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Comb Lasers

—Exascale computers require two flavors of optical links

— Node-to-node (low-medium traffic): Maximize efficiency - 4-16 single-A lasers (ring laser array)
—Turn off channel(s) you don’t need
—Imperfect channel spacing
— Port-to-port (high traffic): Maximize bandwidth - Comb Laser
—Single device (2-4 terminals)
—Multiple A within 3 dB of peak A, constant channel spacing
—Always on, even if you do not use all channels

Node-to-node Port-to-port
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Comb laser requirements

— Operation at high temperature

—Wide gain bandwidth

— Low amplitude noise in lEACH! comb line
- Quantum dot lasers ...

— Integration with high guality passives
— Gratings, splitters, rings, ...

—High yield, volume manufacturing
—On 300 mm wafers

- ...onsilicon

Don'’t use Si just as a carrier, take
advantage of its excellent passives!
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QD integration on silicon

Growth Bonding
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 Lasing to 80 °C * Coupled to Si
* No coupling to Si « CW@ 25°C
(thick buffer layer) . Pulsed to 115 °C

Norman et al., OE, 25, 3927, 2017 Jang et al., Applied Physics Express, 2016
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Our approach
— Bonding II1/V to SOI

/ P-metal — Design layer thicknesses for efficient
coupling between Si and I1I-V

P-cladding \
QD active region / N-metal — Adjust QD confinement through Si
A WG width
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Device design

—Single cavity would have tradeoff between gain and FSR
—Need FSR ~ 50-80 GHz - L =< 750 um - aggressively short (QDs have lower gain than QWSs)

- Coupled cavity
— FSRaiyy = 16.8 GHz, FSR,y, = 50.5 GHz = FSR ¢ = 101 GHz

— Fully integrated
— No dicing/polishing

R=100% Lcaviy = 2.3 MM R=50%,

d—e==

SOA SA SOA

Grating
Coupler

n

" R~10%

Lsoa = 1200 pm L., = 780 um
Lsa = 120 pm
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Process

GaAs Substrate -
P-GaAs ~_

QD
N-GaAs

- —
.

Si processing Bonding Substrate removal  Implantation

P-contact Mesa etch N-contact Probe metal
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Data — Optical Spectrum
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Setup for eye diagram

DUT - amplify - filter out lone! A = ext. modulator - eye diagram

Patt.
Gen.

1 1

LINDO, '| I> I | DCA

bUT D TBPF PC | Mod. | PD ' | BERT
PDFA 10% =1

OSA Lab Buddy

=== Qptical
= [Electrical
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Data — Eye Diagrams (10 Gb/s)

Ch. 1, ER=0.4, BER<IE-12  Ch.2, ER=12.8, BER<IE-12 = Ch.3, ER=12.2, BER<1E-12

Ch. 4, ER=9.6, BER=_1Ei-12 Ch. 5, ER=9.6, BER<1E-12
[ | :

Ch. 10, ER=11.3, BER<1E-12
| LA

E-10

Ch. 15, ER=6.7, BER=1
. | |

20 ps
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Setup for BER

Same setup as before, except we add a VOA
DUT - amplify - filter out 'one! A & ext. modulator > VOA - BER

Patt.
Gen.

|
. | i
DUT/ | TBPF LiNDO; | [\ o a -] pp o DCA

E PC Mod. ' BERT
L Pbra 100) > L -’
OSA Lab Buddy
=== Optical
== Electrical
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Data — BER

— <1019 jn all channels
— Because of 3 dB insertion loss of VOA
— <1012 jn 14 channels without VOA

— 0.5 dB improvement over
commercial external cavity laser

—Due to gain/ASE/saturation dynamics
of optical amplifier (multi-A vs. single-A)

— QW-based laser would be limited by
mode partition noise

— Couldn’t use individual comb lines for
each channel
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Data — Time Domain (Autocorrelation)

— Optical output is pulsed vs. CW depending on DC bias conditions

T00% —
. p— — opta
m R""m%_% AC =1 Scope — Electrical

SOA SA il PDFA
DC bias: 395 mA, -6.2 V = CW optical DC bias: 370 mA, -4.6 V: pulsed optical
- 10 ps (100 GHz)
> WJ‘/\/\[\/\MW\MW\/\MWW f
= f
C
2
= Bias condition for all measurements
I
& presented today.
125 130 135 140 145 150 155 125 130 135 140 145 150 155

Time [ps] Time [ps]
At same average power, pulsed laser has higher
Instantaneous power - worse reliability?
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Summary

—Demonstrated a QD comb laser on SOI (12-14 channels)
—On-chip mirrors, grating coupler > Wafer-level testing

Future work

—Improve passives

~_GC QD Comb laser Demux + Mod
on SOI

—Mirror
—Integrate ring modulators
—Increase number of channels
(dispersion engineering)
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Back up
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Comb mechanism

— SHB, FWM, gain compression, inh. gain. broadening, Kerr nonlinearity, ...

Literature References

QD
—M. Dong et al., “Traveling Wave Model for Frequency Comb Generation in Single-Section
Quantum Well Diode Lasers,” JQE, 53, 6, 2017

—M. Gioannini et al., “Self-generation of optical frequency comb in single section Quantum Dot
Fabry-Perot lasers: a theoretical study,” arXiv, 1707.06561v1, 2017

Qw

—K. