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Topic: Light-Sound Coupling

Physics of Stimulated Brillouin Scattering (SBS) at Nanoscales.

(- )
A 10-40 GHz Phonons

Electrostriction + Radiation Pressure

Y |se ; * <
(9) @ '

New Understanding:

-~

» Origins of optical
forces at nanoscale.

* New mechanisms
for photon-phonon
coupling

(" 8 )
* First demonstration of stimulated =1 TN AT
Brillouin scattering in silicon. T 6 T
C
 Tailorable nonlinear S 4 7.5 dB
susceptibilities. = 2
O
% 4 + High power signal amplification =
Si waveguide o ‘;I via traveling-wave photon-phonon d '
Lance coupling in silicon! 425 430 435 440 445
\_ Frequency (GHz) )
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Phonons Enable Nonlocal Interactions:

Traveling-Wave Phonon Emit-Receive Functionalities.

( A
() p=rrrrer e ——————————————— -
2" order ﬂ
-10¢
roll-off
20t -+ 1<+~ 18 MHz
@ -20dB
m -30} -
S >70dB
?;.\‘g(\a\ guagﬁét]lsignal 2 -40
o
Q.
o
(074 '50 i
Optical
input signal
60
New Paradigm for RF-Photonic Signal Processing: -8 e Ilqnosltsr:rleloeg: ------- i e
* Phonons mediated information transfer between _88 Vol . . ki
distinct waveguides. .8 2.9 3 .
: : : Frequency (GHz) 19
* Flexible new signal processing approaches.
. J
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Outline of Presentation:

2. Light scattering and nonlinearity
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VEIE Stimulated Brillouin Scattering (SBS) in Fibers:

How does backward-SBS work?

p N\
R
P K P
Pump > T E— > D « Stokes
Wave P <’ ’ Wave
a)S
wp kp \ v /
Q= (a)p — a)s)
L J

\

-~

Electrostrictive
forces compress
medium

Electrostriction:

From dynamic
material response.

« Both light and sound are guided in silica core.
« Brillouin nonlinearities are 100x larger than any

other nonlinearity in silica fiber.

« Treated as a bulk material nonlinearity.

Ge doped SiO,

What can you do with Brillouin nonlinearities?

FIO — Oct 19, 2015
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Science & technological impact of SBS?

Slow and Fast Light

‘\\\ Vs
) \\\\ Y. Okawachi et al., Physical review letters, vol. 94, no. 15, p. 153902, 2005.
, R. W. Boyd, “Slow and fast light: fundamentals and applications,” Journal of Modern
Asoustics Optics, vol. 56, no. 18-19, pp. 1908-1915, Oct. 2009.
WGM
Narrow Band SBS Lasers
Bahl Group L. F. Stokes, M. Chodorow, and H. J. Shaw, “All-fiber stimulated Brillouin ring laser
with submilliwatt pump threshold.,” Optics letters, vol. 7, no. 10, pp. 509-11, Oct.
1982.

Non-Reciprocal Devices (i.e. isolators)

M. S. Kang, A. Nazarkin, A. Brenn, and P. S. J. Russell, Nature Physics, vol. 5, no. 4,
pp. 276-280, Mar. 2009.

Carmon Group M. S. Kang, a. Butsch, and P. S. J. Russell, Nature Photonics, no. August, pp. 1-5, Aug.
2011.

As,S; waveguide
High Frequency Synthesis, Gyros, etc.... Eggleton Group
[2] Li, J., Lee, H. & Vahala, K. J.. Nature Communications 4, 1-7 (2013).

5.382 GHz
On Chip Brillouin Photonics

Eggleton, Benjamin J., Christopher G. Poulton, and Ravi Pant. Advances in
Optics and Photonics 5.4 (2013): 536-587.

Vahala Group - Gross simplification of growing field....

Sylvestre 6
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Ya]e Nonlinear Enhancement in Silicon Photonics

Silicon Waveguide
Total internal reflection:

AVAVAVAN

« Sub-wavelength confinement.
+  Wavelength = 1550 nm.

300nm x 300nm

Nanoscale Silicon Waveguide
Intrinsic nonlinearities enhanced:

» Stimulated Raman Scattering.
> Electronic Nonlinearities
Kerr Nonlinearities
Four Wave Mixing, etc.

Silicon: n=3.5
Silica: n=1.45
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Timeline for Stimulated Brillouin Scattering:

1. Bulk SBS with MASER (Chaio 1964)
2. Guided-wave SBS (Ippen, 1972)

3. Engineered SBS in fibers. (Russel 2007)

<€ Nano € Micro

€&— Micro € Macro —

SBS in Bulk X-tal

CRYSTAL

A

3
ﬁ'{
-

Chiao (1964)

SBS in Nanophotonics?

N\

7

Micro-structured Fiber

========

L1 1
LITTL]

Russel (2007)

SBS in Optical Fibers |
Ippen (1972)
o j o-Q
\_ J

Q: What’s needed to form strong SBS? A: Large optical forces & phonon confinement.

Rakich — Yale University
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Outline of Presentation:
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Optical Forces at Nano-scales

Silicon Waveguide. Radiation Pressure.

________________________________________________

|

f «—i—' Light within a waveguide: __»

|y e p I
300nm x 300nm F I 5

=

Radiation Pressure

? o
| l B Electrostrictive Forces

(a) (b) i Electrostriction: dynamic response of media to light. .

Entirely depends on geometry.

Electrostrictive Forces

f:‘.&‘
LB
(e) (f Depends primarily on material properties.

A J

Photoelastic
Response

« What factors dictate the magnitude of the force?
Both: Radically enhanced at nanoscales. « How can we enhance forces and SBS? 10
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Yale Nanoscales: The Neglected Optical Force Dominates!

Radlatlon Pressure p
i . — t opt rp
Rad. Pressure: p” =—%-(n,—n,)= o’
‘f;‘rp @ C . A g p C . A
| W & —eS A })Opt 2 I)Opt es
(a) (b) Electrostriction: p“ =———-nn"(p, +2p,)/2= -
c-A c-A
Electrostrictive forces
Material | Symmetry P11 P12 P11+ 2p1o n a'P o’
. Si cubic -0.09  +0.017  -0.056 35 1-51% 178
'. .' e Ge cubic 027 0235 074 42 i-6.4} i+40i
GaAs cubic -0.165 -0.14 -0.445 34 -48 -12
() Silica amorphous  0.121 0.27 0.661 1.45 -0.89 +1.0
AsyS3 amorphous  0.25 0.24 0.73 24 -28 +46.5
As,ySes amorphous - - - 2.8 -3.6 -

How Large are Forces?

Pwr =100mW =
' (Pwr mW) 5-50 People (Pwr = 1kW) Approach
S ~105 N/m2 > standing on ~5 x108 N/m?2 > Material Yield
o T chair Strength

Ge ~1010 N/m?
- W, 11
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Outline of Presentation:

4. Stimulated light scattering in nanophotonics
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NZIld Q: Why hasn’t SBS been observed in Silicon?

( N
Silicon Waveguide Problem: Rapid Dissipation
M .
* A: Requires control of
' the phonon modes.
\ J

[ ) photon-phonon coupling:
/ -»> MA

Optical + Phononic Waveguide

Simplest Solution: Suspended Waveguide

Efficient ultra-high
frequency phonon emission.
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Revised Paradigm for SBS at Nanoscales:

( Optomechanics 1)  ( )
Nanoscales: \
Radiation pressure — p—
>' mediated photon- o |'T g
phonon coupling. / "

Fiber-SBS

Microscales:
Electrostrictively
mediated photon- '<
phonon coupling.

)/ N~
e Al
Result: Giant Enhancement of Stimulated Brillouin Scattering at Nanoscales ; N°|_|°"9?tr bulk
nonilinearity.
10-40 GHz Phonons >

* Geometry
introduces new
nonlinearities.

Electrostriction + Radiation Pressure

1]

-~

Vo |
W s
@ |

(f)

Radically enhanced SBS.

J 14
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Yale Nanoscale Backward-SBS: Tunable Phonon Emission.

Phononic Dispersion SBS Gain Excitation: 21.6 GHz Phonons
25 — - :
SS E ‘ﬁfs
? ‘\// e
— 54 i
N i
I /
O 15 53 |
9 S1
£ 10 - -
) " -
g <
L
5 |
BSBS
0 _ i
0 05 1.0 0 1.0
Wave-vector (Norm) Gain (a.u.)
Nano-optomechanical backward-SBS:

1. Narrow-band ultra-high frequency phonons.

2. Gainis 104 x Larger than in Fibers. | kp K
3. SBS occurs for any optical wavelength. | — .
4. 20% frequency tunable phonon emission. : k / 15

Rakich — Yale University Quantum Nonlinear Optics Group FIO — Oct 19, 2015



PEIld  Forward Stimulated Brillouin Scattering:

M. S. Kang, A. Nazarkin, A. Brenn, and P. S. J. Russell,

I "‘:"ﬂs
LI LY Nature Physics, vol. 5, pp. 276-280, (2009).

