§1VE R @A

New Opportunities with Old Optical Materials

Marko Loncar
John. A. Paulson School of Engineering and Applied Sciences
Harvard University
29 Oxford Street, Pierce Hall 107C, Cambridge, MA 02138
loncar@seas.harvard.edu; http://nano-optics.seas.harvard.edu




d today...

ISCUSSE

to be di

[ON

Top

38 HARVARD
John A. Paulson

PTORS

~ School of Engineering
and Applied Sciences

X
.|
3 +
e N
e -

19 EREE e 9

faces f

it

n

¢

spin-photon

H N .
..... : e

Ja A S 1 f4]4/4)0
.0

- W

{

WP IS, S WS

..............

-




2SS HARVARD

B Lithium Niobate

and Applied Sciences

High refractive index Large diagonal x(2) Wide transparency
~2.2 nonlinearity ~ 30 pm/V window (0.4 — 5.5 ym)

P = goxE + o xPE? + gy E3 + -

)((2) is essential for realization of :
« low-loss, highly linear, electro-opfic modulators
« efficient electro-optic frequency combs
« frequency converters & entangled photon pair sources

When combined with ifs )((3) it becomes possible to realize
locked & self-referenced Kerr frequency combs, with
applications in:

* spectroscopy
« precision measurements
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50/50 Mach-
Directional Zehnder Directional

Coupler Interferometer Coupler .
P P lon-diffused core

The problem:
Lithium Niobate is inert & hard to etch,
therefore waveguides are defined by ion-indiffusion or proton exchange.

— small index contrast between core and cladding (~ 0.02)

— devices are bulky, non-scalable, expensive and require large driving voltage!
= expensive and power hungry amplifiers are needed
= large energy consumption per transmitted bit

Intact LN cladding

The solution is simple... ©

Figure out how to etch lithium niobate properly to realize ultra-low loss,
highly integrated, lithium niobate photonics platform!
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Thin LN film on insulator wafers
produced by NanolLN company,
using smart cut process.

Devices fabrication
« e-beam lithography
« reactive ion etching of LN
metal evaporation (contacts)

M. Zhang, et al.
Optica 4, 1536 (2017)

Issue: LN is hard to etch
= rough surfaces
= light scaftering

C. Wang, et. al.
Opt. Exp., 26, 1547 (2018)

Optimized etch!
— Smooth sidewalls
— Low loss!
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Ultra-High Q Ring Resonator . f,m
Q = 107 | g /7 500 MHz
2 H
N x/2n =38 MHz |}
£ 4
5 Q=107 {
Z 0t \ . : :
-400 -200 0 200

Laser Detuning (MHz)

/ 500 nm

o

Glass

20 um

A = 1.55 um: A =630 nm:
cavity Q ~ 10,000,000 cavity Q ~ 11,000,000
waveguide loss ~ 0.03 dB/cm waveguide loss ~ 0.06 dB/cm

B. Desiatov et al, Optica, é 380 (2019)
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: 111 "
V_=200mV ,
PP ,
CMOS DAC —*
: IIOII
70 Gbit/s | :
Light in :
: u-I ”
m— :
: IIOII
V =60mV .
o] "

Electrical energy consumption:
~ 40 attoJoul / bit 1l

C. Wang, M. Zhang et al, Nature, 562, 101 (2018) with Nokia Bell Labs (Peter Winzer & team)
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Integrated LN modulator
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T.Ren, et al, Phot. Tech. Lett., DOI: 10.1109/LPT.2019.2911876 (2019)
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ESR Electro-optic modulation
_ o L T T

Optical frequency

Transmission

The ldea:
use the cavity to enhance the sideband generation process
when matches the modulation frequency

Ground

Ground

M. Zhang, et al. Nature, 568, 373 (2019) with Joe Kahn, Stanford
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10 GHz EO Comb: FSR = 10 GHz, RF drive = 10 GHz
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Zhang, et al. Nature, 568, 373 (2019) with Joe Kahn, Stanford
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/ . R — , Optical
I T S coupling

e filters,

M. Zhang, et al. Nature Photonics, 13, 36 (2019)
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x3 Frequency Combs &

Supercontinuum

Kerr frequency combs integrated with filters, modulators, efc
« Spans 2/3 of an octave for 100 MW in a waveguide (100 W in the ring !)

