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Our Technical Group at a Glance

e Experiment, theory, and technologies relevant for quantum measurements and
guantum information within the purview of quantum optical science

2427 total members worldwide

Webpage https://www.osa.org/oq
e Webinars, technical events, networking events, etc.

e Suggestions, ideas for events, email us at OSA TGActivities/gpuentes@df.uba.ar

e Join Us for 20x20 Talks at Quantum 2.0! (submission deadline 28 August)



Welcome to the Quantum Optical
Science and Technology Technical
Group Webinar!
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Overview of today’s talk

Discovery and engineering of new defects
UNIVERSITY of WASHINGTON



Overview of today’s talk

Introduction to quantum networks and defect nodes
@ b — What is a quantum network?

. e — What properties do we want in a node?

— Why defects, what defects?

Making and characterizing quantum defects

Integration of quantum defects into devices

Discovery and engineering of new defects
UNIVERSITY of WASHINGTON




Quantum networks

guantum-networks.net




Quantum networks: nodes and edges

node:
’) Eavesdropper quantum transmitter
classical receiver or quantum memory
qubit: superposition of 0 and 1

- Network

—
Node edge/channel:

direct transfer of qubits (photons) or
represents quantum correlated states
between nodes (entanglement)

1)

[1]”Secure quantum routing”, arXiv:1607.03163



Applications for quantum networks

A quantum internet Distributed quantum com

Network architecture —

Each cell includes a data
qubit and three ancillas

Cell networked to —
four neighbours —> ':v
(tolerable error

rate is >10%) =2

Within each
cell, threshold
rate of errors R e

is >0.75% (4-qubit cells) or >0.82% (5-qubit) —~— ————

Image credit: Ars Technica: Bob Dormon, “How the internet works” Nickerson, Li, Benjamin Nat. Comm. 4 1756 (2013), Oxford

UNIVERSITY of WASHINGTON

See, e.g. Wehner, Elkouss, Hanson, “Quantum internet: a vision for the road ahead” Science (2018)
Nielsen, “Cluster-state guantum computation”, Rep. on Math. Physics (2006)



lonization band
(2nd photon)

Defects as quantum nodes

Auger-process:

Neutron

H|| an phonon

— Y1 NV(=) > NV(0)
Us— lonization threshold
D ] tsi Phonon
Oxford [2] ement Six sideband
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(—— Electron
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[1] uon
[1] commons.wikimedia.org, User:AG Caesar [2] “Prospects for measurement-based quantum computing with solid state spins” Laser & Phot. Rev. (2009)
131 “Quantum Defects by Desien” Nanophotonics 2019 [4] “ Ab initio theory of the nitrogen-vacancy center in diamond”, Nanophotonics (2019)

[4] Hungarian AS



Node requirements:
(1) Qubit coherence (quantum memory, T,)

. W) = alo) + be™ 1)
podom et

(optical)
Trapped ion (Ba+) 10 minutes [1]
Superconducting (transmon) 0.3 ms [2]
T%(GHZ)
1 o Defect (P:Si) 39 minutes [3]

Typical times are much shorter. Defect coherence can be ps!

[1] "Single-qubit quantum memory exceeding ten-minute coherence time” Nature 2020, [2] “New material platform for superconducting transmon qubits with
coherence times exceeding 0.3 ms” arXiv (2020) [3] “Room Temperature quantum bit storage exceeding 39 minutes using ionized donors in Silicon-28" Science 2013



Node requirements:
(2) Stable, efficient spin-optical interface

o_

e Low temperature NV photoluminescence
5+ NV- zero-phonon line
® |
. = .
(optical) = NV-phonon sidebands
E, i
E N | | | |
550 600 650 700 750 800 850
1 \(GHZ) wavelength, nm




Node requirements:

(3) Multiple qubits per node with local operations

Generating edges is probabilistic:

Network architecture —

Each cell includes a data ¢

qubit and three ancillas =
. @&

Cell networked to =

four neighbours —>

(tolerable error

rate is >10%)

rate of errors
is >0.75% (4-qubit cells) or >0.82% (5-qubit)