G. Bahl, J. Zehnpfennig, M. Tomes, T. Carmon, Nature ===
Communications, Vol 2, pp. 1412 (2011).

Russel Bahl - Carmon

16
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Yale Forward-SBS: Fixed Frequency Resonances.

SBS Gain  Phononic Dispersion

N
(&)

Excitation: 18.6 GHz Phonons

N
o

<N B ~
55\' i \_/
52 (il = L

Excitation: 13.0 GHz Phonons

N
T
2 15
o
3 10l
qg)— ® (a)
L 5| \;, 1
kL&
FSBS l_\‘ E,|
0
0 1.0 0 05 1.0
Gain (a.u.) Wave-vector (Norm)

Nano-optomechanical Forward-SBS:

1. Stronger than backward SBS
2. Coupling mediated by slow group velocity phonons.

3. Perhaps better suited to silicon photonics: no
isolator necessary

Quantum Nonlinear Optics Group

Rakich — Yale University

FIO — Oct 19, 2015
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Excitation: 13.8 GHz Phonons

Guided mode within
suspended dielectric
waveguide. (300x300nm)

R0

= Equivalent nonlinearity
of 10-1000 meters of fiber

Suspended waveguide: L = 100 microns

New Technologies:

* Slow light &
information storage

* Narrow-band signal
amplification and lasers.

* Tailorable nonlinear Fiber optic: L = 10-1000 meters

susceptibilities. e —————————— |
P. Rakich, C. Reinke, R. Camacho, P. Davids, and Z. Wang, “Giant Enhancement of Stimulated Brillouin 18
Scattering in the Subwavelength Limit,” Physical Review X, vol. 2, no. 1, pp. 1-15, Jan. 2012.
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Outline of Presentation:

4. Stimulated light scattering in nanophotonics: Experiment
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Outline of Presentation:

Part I: Physics of Stimulated Brillouin Scattering (SBS) at Nanoscales.

10-40 GHz Phonons

Electrostriction + Radiation Pressure

L]

-~

2

(e
LR
w1

(f)

Radically enhanced SBS.

Part ll: Experimental Demonstration of Forward-SBS in Silicon.

0

D
—

Brillouin Gain (dB)
NS
\l
(&)}
o
w

o

425 430 435 440 445
Frequency (GHz)
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Creation of SBS in novel structure

Brillouin Active Membrane
(BAM) waveguide

Si;N, membrane

Si waveguide

— Air slots

* First demonstration of SBS in silicon
Each slot acts as a

. : « Combination of pressure & electrostriction
wideband phonon mirror.

 Tailor nonlinear susceptibility in silicon.

Tailorable stimulated Brillouin scattering in nanoscale silicon waveguides, Shin, Qiu,
Jarecki, Cox, Olsson lll, Starbuck, Wang, Rakich, Nature Comm. 4, 1944 (2013).

A Light 21
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Simulation of elastic wave displacement

6mm x10.0k SE(L) 5/25/2012 09 |

Phonons are created in the optical waveguide, but extended to the air slot edges. 22

This extended phononic mode enables delocalized photon-phonon interaction.
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How can coupling be tailored?

Normalized output signal (a.u.)

0 é‘w

. 13 GHz ? w

odulation frequency (GHz)

6 9 12 15 |18 I |

« As waveguide dimension increases, more guided modes are allowable.

- Highly

Rakich — Yale University

tailorabile nonlinearities.

Q: How strong is photon-phonon coupling?
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V2Id Analysis of Experimental Brillouin Signatures

a o Stokes
— Fitting

b o Anti-Stokes
8 — Fitting

6.165 6.18 6.195
Freqdency (GHz)

6.165_ 6.18 __ 6.195
Frequency (GHz)

A\

\

(
Si Wavequide Kerr Nonlinearity
Intrinsic Si Nonlinearity:
BN sin n, = 4.5-10"18 m2/w
NL Waveguide Coefficient:
Ve = 188 W im™1
\_

Brillouin nonlinearities
are quantified relative
Kerr nonlinearities.

Line-Shape Analysis:
Gg = 1960 W~im™1
Q = 1561

» 1000 X larger than any prior
forward-SBS system.
> First SBS in Silicon!

Rakich — Yale University
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How large is the SBS amplification?

