenthal' ), Paul W Juodawlkis’, William Loh’,
RECEIVED Cheryl Sorace-Agaskar’, Alex E Jones', Krishna C Balram’, Jonathan C F Matthews' (), Anthony Laing’,

9 February 2021
S

+ Two-photon interference - . .. : Four-photon graph
+ Controlled-not gate — ) Wi, QD Boson sampling
+ Waveguide-coupled NV  —— Eight-photon processing
- — » Si source + circuit ' 128-emitterarray in diamond
+ QDs in waveguide Integrated multi-wavelength

* Bosonsampling and multi-ion quantum logic
+ Neutral atom on chip 7

2014 2018 2020

Universal linear optics
Scattershot Boson
sampling
e .- Grover’s algorithm
fa * Quantum Processing Unit Six-photon source
Quantum walks + Integrated SNSPD & TES lon qubit control on chip




Leveraging the Mature CMOS Process for Silicon Photonics
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Co-Packaging Microelectronics and Photonics at GF

B Dry lithography

i Bl Immersion lithography ”

25| B ! Optimized incoming wafers
| Bl Improved germanium cleaning

- Improved S|I|c1de cleanlng

Loss (dB/cm)
N
o

Bl Siridge WG | I 4o shekiniiday (90WG->45CLO)

1.0 _ Sirib WG
— _ - WG desngn (rldge->r|b)

0.5 I WG design (SM->MM)
- WG design (Si->SiN)

0.0

Global Foundries, FIO/LS Conference (2020)



SOl in a foundry process
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’—M Photon-pair source >§< Tunable beamsplitter \®/ Reflector »/ Mode and phase shifter -.O Detector

Generate up to 4-
photon, 3-dimensional
guantum states on
chip with tunable PICs
and off-chip lasers
and detectors

200 mm 3Ol Bristol/PsiQuantum/PKU, Nature Photonics (2023) 9



How do we go from a few qubits to a useful quantum system?

ENIAC
(1946)
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Quantum Computers — Quantum Data Centers

encode gquantum information Network many modular
In various properties of light, : devices with special
like polarization, time, N functions to perform
frequency, efc. ), D N o " computations,

sforage, etc.
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Infroduction to Optical Qubits

How We Generate Optical Qubits with Integrated
Photonics

Some Near-Term Applications: QKD, Entanglement
Distribution, Quantum Sensing

Ovtlook



* Introduction to Optical Qubits

 How We Generate Optical Qubits with Integrated
Photonics



Bits vs. Qubits

Classical Bit

O o

Qubit

0)

0) + |1)

V2

14



3 Bits vs. 3 Qubits

Classical Quantum i 2N bits of
information

@ or @ for N qubits
o)
3 qubits =

[QJ [QJ QJ 8 bifs of information

[ ] J [ ] J [ O] [ (probability amplitudes)
3 classical bits = l ‘/// l \\\;
3 bits of information

110 000 0o1|o10] 011 100|101 110|111
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Photonic Qubits

the photon itself is not a qubit, but there are many ways to encode a qubit with a photon

Q Path qubit 1 ® 10) = |1,0p) |
one photon across [Wqupic) = alt) + Be'?|b)
two modes b @ |1) = |0:1})

N . H V
O Polarization qubit
orientation of |¢qubit) = a|H) + Le'?|V)
electric field
d Time-bin qubit 1§ ) d Frequency-bin qubit A 1
one photon across @ @ one photon across _A_wz
fwo time windows ftwo frequency modes

|lpqubit> = a|t1> + ,Beiqbltz) w)qubit) = a|w1> + ,Bei(ple) .



Photonic Qubits

the photon itself is not a qubit, but there are many ways to encode a qubit with a photon

Q Path qubit f @ 0) = [1¢0p) .
one photon across [Wqupie) = alt) + Be'®|b)

fwo modes b ® 1) = [0¢1p)



manufacturable
technology
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1,000's components per chip
with high reliability

high-fidelity
operations
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arbitrary single-qubit gates
and entangling operations

loss-tolerant

Q

ancilla qubits for heralded
measurements and

entanglement 18



Nonlinear Photonics for Quantum Light Generation

Single Photon Emitters

Nonlinear Optics
(Atoms, QDs) P
%2 or ¥
crystal &’
I_l .......... o signal
laser > ,
U ... .‘. idler

Excite a two-level system, collect

Pure, indistinguishable, heralded
spontaneous fluorescence

High rates (107 pairs s1)

Scalable: can make 1000’s of

identical copies on a wafer

x  Nonlinear optics:

o Pump harder to get more
photons = higher chance of
many pairs in a time window ®

