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Integrated software and hardware training program 
www.quantum-bc.ca
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Silicon Quantum Leap – Deep Donor Spin Qubits, 
Silicon Photonics, Quantum Computing

• SFU-UBC Silicon Quantum Leap project, following the proposal published:

• Kevin J. Morse, et al. (group of Stephanie Simmons) “A photonic platform for 

donor spin qubits in silicon”, Science Advances, Jul 2017
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Se+

Deep donor spin qubits 
have amazing properties

+

Se+ qubit
Si Photonic 
Crystal Cavity

Silicon photonic cavity QED  
for measurement & coupling
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Outline

• Silicon photonics introduction

• SiEPICfab: Canada’s silicon photonics rapid prototyping consortium


• electron beam lithography (EBL) for fabrication 

• chips, wafers, devices, circuits, novel devices


• Quantum computing - Photonic coupling to spins of atoms in silicon

• Qubits based on Se+

• Tuneable Lasers

• Tuneable Photonic crystals

• Single Photon Detectors

• Single Photon Sources

5



Lukas Chrostowski, 2020

Silicon Photonics  
– Motivation

• Silicon electronics industry

• $40+ Billion annual R&D investment*

• Mature materials, processing,  

design technologies

• Possibility of leveraging this technology  

for optics/photonics

• Silicon photonics


• “integrated optics” and “photonic  
integrated circuits (PICs)” on silicon


• use silicon for optical waveguides  
and for optical processing/switching


• Small size, CMOS compatible

• Both electronics & photonics: 


• electronic and photonic  
integrated circuits (EPIC) in silicon


• Also need rapid prototyping

6

* $53B in 2012.  Source: IC Insight, and http://www.electroiq.com/articles/sst/203/02/
semiconductor-rand-spending-rises-7percent-despite-weak-market.html

Updated: 2014/07/05

http://www.electroiq.com/articles/sst/203/02/semiconductor-rand-spending-rises-7percent-despite-weak-market.html
http://www.electroiq.com/articles/sst/203/02/semiconductor-rand-spending-rises-7percent-despite-weak-market.html
http://www.electroiq.com/articles/sst/203/02/semiconductor-rand-spending-rises-7percent-despite-weak-market.html
http://www.electroiq.com/articles/sst/203/02/semiconductor-rand-spending-rises-7percent-despite-weak-market.html
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Silicon Photonics Applications
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Telecommunications 
• High-speed networks (e.g. Cisco) 
• Coherent (e.g., TeraXion/Ciena) 
• Fibre to the Home

Optical Interconnects 
• Data-com / data centres (e.g. Intel, 

IBM, Luxtera, Kotura, Elenion) 
• Consumer electronics

Bio Photonics 
• Research, Life Science and 

Clinical Diagnostic market  
• Protein and nucleic acid testing 

(Genalyte) 
• Medical diagnostics, blood (SiDx) 
• Medical Imaging  
• Food safety, Ecoli (NRC)

Environmental Sensing 
• Oil & Gas (LuxMux)  
• Water quality

Analog, RF, Microwave photonics 
• Wireless access networks 
• Radio over fibre 
• Phased array antennas, LIDAR, etc.

Inertial sensors 
• Gyroscopes

Nano-Opto-Mechanical systems 
• ...

Quantum Information Processing 
• Secure quantum communication 
• Quantum computing

Updated: 2014/05/20

Optical computing 
• Neural networks 
• Matrix multiplication
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Silicon photonics + electronics systems
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Photonics 
Chip

Electronics 
Chip

UBC-Huawei Canada NSERC CRD project 
Photonics + CMOS

Optical Switch (2015-2016) 
Research project involving: 
• Photonic components 
• Photonic cells 
• Control electronics 
• Architecture and scalability

Professors Chrostowski, Shekhar, Mirabbasi

One electrical contact for 
both control and sense

Each switch needs measurements and 
control

US Patent (2018). 15/261,486

Low-power 2x2 Optical Switch
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Silicon Photonic Foundries (partial list)

• Research foundries, low volume:


• Multi-Project Wafer services:

• High-volume fabs:


• Rapid prototyping using Electron Beam Lithography:

9

GF 9WG 90 nm silicon photonics process 
(includes CMOS, 300 mm wafers)

(300 mm wafers)

SiEPICfab
Washington 

Nanofabrication Facility
 
 
 

1 
 

CORNERSTONE 
Design guidelines for the fourth fabrication call – September 2017 

Mask submission deadline – Friday 1st December 2017 
 

1 File format 

Designs must be submitted in a Graphical Database System file format (extension .gdsII). Ensure a 
manufacturing grid size of 1 nm is used, as per the ‘CORNERSTONE MPW Run 4 GDSII Template’ file. 

We recommend dedicated lithography editing software be used in the design of the .gdsII file. 

 

2 Process flow 

For this fourth call, the patterns will be processed on a single-side polished Silicon-on-Insulator (SOI) 
wafer, with the following nominal parameters: 

• Crystalline silicon (Si) substrate 

• Thermal silica (SiO2) Buried OXide (BOX) layer with a thickness hbox > 2 μm 

• Crystalline silicon (Si) core layer (100)-oriented with a thickness hwg = 220 nm ± 10 nm 

We will offer three silicon etch processes: 1) a shallow silicon etch of 70 nm ± 15 nm, 2) an 
intermediate silicon etch of 120 nm ± 15 nm, and 3) a continuation silicon etch of a further 100 nm to 
the BOX layer. We will offer four silicon implantation steps: 1) a low dose p-type implant, 2) a low dose 
n-type implant, 3) a high dose p-type implant for ohmic contacts, and 4) a high dose n-type implant 
for ohmic contacts. More information on the implant conditions can be found in Section 2.1. We will 
offer a single metal layer for ohmic silicon contacts, on top of a 1 μm ± 100 nm thick silicon dioxide 
top cladding layer. In addition, we will offer metal heaters. 

The schematic description of the process flow is given below: 

1. Starting SOI substrate 

 

2. Resist patterning for Silicon Etch 1 (GDS layer 6) – 70 nm ± 15 nm etch 

 

 

http://www.sandia.gov/mstc/IPIMI
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SiEPICfab Consortium

• Universities:


• Foundry & MPW partners:

• Design tools:


• Applications:

10

Wei Shi Odile Liboiron-LadouceurLukas Chrostowski

SiEPICfab

• Funding:

Andrew Knights
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SiEPICfab – The Canadian Silicon Photonics Foundry 
Roadmap

• Fabrication process development 
(2019-2020):

• Passives at 1310/1550 nm and 

mid-IR (2900 nm)

• Optical IO: grating couplers, edge 

couplers

• Heaters

• Silicon Nitride

• Bi-Monthly fabrication runs


• Publicly available via Applied 
Nanotools


• Internal MPW runs:

• Silicon-based defect-mediated 

detectors

11

• On the roadmap:

• Detectors: 


• 1) superconducting nanowire single 
photon detectors, 


• 2) Ge, 

• 3) 2D materials integrated with silicon


• Modulators: 

• 1) pn junction, 2) polymer


• Photonic wirebond integration

• Optical fibres

• III-V InP gain chips and lasers


• CMOS integration: 

• via wirebond, flip-chip bonding, and 

fan-out wafer level packaging 
(FOWLP)


• Single photon sources and detectors for 
quantum information processing


• Complete ecosystem for design, 
simulation, automated test and 
packaging
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Outline – electron beam lithography (EBL)

• SiEPICfab: electron beam lithography (EBL) for fabrication 

• chips, wafers, devices, circuits, novel devices

12

200 mm wafer  
and holder

1 cm2 chip EBL tool: 
Jeol 8100FS – 200 mm 
(only 3 in N. America)
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Jewel of the UBC Nanofab: Jeol 8100FS EBL system

• Acceleration voltage: 100 kV

• stage has a laser positioning resolution of 

0.6 nm

• Smallest beam diameter of 2 nm

• maximum scanning speed of 125 MHz

• high-resolution and high-speed modes

• Write-field up to 1 mm x 1 mm

• WF alignment and overlay misalignment 

+/- 20 nm, at worst case (< 10 nm typ.)

• small pieces to full wafers up to 200 mm 

in diameter

13
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Outline – electron beam lithography (EBL)

• SiEPICfab: electron beam lithography (EBL) for fabrication 

• chips, wafers, devices, circuits, novel devices

14
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Outline – electron beam lithography (EBL)

• SiEPICfab: electron beam lithography (EBL) for fabrication 

• chips, wafers, devices, circuits, novel devices

15

(Bragg Grating-assisted)  
Contra-directional coupler 

filter

Bragg filter NxN ring switches 
(with feedback loops  

for control)
Input

Output

pad
ring 1

pad
ring 2

pad
ring 3

pad 
ring 4

Common ground

Input

Drop

Through

Input Through

Drop Add

Ref: L. Chrostowski, et al., JSTQE, 2019
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Outline – electron beam lithography (EBL)

• electron beam lithography (EBL) for fabrication 

• chips, wafers, devices, circuits, novel materials and devices (R&D)

16

NEMS tunable 
Photonic Crystals

Single photon  
detectors

Silicon, 
Light sources
III-V integration 

(Photonic Wirebond)

Emission in Silicon

Coupling to qubits

Photonics for Quantum Computing
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Outline – Test, Packaging – Electrical, Optical

• Test, Packaging – Electrical, Optical

17

Electrical  
Packaging

Optical 
Packaging

Automated Test

Chips 
(Maple Leaf Photonics LLC)

Wafers 
(EHVA; Wei Shi, Laval)

12 to 88 channel electrical stimulus

Glued fibre arraysCarrier, 
Wire-bonding

Photonic Wirebonds 
Optical Fibre

Ref: L. Chrostowski, et al., JSTQE, 2019
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Technology Status – Photonic Wirebonds

• Lab Demonstration:

• Photonic wirebonds (PWB) 

using 3D printer (Nanoscribe): 

• fibre-SiP, laser-SiP, SiP-SiP

• Loss loss, < 1 dB

• High power handling


• Research activity since 2012 
by C. Koos at KIT


• Purchased by 
UBC in 2019

• Delivery: 

July 20, 2020

18

•[1] Lindenmann, N.; Balthasar, G.; Hillerkuss, D.; Schmogrow, R.; Jordan, M.; Leuthold, J.; Freude, W.; Koos, C.: ‘Photonic wire bonding: a novel concept for chip-scale interconnects’; Opt. Express 20, 17667-17677, (2012) 
•[2] Lindenmann, N.; Dottermusch, S.; Goedecke, M.-L.; Hoose, T.; Billah, M.-R.; Onanuga, T.-P; Hofmann, A.; Freude, W.; Koos, C.: ‘Connecting silicon photonic circuits to multicore fibers by photonic wire bonding’; Journal of Lightwave Technology 33, 755 – 760 (2015) 
•[3] Billah, M.  R.; Hoose, T.; Onanuga, T.; Lindenmann, N.; Dietrich, P.; Wingert, T.; Goedecke, M. L.; Hoffmann, A.; Troppenz, U.; Sigmund, A.; Möhrle, M.; Freude, W.; Koos, C.: ‘Multi-chip integration of lasers and silicon photonics by photonic wire bonding’, Conf. on 
Lasers and Electro-Optics (CLEO’15), San Jose (CA), USA, May 10–15, 2015. Paper STu2F.

 

ficonTEC Service GmbH • Rehland 8 Confidential 838700-V UBC PWB1000 
28832 Achim • Germany  2 of 3 

Dear Lucas, 

Sorry for the long time I let you wait. Thank you for your inquiry, we are happy to provide a quotation as follows. 

 

Pos. Description Price/EUR 

01 V1000 m Fully Automatic Photonic Wire Bonder 

 

 
PJcUVSe: PhPUPOJc XJSe bPOdJOg NachJOe baTed PO fJcPOTEC’T  QMaUfPSN, eYaNQMe configuration 

 

Vanguard Automation Photonic Wire-Bonding System 

- 3D Lithography Unit V1000 Series 
o Production-grade upright design, amenable to assembly-line integration  
o Vibration isolated industry-grade mainframe and housing 
o Industry-grade 780 nm laser with > 140 mW output power and approx. 

100 fs pulse duration, designed for continuous production    
o Dispersion management 
o Overview camera for process control and automated sample loading 
o Industrial operation and control software environment based on ficonTEC 

Process Control Master (PCM) 
o High-NA Lithography objective (NA = 1.4) 
o High-speed and high-precision z-drive with resolution of 20 nm 

o Write field of 350 µm u 350 µm 

o Positioning stage with t 150 mm travel range (x,y) 
o High-precision fiducial and interface detection  

- Process control software BrightWire 3D V1.2 comprising the following modules 
o 3D waveguide router (BW.WGR) 
o Single-mode fiber interface (BW.SMF)   
o Silicon photonic mid-chip adiabatic transition interface (BW.SiP-MC) to 

inverse tapers 

850,000 

Academic 
Discount 

-150.000  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• http://www.vanguard-photonics.com

https://www.osapublishing.org/oe/abstract.cfm?uri=oe-20-16-17667
https://www.osapublishing.org/jlt/abstract.cfm?uri=jlt-33-4-755
https://www.osapublishing.org/abstract.cfm?uri=ofc-2016-M2I.7
https://www.osapublishing.org/abstract.cfm?uri=ofc-2016-M2I.7
https://www.osapublishing.org/oe/abstract.cfm?uri=oe-20-16-17667
https://www.osapublishing.org/jlt/abstract.cfm?uri=jlt-33-4-755
https://www.osapublishing.org/abstract.cfm?uri=ofc-2016-M2I.7
https://www.osapublishing.org/abstract.cfm?uri=ofc-2016-M2I.7
http://www.vanguard-photonics.com
http://www.vanguard-photonics.com


SiEPICfab – the Canadian Silicon Photonics Foundry

SiEPIC Successes – Research Training

• offers annual workshops & courses: 

• SiEPIC-Passives (since 2008), SiEPIC-Actives (since 2012), CMOS, Systems… 

• total 20 SiEPIC workshops so far.


• has trained:

• over 318 students; from 34 universities (total of 67 groups);  

from 21 companies or gov’t labs

• led to new industrial products (Ciena/Teraxion coherent transceiver), and inspired new start-ups. 

• led to many publications

• offers the first online course (Phot1x Silicon Photonics Design, Fabrication and Data Analysis) 

that includes fabrication of student designs; it is offered on the edX platform

• has been taken by > 1000 students to date (2015-2019)

19

SiEPICfab

Starts: September, 2020

Includes fabrication
provided by SiEPICfab, 
Applied Nanotools and 

University of Washington



SiEPICfab – the Canadian Silicon Photonics Foundry

edX Silicon Photonics Phot1x

20

SiEPICfab

Design & 
Modelling

Mask Layout

Fabrication 
(ANT, UW)

Test & 
Packaging

7 week online course
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and ⇤ is the perturbation period that is chosen to be 330 nm and 290 nm for SW couples and RW couplers,
respectively. The intra-waveguide reflection to the input waveguide only happens at its Bragg wavelength,
�a = 2na⇤. The SW couplers have a height of 220 nm, a coupler gap of 150 nm, and a period number of
2000. The RW couplers have a rib height of 70 nm, a slab height of 150 nm, a coupler gap of 900 nm, and a
period number of 4000. All of the couplers have an input waveguide width, Wa, of 400 nm and an add-drop
waveguide width, Wb, of 500 nm. The corrugation size is controlled to tailor the bandwidth. All of the
devices were fabricated by imec, Belgium accessed via ePIXfab, using 193-nm optical projection lithography.

Shi, Wei ©2011

Design principles of contradirectional couplers

 Principle: efficient coupling requires phase match 

   

 Suppression of codirectional coupling

 Two waveguides with different widths

 Contradirecional coupling

 Periodic dielectric perturbation between two waveguides 

8

indices are calculated using the FDTD mode solutions
with 5 nm meshes.
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Fig. 2. One-column figure set with the figure environ-
ment.
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Fig. 3. One-column figure set with the figure environ-
ment.

Sample code for the preamble is as follows:

\documentclass[10pt,twocolumn]{article}
\usepackage{ol}
%% Figures should be placed in body
%% of manuscript and
%% sized appropriately.

The command \twocolumn[...] must be placed
around the titlepage elements in the two-column option.
Note that proper figure, table, and caption environments
should be used (see samples below).

Displayed equations may be the most problematic
for two-column display. Optics Letters equations are usu-
ally set in one column; breaks and alignment should
bring out the structure of the math:

� =
�

4

��
��

a(x, y) · �1(x, y) �b(x, y) dx dy (1)

Photonic bandgap

�� =
2�2

0

�(ng,a + ng,b)
| � | (2)

�� = �1 � �2 �m
�

⇤
= 0 (3)

Ėx,y =
1
2

(1 + j�) (Gx,y � �)Ex,y

+ �Ex,y (t� �) exp (�j�x,y�)

+ (�spN)1/2�x,y. (4)

Ėx,y =
1
2

(1 + j�) (Gx,y � �)Ex,y

+ �Ex,y (t� �) exp (�j�x,y�)

+ (�spN)1/2�x,y. (5)

Use standard LaTeX or AMSTeX environ-
ments. For equations that must span two columns,
it is possible to use a float environment, e.g.,
\begin{figure*}...\end{figure*}. Such an en-
vironment will not interfere with figure or table
numbering (which is controlled by the caption), but
it will cause equations to float, often with unwanted
consequences.

Figures should be set to one-column size (�8.3 cm)
whenever possible; tables should also be set to one col-
umn whenever possible, but tables with more than five
columns will probably need to be set to two columns. For
two-column layout, figures and tables can be set across
both columns with the alternate figure and table environ-
ment commands \begin{figure*}...\end{figure*}
instead of \begin{figure}...\end{figure}. Note that
tables are typeset and cannot be reduced in size like art,
which may require more space than in the submitted
paper.

Sample figure environment:
\begin{figure}[htb]
\centerline{
\includegraphics[width=8.3cm]{richardson-f1.eps}}
\caption{Sample figure.}
\end{figure}

References callouts are now formatted with the cite
package, which produces bracketed reference style (e.g.,
[1]). For online callouts, e.g., see [1], the words “Ref.”
and “Refs.” are not required.

Before submitting, authors who use BibTeX should
first run BibTeX, then paste the contents of the output
file *.bbl into the *.tex manuscript file. Our electronic
submissions system cannot process BibTeX directly.

The following files are included in this distribu-

tion:

• OLpagelength.tex Template and instructions
• ol2.sty Style file
• ol.bst BibTeX style file for short-form citations

(as published)

2

Fig. 1. Schematic of the contradirectional couplers with the fibre grating couplers (FGC).
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Fig. 2. A sidewall-modulated SW contradirectional coupler: (a) SEM image of the sidewall-modulated strip

waveguides; (b) through-port and drop-port spectra with the inset showing the zoomed-in spectra at �D.
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Fig. 3. An RW contradirectional coupler: (a) SEM image of the coupler with the inset showing the tilted

cross-section; (b) through-port and drop-port spectra.

3. Results and Discussion

The through-port and drop-port spectra of a sidewall-modulated SW contradirectional coupler and an RW
contradirectional coupler are shown in Fig. 2 (b) and Fig. 3 (b), respectively. The SW coupler has a wide
spacing of approximately 38 nm between �a and �D, which is desirable for C-band WDM applications. The
RW coupler has a narrower spacing between �a and �D due to the smaller di↵erence between na and nb.
However, this spacing can be increased by varying the waveguide widths, allowing for WDM applications
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peak, λ0D, is extended to over 30 nm, applicable to state-
of-the-art DWDM (dense WDM) systems.

The drop-port spectrum is calculated using coupled-
mode theory [4], with the reflectivity (i.e., the contradir-
ectional coupling efficiency) given by

η ¼ jκj2 sinh2ðsLÞ
s2 cosh2ðsLÞ þ ðΔβ=2Þ2 sinh2ðsLÞ ; ð1Þ

where Δβ ¼ βþa − β−b − 2π=Λ and s2 ¼ jκj2 − ðΔβ=2Þ2 [4].
The coupling coefficient, κ, is a function of the mode dis-
tributions and the dielectric perturbation. It is noticed
that the actual corrugation profile is not rectangular, as
in the original design, due to the pattern-size effect in the
plasma etching, as is clearly seen in the SEM image in
Fig. 4. This effect causes weaker coupling strength and
thus a narrower bandwidth [5] and has been considered
in our comparison between the simulation and the ex-
perimental results. In this Letter, we use a triangular
shape to approximate the transverse distribution of the
dielectric perturbation (as marked on the SEM image
in Fig. 4) with a linear transition between the perturba-
tion peak, Δεp, and the unperturbed section in the long-
itudinal direction. Then the dielectric perturbation can be
expressed as

Δεðx; y; zÞ ¼ SðzÞΔεpðx; yÞ: ð2Þ

As shown in Fig. 4, the periodic function SðzÞ describes
the longitudinal distribution of the perturbation. Now κ
can be calculated by

Fig. 2. (Color online) Calculated effective indices of the
fundamental TE-like modes of the rib waveguides. n0

b and λ0b
are the effective-index and the Bragg wavelength, respectively,
for Wb ¼ 1 μm.
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Fig. 3. (Color online) Measured spectra of a device with
½D;G& ¼ ½220nm; 1 μm&. The input power is 1mW with an inser-
tion loss of ∼17dB due to the fiber-coupling to the FGCs. The
inset shows the zoomed-in drop-port spectrum and the simu-
lated results.

Fig. 4. (Color online) Dielectric perturbation distribution
along the longitudinal direction. The inset is the SEM image
of the tilted cross-section of a device.