[1] Oxford

[1] “Topological quantum computing with a very noisy network and local error rates approaching one percent” Nat. Comm. 2013) [2] “Aten
qubit solid-state spin register with quantum memory up to one minute”, PRX (2019) [3] “Quantum technologies with optically interfaced

solid-state spins”, Nature Photonics (2018)

10 qubit register, NV diamond

[2] Delft

Directly coupling 2 defects in a register is
an outstanding challenge




Node requirements: (4) ldentical photons!
(space, frequency, time, transform-limited)

To Ot order defects are identical — this is a good starting point!:

NV:diamond

Pr:YAG

“Quantum Defects by Design” Nanophotonics 2019



Node requirements:
(4) Identical! But microscopic environments are different!

180

HIme (rminutes)
(o]
o

“Frequency control of single quantum 0

emitters in integrated photonic Detuning (GHz)

circuits”, Nano Letters (2018), UW 636 6365 637 6375 638 p . . . o .
Observation of an environmentally insensitive solid-

wavelength, nm state spin defect in diamond”, Science (2018), Princeton

-20




Defects are compatible with device integration
Enhanced performance and scalability

(diamond) Park, Longar, Lukin, Havard

Faraon, Caltech

: v 10 ym
l') Vuckovi¢, Stanford

I
Optical D | -
A A  II=_1
AAT EOOOOO0N00000000I010 -
l = Many, many more!
"""""" ® 'nh‘ic'r'év'v;}é"i : j—‘ 3
; o : - |
NN ) (NN} y ) '
WLl IRy 1 S =1
{Cross-sectional view____! N | -
(Er:YSO) Thompson, Princeton fedule \W--

(diamond) Englund, MIT



Overview of today’s talk

hy o Introduction to quantum networks and defect nodes

. Making and characterizing quantum defects

How we make them
How we characterize them

Integration of quantum defects into devices

Discovery and engineering of new defects

UNIVERSITY of WASHINGTON



Making quantum defects
Method 1: in situ doping during grown ~
(intentional or non-intentional)

Initial - before anneals

Element Six CVD diamond
N < 1 ppb (suspect ~ppt)
NV ~ 4 ppq

—

v

— ]
N\
e 2]

50 um

The highest quality defects, but least control

UNIVERSITY of WASHINGTON
[1]“A window into NV center kinetics via repeating annealing and spatial tracking of thousands of individual NV
centers” PR Applied (2020) [2] “ Deterministic delivery of remote entanglement on a quantum network” Nature (2018)



Making quantum defects ~
Method 2: implantation and annealing

implantation high-T vacuum anneal 460 °C O, anneal

N NN\
— 000800060 —> e

pre—anneal 150 minute anneal

0 e o B

600
Control over placement, but g
. S 400
properties are degraded. E
200
8y 20 90 o0 & 50 S —— o HP [1]

microns ol

[1] “Conversion of neutral nitrogen-vacancy centers to negatively charged nitrogen vacancy centers through selective oxidation”, APL (2010)



Making quantum defects -
Method 3: doping + X (electrons, He+, C, heat, light)

790 nm

e ‘ C/He e
Applied heat

Good quantum properties

Moderate spatial control
optical resolution
vacancy diffusion
doping density

Diamond TEM C/He implantation Hot irradiation La
substrate irradiation

.

“Colour center generation in diamond for quantum technologies” Nanophotonics (2019)

UNIVERSITY of WASHINGTON



Overview of today’s talk

e Introduction to quantum networks and defect nodes

. Making and characterizing quantum defects

How we make them
How we characterize them

Integration of quantum defects into devices

»»»»»»»»»

Discovery and engineering of new defects
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Characterizing quantum defects:

Energy level structure: Photoluminescence

(It is really hard to identify a new defect just from photoluminescence. Here we assume

we already know something about the defect.)

GaAs

6

donors in semiconductors 5
effective mass theory <

' " 2

1

0

O
20;

, &
@ e “ww @ S 1505
. S}

Neutral Donor

1.51
Energy (eV)

CdTe

i
A

1.515

1.52

5 NeutrgDDonor Bound Exciton

DOX

B(T)
O = N W A~ O .