ENEANERN

v' Emits one photon at a time (on-demand)

v' Brightness decoupled from purity,
indistinguishability

% Difficult to get high collection efficiency

v Apps that require one emitter (QKD)

x  Apps that require more (computing)

Moody, Chang, Steiner, Bowers, AVS Quantum Science 2, 041702 (2020)



Comparison of Photonic Materials

SO - 6.5 x 1014 ~3.4 1100 300

SINOI - 2.5 x 101 ~2 238 300

LNOI 26 53 x 10" ~2.14 310 150

AlGaAsOl 180 2.6 %1013 ~3.4 625 200
GaNOl 9 1.2 x 1014 ~2.3 365 -

INGaPOl 263 1.1 x 1013 ~3.2 650 200

10,05 - 6.2x 10°1° ~2 320 100
AIN-O| 1 2.3 x 1071 ~2 205 300

SiIC-Ol 12 1 x 104 ~2.7 383 100

See: Moody, Chang, Steiner, Bowers, AVS Quantum Science 2, 041702 (2020)
Baboux, Moody, Ducci, Nonlinear integrated quantum photonics with AIGaAs, Optica 10, 217-931 (2023)
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Compound Semiconductor-on-Insulator (CSOI)

chip-scale

: . M

Ll Thiel

Bl GaAs SiO,
B Alp,GaggAs Il AlbOs AlGaAs from
Al sGag ,AS Si UCSB or vendor

¢ o I« B
3 um SiO, on silicon :> :>

DUV and ICP/RIE @
passivation
= {3

wafer-scale



Compound Semiconductor-on-Insulator (CSOI)

Lin Chang, Garrett D. Cole, Galan Moody and John E. Bowers

CSO| Beyonad

Silicon-on-INnsulator
Photonics
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Compound semiconductor on
insulator—an emerging, potentially
revolutionary platform—is
enabling radically new photonic
devices with superb functionality.
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AlGaAsOl for Quantum Light Generation

PRX QUANTUM 2, 010337 (2021)

Featured in Physics

Ultrabright Entangled-Photon-Pair Generation from an AlGaAs-On-Insulator
Microring Resonator

Trevor J. Steiner®,' Joshua E. Castro,” Lin Chang,” Quynh Dang,’ Welqlang Xie,? Justin Norman,?

John E. Bowers,'> and Galan Moody®?>"
' Materials Department, University of California, Santa Barbara, California 93106, USA

Electrical and Computer Engineering Department, University of California, Santa Barbara, California 93106,
US4




AlGaAs-on-Insulator Microrings for Entangled-Pair Genere

AlGaAs/SiO, wafer bonding
+ hard mask + passivation

50 um

d SFWM: Two pump photons are annihilated to create a signal
and idler photon

d Conservation of energy and momentum dictates wavelengths

d Signal/idler are entangled in time and energy, i.e. two photons
that are correlated in time and in frequency

500nm

O Process occurs randomly in time (with a CW pump), with
resonant enhancement from microring cavity



AlGaAs-on-Insulator Microrings for Entangled-Pair Genera

AIGaAs/SiO, wafer bonding
+ hard mask + passivation S

50 um

| Q>3M(<0.2 dB/cm) : :
Better than SOI for QPICs!  =-----f

500nm

Normalized Trans. (dB)

-12

1530 1550 1570
Wavelength (hm)




AlGaAs-on-Insulator Microrings for Entangled-Pair Genera

AIGaAs/SiO, wafer bonding
+ hard mask + passivation 5 +

50 um

Entangled Pair
Generation Rate
| o7 yz Q3 R~2
500nm o / v \ L
nonlinearity/ oW 10SS maintain high Q
confinement @ small R




Measuring Entangled Photons

ASE ucse e,
Tunable cw laser diode FPC rejection E 1Y
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* ] % Trevor
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i ii Sample
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Piezo
feedback
power
Piezo-based
phase shifter
E
© 10
Long arm 90
50/50 50/50 90/10
splitter splitter splitter

iii Sional Superconducting
. . igna nanowire single
Pump Signal/idler filter
rejection splitter photon detectors
% ) Ch1
o
Z
Idler

filter



Broadband Continuous Entanglement

Power (dBm)

% Adjacent Resonance
—-251 WY Second Resonance
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Ultra-Efficient Entangled-Photon Pair Generation

Q >99% visibility AlGaAsOl
d >99% single-photon purity (Q
104 | 0 cAR>3,000
d > MHzrafes (< 100 uW pum
( uW pump) NG AP