Si/SiN Wavequide

4 N\
— —
............ > ] —_—

Signal Signal
\_ J
255 \
I Stokes I
1 o Data :

at I
: 8 100} i 8 I E SiN
1 = S !
! % 1.06 £ .
I s © I
1 T = I
8103 8 ' . .
£ B ! Gain coefficient: ~ 2800 W-'m-1
1 2 1.00 L
! ! Losses 7dB/cm
! 56 565 5.7 5.75 5.6 565 5.7 5.75
1 RF frequency (GHz) RF frequency (GHz) 1 o .
St alni ! SBS Gain < 1dB; (Gain < Loss)
Q: Can we do better? 25
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Brillouin-Active Silicon Photonics:

Van Laer, Raphaél, et al. "Interaction between
light and highly confined hypersound in a silicon
photonic nanowire." Nature Photonics 9.3
(2015): 199-203.

SBS Gain 1-4 dB;

Losses High (Gain < Loss)

4 )

Laserl Forward-SBS
Tunable pump

. [

' RF-Network ' Optical

: i ptica ,-J
v Analyzer i BEf Fiter

Casas-Bedoya, Alvaro, et al. "Tunable narrowband
microwave photonic filter created by stimulated
Brillouin scattering from a Silicon nanowire." arXiv
preprint arXiv:1506.07637 (2015).

- J

26
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High Brillouin Gain Results (Unpublished)

All Silicon Wavequide

_Pump: 18mW o Pump: 50mW

0.5 4

0.0+

Normalized Transmittance (dB)

Normalized Transmittance (dB)
P

0.5 —_— 425 430 435 440 445
4.25 430 435 4.40 445

Frequency (GHz)

Frequency (GHz)

Measured Waveguide Loss

-7.9
@

0 10, 20 30 40

) e Gain coefficient: ~ 2000 W-'m"

— Losses ~0.18 dB/cm

K SBS Gain 7.5 dB; (Gain >> Loss)
Waveguide Length (mm)

Transmitetd
Power (dBm)

r w N

27

Rakich — Yale University Quantum Nonlinear Optics Group FIO — Oct 19, 2015



Recent Experimental Progress: Highlights

Gain Spectrum Net Amplification = (Gain - Nonlinear loss)
8 61
................ "
o | =} .
= S
g 41 '% 4 - .
£ = .
g ? £ .
= vi 2= ]
m 0 &
. . . ! : 2 -
425 430 435 440 445 b -
Frequency (GHz) % 0 gty

0 5 10 15 20 25 30 35 40 45 50 55
On-chip Power (mW)

_FOM__ | Current | Projected
- Losses ~ 0.18 dB/cm

GpPL ~1.5 ~4.5 - Net amplification of 6 dB.
Net Gain 6 dB 15-20 dB - Gain bandwidth ~ 10 MHz
How else can we put this effect to use? 28
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Outline of Presentation:

5. Novel signal processing applications
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V€Il Brillouin-Active Phononic Crystal Waveguide

e ™
Phonons guided via Bragg Reflection.
IIIIITY TITIITY
00320008 <>\ 0000083
€— oeossso0e C<_> e0000800 ——>
COPPOOOO 0600220
eee99060O oceceedd
, 0098888 acceceoeS
Si waveguide oy \. J
Si handle
( )
oo | Sessoos Bragg confinement of acoustic mode.
seescees Y[ eccesces lgl
; Z
L + &'Vx 0. m.ax )

Optical mode  Electrostrictive forces.

— -

Phononic crystal offers new opportunities... J
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Signal Conversion and Phonon Emission

1 1

1 1

1 1

1 1

i )

Pump i i Pump Result:
e— e — - Signal amplification
1 1
Weak Signal i i Amplified « Optical energy transfer

: Robaisile Kol 55i53r153| * Phonon emission
i_ o ::::::::::::::_i

\ J

Y
Emitted Phonon
- J

Energy Transfer

Nonlinear System
Pump

/1@
/\;z\a;\) Wg Wy V Freq'uency

31
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Experimental Results:

Phononic Crystal Waveguide Stokes: Amplification Anti-Stokes: Depletion

Y 35

L 3 = = _A ____________
248+

2t 3dB |

15} < 2MHz |
'].
05t

O 3.7EGHZ

a5 - - A -
; a5 - : S -
308 372 3722 372 37k 3748 373 3718 372 3722 3724 3726 3728 373

Energy Transfer

Experimental data:

» Tailorable form of photon-phonon
— — coupling (Brillouin interaction)

A Wq  Engineerable phonon emission.

»

Wg Wy V Frequency
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Yale Traveling-wave phonon emit-receive functionality

Basic Concept of Operation:

T n Detected signal

o
oY% Optical
) output signal

Optical
input signal

« Optical waves are highly localized (No cross-talk)
« Phonon-modes are delocalized (Couples both waveguides)
« Hybrid interaction: nonlocal effective nonlinear response

33
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Ya]e How does this dual-waveguide system work?