[1] “Longitudinal spin relaxation of donor-bound electrons in direct
band-gap semiconductors”, PRB (2016) [2] “Coherence properties of

‘

shallow donor-bound electrons in ZnQ”, PR Applied (2018) 8 1585

i 19
1.59
Energy (eV)

1.595

1.6

Log(PL)

2

B (M)
Po 4 v w s OO

1.415

1.42 1.425
Energy (eV)
ZnO
355 3.36 3.365 3.37 3.375
Energy (eV)

Log(PL)

Log(PL)

UW [1][2]



Characterizing quantum defects:
Energy level structure: Photoluminescence

(b) —|D)
R — 1A

excited state cr D3
I&)
C3

4

B2 11

N

B e o

A3 B4

150 Ad
¢ {14)
_J,.L L)

Level Frequency (GHz)

~150 ground state

O 1 2 3 4 5 6 0 1 2 3 4 5 6 I 2 3 4 5 6 7
Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)

Typically, energy structure should be understood before
measuring qubit properties. UNIVERSITY of WASHINGTON

“Electronic structure of the silicon vacancy color center in diamond”, PRL 2014, Cambridge/ETH



Characterizing quantum defects: :

Spin properties
MW driving transitions: diamond-NV Qulpit memory: Diamond-NV |

1.02 . . .
ensemble Rabi
“o o optieal o ww optical 12,
) initalizati control (t) initalization 1 Al
1.1} , ~
> R e h T,~1.7ms
0.98 | £
=
Q
ical >, 0.96 =
(optical) = -
% @
% 0.94 . : : : : : : %
£ "0 1000 2000 3000 4000 5000 6000 7000 8000 £
-o 102 T T T T T T T | =
8. single NV Rabi 3
 —— m |
((1” \(GHZ) g 0.98
llo” <
0.96 -
04: . 4 . " ]
0.94 0 500 1000 1500 2000 2500
21 (us)
092} TG
%0 1000 2000 3000 4000 5000 6000 7000 8000
pulse length T (ns) uw UNIVERSITY of WASHINGTON

[1] “Optical and spin coherence properties of nitrogen-vacancy centers placed in a 100 nm thick isotopically purified diamond layer” Nano Letters (2012)



Characterizing quantum defects:

583
R

Spin properties: different spin-relaxation times

T,":

53]
©® e aww» (O o
S]

Neutral Donor

Neutral Donor Bound Exciton

D° DX
(optical)
((1” \(GHZ
llo”

(b)

Larmor precession time

“Coherence properties of shallow donor-bound electrons in ZnO”, PR Applied (2018), UW

Ramsey amplitude (arb. units)

Spin-echo amplitude (arb. units)

Ensemble dephasing time

o
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T,: Ensemble spin echo time
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Characterizing quantum defects: "
Spin properties: different spin-relaxation times

T.: “Classical” memory time

Spin precession: 10 ps
Optical emission: 1 ns
Ensemble spin T,": 20 ns
Spin echo T,: 50 us

Population

(optical) Classical memory: 500 ms
Goal: T,~1s
—_— x (GHz)
lllll \
llOII

1072 107" 10°

guB (meV)
[1] “Longitudinal spin relaxation of donor-bound electrons in direct band-gap semiconductors”, PRB (2016), UW
[2] “Coherence properties of shallow donor-bound electrons in ZnO”, PR Applied (2018), UW




Characterizing quantum defects: Optical properties

(a) -
NV~ ZPL
7 | T=10K #
g NVO ZPL
é " NV~ phonon sidebands ||fet|me
s sidebands| | 3
g «" LA, s
A v, ) A . o
550 600 650 700 750 800 850 - Toff =8.7+0.8ns E’
wavelength (nm) HP [1] '-g 05 Fp =26 >
(b) : (€ .- z <
10| T=6K T=2ak AT k-
' A o
', - L
2 i, = 0 .
20 2y ] -
- e 0 10 20 30 40
30 - 4"1 Time (ns) YW 1 < >
) } = 3GHz  ow
. ; ) oy
,. "}
50 1 =
400 —2oo_df(r(\)AHz)zoo 400 —2oo_df(24Hz)2oo 400 UNIVERSITY of WASHINGTON

