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Energy-Efficient Communication

Electro-Optic Modulators : The Critical Component
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Carrier dispersion is used to control the refractive index using external voltage!
« carriers can be injected (or swept away) to change refractive index

« this results in changes of real (n) and imaginary (k) part of refractive index, resulting
in phase change of optical signal + additional loss!

« drawback: carrier absorption infroduces significant losses
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Pockel’s effect is used in non-centro-symmetric materials, with second order nonlinearity
(e.g. lithium-niobate, LINbO3)

« qapplied electric field changes refractive index (Pockel’s effect)
P = goxE + o x PE? 4+ gy ®E3 + -

« and there are no additional losses!

transmitted bit

X limited bandwidth (~ 35 GHz) due 10}
to mismatch between microwave . M- : P PR
and optical velocities 10 43 2 15 12 1 0.8
Half-wave voltage (V)

Conventional LN modulators are bulky & S .
discrete components; & °
Waveguides defined by ion-indiffusion T < \ i
or proton exchange § 4l "':- Pre\?: LN
X small index contrast (~ 0.02) u NN —
X large driving voltage (~ 5V) => gq_:" 6} Si >
amplifiers needed =
X large energy consumptionper £ 8| &
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Pockel’s effect is used in non-centro-symmetric materials, with second order nonlinearity
(e.g. lithium-niobate, LINbO3)

« qapplied electric field changes refractive index (Pockel’s effect)

P = goxE + goxPE? + gy PE3 + -

« and there are no additional losses!

5 |
/ 1 Goal: Integrated LN modulator!
' Waveguides defined by etching thin LN films
v large index contrast (~ 0.7 for oxide cladded devices)
v enhanced electro-optic (EO) response
v driving voltage reduced to < 1V
— can be driven by CMOS circuitry without amplifiers!
= low energy consumption per transmitted bit
v increased EO bandwidth (> 100 GHz)
reduced cost




John A. Paulson

School of Engineering A p p ro O C h

and Applied Sciences

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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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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Coherent communication with complex modulation formats !

Current: 8-ASK format Next: IQ Modulator & QAM-64
70 Gbaud < 210 Gbit/s with dual polarization, > 1 Thit/s per wavelength

“000" 4 &
“001"
“011”
“010”
“110”
=4 i i
*1017
“100”

Modulator

" off-chip
detector

Phase
Modulator shifter

integrated laser integrated detector

BER=1.5x 102 9 s

C. Wang, M. Zhang et al, Nature, 562, 101 (2018)
with Nokia Bell Labs (Peter Winzer & team)

low insertion loss is essential !

On-chip wavelength division multiplexing with frequency combs

-V Nonlinear SiN
| pump laser microresonator

Photo: C. Koos & T. Kippenberg
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+ Kerr frequency comb spanning 2/3 of an octave in dispersion-engineered rings
« Pump: 100 mW in a waveguide, 100 W in the ring !

Optical power (dBm)

Al ML U N VAR
1550 1600 1650 1700 1750
Wavelength (nm)

-10
-20
-30
-40

£
o
E
I}
=
s}
=%
w
L
o
®)

-50

-60
1400 1500 1600 1700 1800 1900 2000
Wavelength (nm)

C. Wang, et al. arXiv:1809.08637 (2018)



Nanosecond
Switch

C. Wang, et al. arXiv:1809.08637 (2018)
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M. Zhang, et al. arXiv:1809.08636 (2018) with Joe Kahn, Stanford
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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. arXiv:1809.08636 (2018) with Joe Kahn, Stanford



John A. Paulson

Electro-Optic (y?) Frequency Comb

and Applied Sciences

I'c-band ' ! L-band | I U-band | I
~ I | T 11! ]
=2 2 i
AT
% 1594 1505 1596 1507 1598, I 021 e EEEE’
g e ol -m2 0 nR2 il
< " - S NOD
S ! | |
1 | 1 ] ST
1560 1570 1580 1590 1600 1610 1620 1630 1640
Wavelength (nm)
30 GHz EO Comb: FSR = 10 GHz, RF drive = 30 GHz
> ; i —— g - I r = 1 w, = 31,350 GHz : :
g g : g=0.4rr
& | 1592 1593 1504 1595 1506 150
: |
20 ARSI MR
: k] i
S

1560

1570

1580 1590 1600 1610 1620 1630 1640
Wavelength (nm)
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Within reach
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nc—1 = 140, 000