Fig. 1. (Color online) Contradirectional couplers in SOI rib
waveguides: (a) cross-sectional geometry with the calculated
intensity distributions of the fundamental TE-like modes of the
rib waveguides; (b) top view of the device geometry; (c) SEM
image showing the parabolically broadening transition from the
photonic wires to the rib waveguides; (d) SEM image showing
the corrugations of a device with the propagation constants
labeled and the directions of propagation indicated.
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Linear Optical Quantum Computing (LOQC) Approach

• Required: 

• single photon sources (heralded vs. on-demand), with pump removal filters

• linear optical network (arbitrary N x N unitary matrix operation)

• single photon detectors

• electronics: control, stabilization
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Fig. 1. Mock-up of a quantum photonic device, showing how various components might fit together, and what those components might look like. Regions
of the chip are color coded (color online). From left to right: photon sources (magenta), pump-removal filters (yellow), passive and active optics (green),
single-photon detectors (cyan), and control and feedback electronics (blue). Labels indicate: i. pump input and splitter, ii. spiralled waveguide photon-pair
source, iii. ring resonator photon-pair source, iv. Bragg reflector pump removal filter, v. coupled-resonator optical waveguide (CROW) pump removal filter, vi.
asymmetric Mach-Zehnder interferometer (MZI) wavelength-division multiplexer (WDM), vii. ring resonator WDM, viii. thermal phase tuner, ix. multi-mode
interference waveguide coupler (MMI), x. waveguide crossing, xi. superconducting nanowire single-photon detector (SNSPD), xii. grating-based fibre-to-chip
coupler, and xiii. control and logic electronics.

whereby the material refractive index varies with the op-
tical intensity. This enables a wide range of devices, from
photon sources (II-A) to photo-optic switches (II-D). On the
other hand, nonlinear two-photon absorption (TPA) is the Mr.
Hyde to the third-order nonlinearity’s Dr. Jekyll. It presents
a challenge for high-powered nonlinear optics, leading to
parasitic free-carrier and thermal effects. The small size and
high confinement of silicon waveguides makes their properties
vulnerable to small differences in fabrication—most loss in
SOI waveguides, for instance, arises from the roughness of
their etched sidewalls, rather than from any intrinsic absorption
effect [16], [17]. Despite these challenges, the community
has made remarkable progress. We review this progress in
section II.

II. QUANTUM PHOTONIC DEVICES

A. Photon Sources

Many techniques exist for the production of quantum light
and single photons [18]; which one is most suitable depends
on the application. One single photon is well approximated
by attenuated laser light, for example, where a pulse’s chance
to contain more than one photon is attenuated faster than
its chance to contain only one. This fact is widely used in
quantum key distribution systems [19], [20] which encode
information on single photons. True single photons, on the
other hand, can be obtained directly from atom-like emitters,
such as trapped ions or quantum dots [21]. Tremendous
progress has been made over the past few years in improving
the specifications of true single-photon emitters. They remain,
however, hard to manufacture and do not offer much spectral
flexibility. Notably, quantum dots have recently been integrated
with other on-chip quantum optics [22], and have obtained
high levels of single-dot pulse-to-pulse indistinguishability
[23], bringing them nearer to system-level integration.

Pairs of photons can be spontaneously created in silicon,
owing to its nonlinear optical properties. Two photons from
a bright pump laser can be spontaneously shifted to different

wavelengths via an elastic process called spontaneous four-
wave mixing (SFWM). These two photons, often referred to as
signal and idler, are quantum correlated, preserving the phase
of the original pump. Due to silicon’s crystallinity, noise from
spontaneous Raman scattering is localized at exactly 15.6 THz
from the pump frequency, making this noise easier to engineer
against than in other systems, like silica fibre and chalcogenide
glasses [24]. If generated in a monomode waveguide, the
signal and idler photons will emerge in that waveguide’s single
transverse mode, eliminating mode matching and photon col-
lection issues. Silicon SFWM sources also integrate naturally
with passive optics, as they are formed in the same silicon
patterning and etching steps.

Compared with the true single photon emitters, SFWM
sources have the following drawbacks: the quantum state
produced is a squeezed state which can approximate a photon
pair only if the pump laser is relatively weak. This makes
the generation process probabilistic1: each time a pump pulse
is used to seed the source, either no pair is produced, a
single pair is produced, or multiple pairs are produced (a
noise source in many quantum information tasks). An ideal
photon-pair source is operated with thermal statistics [25]
which suppress correlations between signal and idler photons.
These correlations are responsible for a decreased purity when
implementing heralded single-photon sources.

Assuming an ideal photon-pair source, which emits into
only two spectral modes, the probability to obtain n pairs per
pulse is given by [25], [27], [28]

pn = (sech|⇠| coshn |⇠|)2(�⌫c/�⌫)n (1)

where ⇠ is the squeezing parameter and |⇠|2 is the pair
generation probability when the pump power is low, �⌫ is the
full emission bandwidth, and �⌫c is the collection bandwidth
(�⌫c  �⌫). The probability to emit a single pair reaches a
maximum around 25%.