[1]”Nanophotnics in quantum optics”, Nanotechnoogy (2010)
[2] “Efficient extraction of zero-phonon-line photons from single nitrogen-vacancy centers in an integrated GaP-on-diamond platorm, PR Applied (2016)



Check that you have a single defect

VYV WANEIESLIE \daaa gy

coincidence counter 1 Device 1
or time tagger

| L

(1)

-

=1}

detector 1

0.50

from sample — e

-500 0 500

beam splitter detector 2 ¥ (0s) UW [1]

Picoquant

UNIVERSITY of WASHINGTON

[1] “Efficient extraction of zero-phonon-line photons from single nitrogen-vacancy
centers in an integrated GaP-on-diamond platorm, PR Applied (2016)



Measure photon indistinguishability
4

| |
—10 =5 0 10

’ 5
x (pm) r (ws) Harvard [2]

[1] QuantumCyclops, [2] “Indistinguishable photons from separated silicon-vacancy centers in diamond” PRL 2014



Overview of today’s talk

L g Introduction to quantum networks and defect nodes

ey ”‘Q Integration of quantum defects into devices
N é fh Nanophotonic defect-device integration

Defect degradation: potential solutions

UNIVERSITY of WASHINGTON



Motivation for device integration

> Catch the photon
> Alter the properties of the emitter
> Realize large networks (scalability)

ot
fg\

-

{

Diamond
n=24

/

UNIVERSITY of WASHINGTON



Motivation for device integration

Low temperature NV photoluminescence

> Catch the photon

> Alter the properties of the
emitter

NV- zero-phonon line

NV-phonon sidebands

., Intensity, a.u.

> Realize large networks s e few 70 7 80 e

(scalability)