3 B
10 PRX Quantum 2, 010337 (2021) e lohotonic crystal)
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 Some Near-Term Applications: QKD, Entanglement
Distribution, Quantum Sensing

 QOutlook






Application 1: Entanglement-Based Quantum Key Disiribution

“fé gE’ op h

Fibers Rk, e ~ 3 SR .
realigned 0. ‘ TR T S
| N o -

8 kbps en’ronglemen’r _
3 distribution / channel
& with < 10% errorrate £
(error correction
threshold)

Sifted Key Rate (bps)
(]
'—l
o
QBER
Sifted Key Rate (bps)

0.00

, : ’ ~0.00
0 5 2000 4000 6000
Deployed Fiber Distance (km) Time (s)

Steiner, Castro, Shen, Bowers, Moody in press, also at arXiv:2310.14112 (2023)



AlGaAsOl Component Library:

O Tunable Mls for programmable &

circuits

Qubit demultiplexers

Optimized tunable rings for
maximal entangled pair rates

Waveguide crossers
Castro et al., APL Photonics 7, 096103 (2022)

E O Low-jitter, low-dark-count, high-
efficiency SNSPDs
0 Waveguide-integrated SNSPDs

Nature Photonics 14, 250 (2020)
APL 115,081105 (2019)

APL111,141101 (2017)

P
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Application 2: On-Chip Manipulation and Conirol

TABLE 1. Table comparing the AlGaAsOI platform with SOI and
Si3Ny designed for integrated quantum photonics.

AlGaAsOl SOI SizNy
(this work)
Inverse Taper 2.9 dB <3dB¥ | 2—3dB®
Coupling Loss
Waveguide Crossing|  0.23 dB 0.2 dB# 0.3 dB%
Loss
MZI Extinction > 30 dB > 30dB®!' | >40dB®?
Ratio
MZI Bandwidth | 200 nm Cross | > 40nm>’ | 180 nm®?
(> 10dB ER) 90 nm Through
MZI1 Heater 20 mW/z 12 mW/z56 {200 mW/z53
Efficiency (10.2 nm FSR) [ (5.8 nm FSR) (NA)




Application 2: Tunable Two-Photon Entanglement

demonstrate indistinguishable sources, tunable entanglement for large
resources of entanglement

"""""'T TT

l / ' :
/ .
@)
@)

. t and solitti two identical pump filter + jrunglgle spli’r’rer.: .in’rerference for
PUMP INPUT QNG spiiing pair sources Signal/idler split | indistinguishability, Bell generation

d 1 MHz detfected rates with ~10 uW on-chip power 1 Reconfigure to produce two of four
Q Indistinguishability > 72% maximally entangled Bell states



Application 3: (Towards) Quantum Sensing

W Pou’r,] P Paolo Pintus  Amalu Shimamura
1712
C: E PIC Magnetometer

magnetic field i .
> @_ 2 Integration of magneto-
—> ﬁ silicon-on- optic material above

Pin.1 MO thin film insulator WQV@gUide MZ]
=2

(such as Ce:YIG)

B| =0 .
e~ A Non-reciprocal phase
CeiG ' 1 shift + large MO effect
. - air | 3 leads to high

sensitivity for
magnetic field sensing

y silica

X laser wavelength

.
hA ¥ FY 0
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Application 3: (Towards) Quantum Sensing

(a)
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Image modified from

Bennett, James S., et al. "Precision magnetometers for aerospace applications: A review." Sensors 21.16 (2021): 5568.
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Exciting Directions for the Next 5 Years

100 mm, UCSB 100-200 mm, foundry

<’
T -~
>
- %

0 Heterogeneous PICs, leverage SOI
d Nonlinear actives
a SOI/SINOI passives
d Foundry manufacturing

Q Systems-on-chip
O Lasers + sources
Q Lasers + sources + frequency conversion
O Lasers + sources + microelectronics

U Near-Term Applications e )
d Quantum satellites for space-based networking
and communications
d Broadband entanglement generation & conversion
d High-speed (GHz) programmable quantum photonic
resource states




Trevor Steiner | i[ | Thank YOU.’
Paolo Pinfus /I | moody@ucsb.edu
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collaborators

John Bowers (UCSB)

Tin Komljenovic (Nexus)
Garrett Cole (Thorlabs)
Mike Fanto (AFRL)

Joe Lukens (ORNL, ASU)
Navin Lingaraju (JH APL)
Marco Liscidini (Pavia)
Daniele Bajoni (Pavia)
Andrew Weiner (Purdue)
Yifei Li (UMass Dartmouth)
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