.

Intensity modulation

0
B

C. Wang, Nature Comm., 10, 978 (2019)
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2.6 octave spanning supercontinuum source (185-pJ pulse energy used)

« Direct fcgo detection with 30-dB signal-to-noise ratio

M. J. Yu, Optics Letters, 44, 1222 (2019)
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Periodically grooved waveguide introduces additional
momentum to compensate for the phase mismatch:

C. Wang, Opt. Express, 25, 6963 (2017)

Gradient metasurface manipulates the photon momentum
during SHG process

— Phase-matching-free SHG.

ith Nanfang Yu, Columbia_—

C. Wang. Nature Comm., 8, 2098 (2017)

Periodically poled thin film lithium niobate
— Very efficient three-wave mixing processes

— 20-fold increase in second harmonic generation
(SHG) compared to state of the art. (3000 %/W-cm?)

— |ldeally suited for realization of OPOs, quantum
frequency converters, photon pair sources, etc.

C. Wang, Optica, 5, 1438 (2018) = with Marty Fejer, Stanford
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Photonic computation Fast photonic switch fabric:

Delivery of control signals to trapped
atom and ion quantum computers,
beam steering, LIDAR, etc

 Quantum:
« path-encoded qubits
« frequency- and time-bin encoded qubits.

« Classical (e.g. neuromorphic): a few photon
optical nonlinarities (chi-2, photorefractive...)

O’Brien & Thompson, IEEE JSTQE (2016)
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e }jﬁ},}‘fg‘BD Color center & atomic scale, optically

Sl ol e e addressable, memory!

— Quanfum
information stored
+
Entangle
spin with photons




Quantum Cloud

An unprecedented distributed computational resource based

on a network of gquantum computers, guantum sensors, and
atomic clocks intferfaced via secure guantum infernet.
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Requirements:

:
v' Long lived quantum memory < information is stored while entanglement s |

distributed
X Indistinguishable photons < good optical coherence

X Fast emission and excellent photon collection <& high entanglement rates

X Low photon propagation losses < high entanglement rates
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Monolithic, all diamond approach — devices carved inside bulk diamond crystal
M.J. Burek, Nature Comm., 5, 5718 (2014)
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Monolithic, all diamond nanocavity, carved inside bulk diamond crystal

coupling efficiency

M. Burek, et al,
Silicon-Vacancy color center (SiV): Phys. Rev. Appl., 8, 024026 (2017).
V' symmeftric => no permanent dipole;
less sensitive to charge fluctuations at surfaces.
v strong zero-phonon line emission (> 70%)
v' spin coherence ~ 10 ms @ 100 mK
(with dynamical decoupling)

Cooperativity: Using this platform, we demonstrated:
C=4g?/ky « Photon number router & single photon switch with a memory:
control pulse causes signal pulse to be transmitted or reflected;
2016: C ~ 1 A. Sipahigil, et al, Science, 354, 847 (2016)
2017:C ~5 « Cavity mediated Interactions between spins embedded inside the
2018: C ~ 20 same cavity
2019: C ~ 40 R. Evans, et al, Science (2018)
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-

Single SiV
spectroscop,

r
P

Y- Sohn*, S. Meesala*, B. J-P Pingault* et al, Nature Comm. 9, 2012(2017)
S. Meesala*, Y-l Sohn*, et al, PRB, 97, 205444 (2018)

Optical transitions
Wavelength (nm)
~
w
~N

B 100 200

Strain stretches orbitals of SiV-> shifts energy levels Voltage (V)
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NEMS for strain control + efficient fiber collection feedback OFF feedback ON

Voltage {V}78
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B. Machielse, et al, arXiv:1901.09103 (2018)
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« new tuning knob demonstrated to overcome }( \
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e relies on resonant interactions between SiVs:

= faster rates @ lower powers + longer coherence than 1C1C2)

off-resonant (Raman) interactions IB) = iz (|E{C,) + |CLE5))