3% of emission is usable for network applications

UNIVERSITY of WASHINGTON



Motivation for device integration

— Excitation
~~~~~~~ > Emission
BS Beamsplitter
DC Dichroic mirror
ZPL Zero-phonon line
PSB Phonon sideband
MW Microwave control

pol Polarizer
}-/2,7‘/4 Waveplates

electrodes to Star
tune NV centers

NV B P T=4K

Humphreys et al. (Delft) Nature 558, 268 (June 2018)

UNIVERSITY of WASHINGTON



Hybrid materials photonics platform

Diamond

GaP
Exposed/Developed resist

Diamond Diamond Diamond
Substrate Substrate Substrate

-/ -/

Cl,/Ar/N, etch O, etch



Design and fabrication of passive hybrid-material components

Gould et al. (UW) JOSA B 33, B35 (2016)



Design and fabrication of passive hybrid-material components

(a)

UNIVERSITY of WASHINGTON

NV Centers

Q, ~ 10-20k

Gould et al. (UW) JOSA B 33, B35 (2016)

(b)
prerer—=——m PP emm———" 7
— ( —
_— & T~
—

Coupling ratio: 40-60%

(c)

Grating efficiency: 17-19%




Efficient single photon collection and routing

’

4 !
Bus-coupled resonators Grating couplers
with single NV centers G

F 4
Markers fer automated
testing and microscope NVs
stabilization g >

Diamond (n = 2.4)

4

UNIVERSITY of WASHINGTON



Resonant enhancement of the zero-phonon-line

Excite NV

600
635

636 637 638
Wavelength (nm)

639

emission from a single NV center

50/
50

Coincidence
Counter
P d

3

2
g()

0

Tl l|||... Mol

Diamond
n=24

~10% of photons emitted by the defect are into the ZPL and into the waveguide! ‘




Right now, NV centers 10-20 nm from the surface
are not stable enough.

> Can we stabilize these centers further? (ongoing)
> Can we design photonic structures for deeper centers?
> Are there quantum defects more resilient to fabrication?

W




Inverse-designed photonics for light extraction

) < ' d e f
. : !
—— N

~2000-2017

]
s 5

1960-~2000 |

Photonic miniaturization Photonic design library

c2]1/\/\ \
- S /
E 25NV ) \\/.
zé $
€ | Ray optics limit
@ T T
145

' 1.65
Photon anergy (eV)

m S
L L
see s
LI .o
.o
. et e
se s
L A
|
[
1998-1999 2003-2008 2008-2015 2015-2017

“Inverse design in nanophotonics” Nature Photonics (2018)



Reasonably “good” defects 100 nm from the
surface formed by implantation and annealing

Scan Number

35
30
25

20

15

10

in situ NV implanted NV
'l
/
: |
'x
e b |
‘ !
!
| )
| ‘}
AT 3
-4 0 4 -4 0 4
Frequency (GHz) Frequency (GHz)

PPPPP?P?

< collectionlens

(1) Small (1.5 x 1.5 um?)
(2) No diamond etching

W




GaP-on-diamond photon extractors

a —

"
L
*

GaP extractor

Diamond <100>
substrate

f@
N~

[l
100 nm
;

Implanted
NV center

¥ 1.0 um
[1] “Inverse-designed photon extractor for optically addressable defect qubits”, arXiv (2020)

=2

10° 1

x or y Flux
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10] “epuo 3 Bl A, d e

Enhancement (Rel. Bare Interface)

e z LDOS
550 600 650 700 750 800

. Wavelength (nm)
UW, Princeton [1]




Up to 14-fold enhancement of single defect
emission is observed

" 8 K, Single NV ey
Excitation Collection I.2{Measured 1 Device 1
532 nm 637 nm - 10
(637 nm) (650 - 800 nm) .3 " | Bare “
R
* - 0.8 Extractor o
150 nm ‘B 0.6 Device 1 g
HSQINN B WA} g ’
GaP i 0.4
e, ) 0.50
100 nm | o 250 nm N 0.2
Implanted () bommems J{L : -500 (0 ) 500
T(ns
NVs 636 637 638

Diamond

<100> Wavelength (nm)




Photonics

worked

Quantum defects need more work

A

1.0 um

(Good qubits often

Scan Number
»
il

|
]

-4 0 4 -4 0
Frequency (GHz)  Frequency (GHz)

Frequency (GHz)

make good sensors.)

4

-12

0

12




Right now, NV centers 10-20 nm from the surface
are not stable enough.

> Can we stabilize these centers further? (ongoing)
> Can we design photonic structures for deeper centers?
> Are there quantum defects more resilient to fabrication?

— Yes! SiV- but ....

— Yes! Nd:YSO, Er:YSO but..
— Yes! ...




New defects: a very large parameter space

Materials Defect Defect
properties properties functionality

.’\
N
Morphology and =~ —
dimensionality ’%’
e

Crystal
symmetry

Scalable
synthesis

/

—

Photon = '
density of = Zplica
states / OAETENEE
Spin-orbit
coupling
Impurity ()
species \_/
Phonon .'
density of states .

Band
structure

Fermi (U Nuclear
level  spin bath

“Quantum defects by design” Nanophotonics (2019)



New defects: a very large parameter space

Historical approach

Begin with
specfic
QPD

Determine
precise
structure

Identify
applications

“Quantum defects by design” Nanophotonics (2019)

Discovery by design
Begin with

select

application

Determine

desired

structures

Find range

of QPDs

Advancements needed:
* ab initio calculations
e structural imaging

* materials purity
e surface science

e quantum “screening”

UNIVERSITY of WASHINGTON



Summary of today’s talk

%ﬂ \‘ - _a——

Defects may be the ideal hardware platform for realizing
e ) quantum networks

For quantum network applications, there are stringent
requirements on both the spin and optical properties

Defects-based technologies can leverage concurrent advances
=8 jn integrated photonics

There is no perfect defect for each application ...
— but there might be.

UNIVERSITY of WASHINGTON
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Questions? (One day, please come and visit us!)
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