[)()])t‘.(‘—'l — ""/)'w'\/ﬂ()])t

=7 uW

generated -
optical photon 4 opfical pump
?;0'15 generated
= o1 /\ optical photon
g ’ A =
5 . single mjicrowave photon | — \ X(Q/
s ~ 7 GHz «
Optical \/ optical pump

1571.42 1571.46 1571.5 coupling
wavelength(nm)

M. Zhang, et al. Natfure Photonics, 13, 36 (2019) with Shanhui Fan, Stanford
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High-speed & low drive voltage ‘/

electro-optic modulators

C.Wang, et al, Nature, 562, 101 (2018)
C.Wang, et. al. Opt. Exp., 26, 1547 (2018)
M. Zhang, et al. arXiv:1809.08636 (2018)

Ulira-high Q cavities & applications

/ M. Zhang, et al. Optica, 4, 1536 (2017)
M. Zhang, et al. Nature Photonics, 13, 36 (2019)
C. Wang, et al. arXiv:1809.08637 (2018)

Nonlinear optics with LN
waveguides: y? and y3
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Modal phase matching: the same effective 1530nen,IE e AN, JE,Noas
mode indices for all waves

C.Wang, et al. Opt. Express, 25, 6963 (2017)
C. Wang, et al, Opt. Express, 22, 30924 (2014)

Periodically grooved waveguide
intfroduces additional momentum to
compensate for the phase mismatch:

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

Gradient metasurface manipulates the
photon momentum during SHG process

— Phase-matching-free SHG.
C. Wang, et al. Nature Comm., 8, 2098 (2017)
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Record-high conversion efficiency!
— 48 : : : — . - 4200

777 4y - 7
Yy & 4 2475} ' =
) - i 3 13600 &
____________/,.. ../’: e —
Y. B By K 13400 °
' & 4 2 47 13200 =
? ? ? E a 13000 3
4.65 2800

Lx. 1500 1540 1580 1620 1660
= Wavelength (nm)

b) 3000 T T T \,\) T T T (C) 5000

\®)
(o)
o
o
T

— w = 1440 nm ’ 4000 F — Measured data

< 2000 — - N - -
E w = 1380 nm g 3000 A Theory - ideal |
2 1500 . - {7 °A L === Theory - corrected
g S 2000 : ;
S 1000 - . L
= 500 L I ~ 1000
o — : - 0 , eSO
1480 1500 1520 1540 1600 1620 1640 1660 1490 1495 1500 1505 1510 1515 1520 1525 1530

Pump wavelength (nm) Pump wavelength (nm)
Evidence of pump-depletion observed => efficient frequency conversion!

C. Wang, Optica, 5, 1438 (2018)  With Marty Fejer, Carsten Langrock, Alireza Marandi, Marc Jankowski
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when 185-pJ pulse energy used
Dimensions : 800 x 800 nm, etch depth 450

nm, 0.5-cm length
Pump: 1500 nm, 160 fs pulse, 80-MHz rep rate
M. J. Yu, B. Desitov, et al, arXiv: 1901.11101
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Direct fcgo detection in a single LN waveguide

30-dB signal-to-noise ratio of frgn beat-note

M. J. Yu, B. Desitov, et al, arXiv: 1901.11101
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v' Low-loss integrated lithium-niobate photonics platform developed
« waveguide loss: 0.03 dB/cm; cavity Q: 10,000,000

v’ Efficient, fast and integrated modulator for complex modulation formats
V.~ 1V;bandwidth > 100 GHz; on-chip insertion loss < 0.5dB; rates > 200 Gbps
» fiber-to-fiber insertion loss as low as 3dB
v Electro-optic (and Kerr) frequency combs be co-integrated with filters &
modulators on the same chip for higher data rates
« 30 GHz EO comb spanning ~ 100 nm

with Edo Waks, UMD

i

! xur

S. Aghaeimeibodi,, APL, 113, 221102 (2018)

C.Wang, et al, Nature, 562, 101 (2018) M. Zhang, et al. arXiv:1809.08636 (2018)
C.Wang, et. al. Opt. Exp., 26, 1547 (2018) M. Zhang, et al. Nature Photonics, 13, 36 (2019)
C. Wang, et al. arXiv:1809.08637 (2018) M. Zhang, et al. Optica, 4, 1536 (2017)

Harris, Englund, et alNanophotonics, 5, 456 (2016)
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