« framework for novel spin-phonon interfaces! V2

1
DY = — (|E,C,) — |C,E
B. Machielse, et al, arXiv:1901.09103 (2018) D) \/gﬂ 1C2) = |C1E2))
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Quantum Photonics Quantum Phononics
efficient photon-mediated qubit interactions vibration-mediated qubit intferactions

e Foee

Key idea: couple color centers to optical cavities ~ Key idea: couple color cenfers to mechanical

fabricated in diamond; resonators fabricated in diamond;
= Large, frequency selective, enhancement of = Leverage large strain susceptibility to realize
emission! quantum gates

= Excellent collection efficiency of emitted

ohofons, approaching 100%! Spin-Phonon cooperativity:

4 g2 g: single spin-phonon coupling rate
C = n.,. humber of thermal phonons
(n + 1) Ky Ko mechanical damping rate
th m v: spin dephasing rate
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Burek, Optica, 12, 1404 (2016)

Optical cavity mode
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Burek, Optica, 12, 1404 (2016)
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Developed angled-etching technique for diamond and
used it to realize high Q cavities in bulk crystals
M.J. Burek, et al, Nature Comm., 5, 5718 (2014)

« Efficient spin-photon interfaces demonstrated
M. Burek, et al, Phys. Rev. Appl., 8, 024026 (2017)

+ Developed approaches to increase spin-coherence using
strain

S. Meesala, et al, PRB 97, 205444 (2018)
Y-l Sohn, et al, Nature Comm. 9, 2012, (2017)

« Strain-tuning used to overcome inhomogeneous broadening
& spectral diffusion
B. Machielse, et al, arXiv:1901.09103 (2018)

« Cavity and waveguide mediated mediated spin-spin
interactions

R. Evans, et al, Science (2018)
A. Sipahigil, et al, Science, 354, 847 (2016) [ 1‘.'0"' |
B. Machielse, et al, arXiv:1901.09103 (2018)

* Exploring coherent spin-phonon interfaces

« Still looking for the ideal color center with excellent spin and
optical coherence at the same time...
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v’ Low-loss integrated lithium-niobate photonics platform developed | .
« M. Zhang, et al. Opftica, 4, 1536 (2017) (telecom)
« B. Desiatov et al, Optica, é 380 (2019) (visible)

v’ Efficient, fast and integrated modulators with V,; ~ 1 V, bandwidth >
100 GHz, data rates > 200 Gbps, on-chip insertion loss < 0.5dB;

fiber-fiber insertion loss < 3.4 dB
« C.Wang, et al, Nature, 562, 101 (2018)
« C.Wang, et. al. Opt. Exp., 26, 1547 (2018)
L. He, et al, Optics Letters, 44, 2314 (2019)

v Electro-optic frequency combs, both with and without cavity

demonstrated
« M. Zhang, et al, Nature, 568, 373 (2019)
 T.Ren, et al, Phot. Tech. Lett., DOI: (2019)

v' Kerr frequency comb (2/3 of an octave) and supercontinuum

source (2.6 octaves)
« C.Wang, et al. Nature Communications, 10, 978 (2019)
« M. J.Yu, B. Desitov, et al, Optics Letters, 44, 1222 (2019)

v Thin Film Periodically Poled LN (TFPPLN) offering > 20-fold higher
efficiency
« C.Wang, etal, Optica, 5, 1438 (2018)

v Programmable photonic molecule for coherent microwave &

optical fransduction
M. Zhang, et al. Nature Photonics, 13, 36 (2019)
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We design and produce integrated optical circuits with the potential to reshape
the world’s relationship with optical data.
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A COLOSSAL SMALL-SCALE PROVEN ENABLING NEW LEVELS OF
BREAKTHROUGH. TRANSFORMATIVE. OPTICAL PERFORMANCE.
We've invented unique processes Our technology was developed Our low-loss integrated

and designs for fabricating from research at Harvard lithium niobate circuits are
integrated, chip-scale Lithium University where it inspired enabling novel functionalities
Niobate (LN) modulators with multiple publications in the from communication to

extremely low signal loss journal Nature. spectroscopy.