1Several statistics, from thermal to Poissonian, may arise, depending on the
conditions of operation [25], [26].

Joshua W. Silverstone, Damien Bonneau, Jeremy L. O’Brien, Mark 
G. Thompson, “Silicon Quantum Photonics,” IEEE JSTQE, 2016

Startups: Xanadu, PsiQuantum
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Qubits for quantum computing

• Other important parameters: identical qubits, high fidelity operations, high 
temperature, and no interface issues.


• Appears that Se+ with silicon photonics meets all requirements simultaneously.
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Approach Lifetime (coherence, 
dephasing)

Scalability

Superconducting Microseconds 53 Google 
2000 D-Wave

Ion traps Minutes Very limited 
14 Innsbruck

Photonics  
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ps to ns Silicon photonics –
possibly millions

cQED – NV diamond seconds (spin) Challenging

Se+ spins in silicon seconds (spin) Silicon photonics
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Silicon Quantum Leap – Deep Donor Spin Qubits, 
Silicon Photonics, Quantum Computing

• SFU-UBC Silicon Quantum Leap project, following the proposal published:

• Kevin J. Morse, et al. (group of Stephanie Simmons) “A photonic platform for 

donor spin qubits in silicon”, Science Advances, Jul 2017; more since then.

24

Se

Deep donor spin qubits 
have amazing properties

+

Se+ qubit
Si Photonic 
Crystal Cavity

Silicon photonic cavity QED  
for measurement & coupling



Lukas Chrostowski, 2020

Se+ deep donor spin qubits

• Long lived S0⇔T0 qubit


• T1>6 min (T=1.6K); 4 hours in 2019 [2]

• T2 = 2.14 ± 0.04 s (T=1.5K) [1] 

• Microwave pulses (GHz frequencies) to 
manipulate individual qubits, between the 
S, T levels, where:

• S state is |0>

• T state is |1>


• Large binding energy, enables electric 
dipole allowed optical transitions (2.9 μm)

• for spin qubit read-out, ~ 2 D [2]

• for qubit to qubit interactions

25

[1] K. Saeedi, et al., “Room-temperature quantum bit storage exceeding 39 
minutes using ionized donors in silicon-28”, Science 342:6160, 2013 
[2] A. Deabreu, Phys Rev Applied, 2019

• 2.9 μm
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Planar Micro-Cavity circuits

Achievable: 

  Q > 106 

   Vmode< (λ/n)3  

For strong 
coupling, need 
• Q of 35,000 for

• ~ 3 GHz splitting 

with 1.96 Debye in 
Se+ 

26

GC-coupled PC cavities (NIR) 220 nm SOI

GC-coupled PC cavities (mid-IR, 2900 nm) on 500 nm SOI

MOTIVATION — STRONG COUPLING

3

γ: Spontaneous decay rate
κ: Cavity decay rate

Strong coupling between a two-level system and a micro-cavity

Splitting is determined by:

, electric dipole moment of the optical transition
, mode volume

For a V of ~  and  of 1.96Debye, Se+-cavity coupling 
yields ~3GHz splitting, corresponds to a quality factor of 
~35K

g = μ
ω

2ℏϵ0ϵrV

μ
V

(λ /n)3 μ

M. S. Tame, et al., Nature Physics, 2013
D.F. Walls, Gerard J. Milburn-Quantum Optics-Springer, 2008
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Tuneable Lasers at 2.9 µm

• >15 mW free-space output (with half of the max 1064 nm pump power)

• 3 min scan for 100 nm at 750 MHz resolution (allows for ~70k quality factor)

• 5 MHz resolution capable

• Fiber-coupled

27

2.89 µm 2.905 µm
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Mid IR L3 cavities

28
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Photonic Crystals – resonance frequency matching

• Key challenge

• Atomic transition has a ~100 MHz linewidth

• Silicon photonic manufacturing variations (+/- few nm in height, width) of ~1 THz


• Problem: Need 10,000 better manufacturing!

• Can imagine some post-processing trimming techniques. Scalable?