A.M = Amplitude (1 )
Modulator
Phonon
. 44 mediated
[ ] 99060
e 9000 energy
sees | 332 transf
e Ross rans_ er
: 2222 (i.e. filter
. csce response)
(XX 1]
{ 2906
445 45 455 4.6
Frequency (GHz)
Symmetric A
super-mode r_I (a)
= - Brillouin-

> active
phonon

@ 1‘ Anti-symmetric (b) d
5 : N Probe moaes
' AM. [~ X Laser super-mode |

COOCONNEOOCOONNEOOOO
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Yale Measurement Approach and Experimental Results:

1 * Nonlocal energy information transfer.

Simplified Apparatus : d
« Information coupled by phonons.

1.  Modulated pump-wave excites (NO optical cross-talk)
phononic super-mode. < Spectrum Analyzer >
2. Signal is imprinted on the new- () r————————— s + 55
probe wavelength. Signal - ) 4
3. Filter response measured as a Intensity
modulation on the probe beam é 10 2nd order
at frequency Q. 1\ \ Time J roI |_Oﬁ;

> -20} -+ |+-- 18 MHz
@ -20dB

A.M = Amplitude
Modulator

>70dB

A.O.M = Acousto-
Optic Modulator

AOM

Response (dB)
IN
o

Instrument

- noise floor S

-8
Pump T Probe 8'8 2.9 3
Laser 1AM |7 X Laser Frequency (GHz) y 1¢°
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Tailor response: (variable resonant coupling)

D4500

S

@)
= o
9 N=6 Nc =6 7
3 —A = —A 8
S 1 Q
@ =X g | | o
S °
(a1 —
: 2
Y

N=6 Nc =8

2.85 2.9 2.95 3

Frequency (GHz)
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Outline of Presentation:

5. Novel signal processing applications
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Yale Promise of RF-Photonics: (Gross Simplification)

High Performance RF Components Optically Based RF-photonics

Opportunity:
« M t th « Encode information on
any components must be guided optical waves.
comparable in size to RF _
wavelength. + Integrated photonics could

yield dramatic (10,000 x)

* Prevents size reduction. ) i
size reductions.

We can’t forget “unsung hero” of signal processing = Phonons!

38
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Why do we need acoustic waves (phonons)?

Example: Compact signal delay routinely achieved with SAW technology

length of IDT __-piezoelectric substrate / \

" =
AN
— 1 = a . : it o
=7 i e e
A == |
- 2o i
signal 25| T
processing 1 feiuiine,

N

= h—/ \ Rayleigh waves /
e . interdigitated ~ acouslic
pite length of delay line transducer  absorber

l
aperture

Surface acoustic wave (SAW) devices:
« Sound ~10,000 x slower than light.
« Lifetimes mili-microseconds.

,

Bottom line:
« Light and sound are just different.

39
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Hybridization of Microwave, Photonic and
Yale o .
Phononic signal processing

Microwaves Phonons

N
o
?s\'\\g“"’\

Optical
output signal

Optical
input signal

\_ J

Combine the merits of all three domains.

40
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Yale Unique (counterintuitive) properties of system:

Wavelength insensitive.

Could actually be white light!
Tremendous 70dB dynamic range.
Can both amplify and filter signal.
High power (300 mW) handling

Unique properties FSBS confiquration:

Rakich — Yale University

Quantum Nonlinear Optics Group

Conventional RF-photonic filtering:
High-Q microcavities

Input J Output

n
o

Sx10"W/iem

»
o

.30+ Solid lines
(an)=(0,0);

Relative output power [dB]

Dash dotlines:  4.10"W/em Input intensity [Wiem?]x 10°
(an)=(1,15)

-40} 5=10"Wicm
4905 004 005 002 001 0 001 002 005 004 005
A\ [nm)
Problems:

« Shape distorted at uyW powers.
* Requires narrow line lasers

* Requires frequency locking.
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Summary

Theory: photon-phonon coupling.
10-40 GHz Phonons Part | Summary:

-~

- Radically enhanced SBS processes found.
- SBS is no longer a bulk nonlinearity.

- Boundaries alone responsible for SBS.
Radically enhanced SBS.

Traveling-wave phonon

Part Il Summary: emit-receive

* First demonstration of SBS in silicon.

* Tailorable phonon emit-receive
functionalities demonstrated.

* Presented new paradigm for high power
RF-photonic filtering .

* Many applications to come.
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