• More realistic, need tuning mechanisms

• Objective: in order to match the sharp atomic transition for each donor in the 

cavity, it is crucial to develop resonance tuning methods for the PhC cavities to 
compensate for fabrication imperfections without sacrificing the Q


• Possible Approaches:

• Typical silicon photonics tuning & stabilization approaches:


• thermo-optic (10 GHz/K) – won’t work; Si bandgap doesn’t change near 4 K

• carrier injection / depletion (weak effect) – would introduce optical absorption


• Nano-opto-mechanical systems (NEMS, MEMS)

• Cavity opto-mechanics research around the world, e.g., Paul Barclay, 

Calgary.
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Split cavity: static structures @ 1550 nm

• H0 Cavity. Engineered cuts to minimize Q reduction

• Fabricated test structures with different gaps to mimic tuning


• Tuning: excellent

• Quality factor: needs more fabrication process development

30
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Fabrication challenges

• JEOL 8100 + ZEP520A 

• Accelerating Voltage: 100 keV 

• Shot Pitch: 2 nm 

• Resist Thickness: 500 nm 


• Challenges 

• Attempting to resolve a 20 nm gap 

between a photonic crystal cavity 
and trench (NEMS + Photonic 
circuit) 


• PEC initially did not yield any 
intuitive results. 


• Limitations: 

• Cannot reduce resist thickness 

due to etch requirements 

• Anything near 20 nm does not 

resolve

31

Device design carried out by Xiruo Yan and Jingda Wu
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Fabrication improvement: Shape PEC

• Improving Process Window via Contrast 
Enhancement using Shape Proximity 
Error Correction (PEC)


• By Kashif Masud Awan, Gerald Lopez 
(University of Pennsylvania), GenISys

32

Long-range PEC short-range PEC Shape-PEC
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Fabricated MEMS device
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Superconducting Nanowire Single Photon Detectors

34

IBias
IBias

V	=	0

▪ NbN,	NbTiN,	Nb	
▪ Few	nm	Thick	
▪ About	100nm	Wide

V	≠	0

IBias

hνWorking	Principle:

Typical	Meandering	Implementation:

▪ critically-biased	
superconducting	nanowire		

Courtesy: Jeff Young
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Superconducting Nanowire Single Photon Detectors

• Design:

• resonant detector leads to 100% absorption

• minimized length of wire for high-speed, low jitter, low dark count

35

Mohsen K. Akhlaghi Ellen Schelew and J.F. Young, 
Nature Communications, 6:2041-1723 (2015)
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Superconducting Nanowire Single Photon Detectors

•

36

Mohsen K. Akhlaghi Ellen Schelew and J.F. Young, 
Nature Communications, 6:2041-1723 (2015)

Single Photon
Detection

• 200	nm	SOI,	with	8	nm	of	NiTiN	superconducting	film	[Tc=7.2K,	
Jc(T=0)=7.6	x	106	A/cm2]	

• 8.5	µm	long,	35	nm	wide	NiTiN	nanowire	“perfect	absorber”	
• 96%	Q.E.;		Dark	rate	<	0.1	Hz;		<	7	ns	reset	time.
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Single Photon Sources: Ring + Pump reject filter

• Ring Resonator for spontaneous four-wave mixing (SFWM) photon pairs

• Optical pump reject filter


• Cascaded contra-directional grating-assisted coupler

• Pump is filtered and removed from chip

37
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Single Photon Sources: Ring + Pump reject filter

• Stimulated four-wave mixing (SFWM)

• Spontaneous four-wave mixing (SFWM)

• To do:


• Improve filtering

• Quantify photon pair quality
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Conclusion: Silicon Photonic-based  
Quantum Computing

• Two approaches:

• Flying qubits – photons – Linear Optical Quantum Computing

• Coupling photons to spin qubits – Cavity Quantum Electrodynamics (cQED)


• What will be required to build a silicon photonic-based quantum computer?

• low loss optical components and interfaces are critical (photonic wirebonds) 
• automated probe stations, vacuum/cryogenic

• single photon detectors - operate at 4K 
• single photon sources - on-demand versus heralded (spontaneous) 
• optical tuning techniques – phase shifters for interferometers, resonance tuning 
• electronics interfacing to 4K photonics

• cQED using Se+:


• high-Q cavities, with small mode volumes, at mid-IR 
• lasers for mid-IR characterization and operation

• Se ion implantation, selective, controllable


• Present challenge: achieving strong coupling of photon to Se+ spin
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Keep in touch – workshops & courses

• Silicon photonics workshops announced on social media:

• LinkedIn Group: SiEPIC - Silicon Electronic Photonic Integrated Circuits


• https://www.linkedin.com/groups/6560209/

• Facebook Page: Silicon Photonics Design and Fabrication workshops


• https://www.facebook.com/siphotonics

• Mailing list, MailChimp: http://eepurl.com/3LkX1

• SiEPIC Web page


• www.siepic.ubc.ca

• edX course, edx.org, search for silicon photonics


• Includes design tools, fabrication, and automated test

• Next: September, 2020


• Quantum computing program

• www.quantum-bc.ca
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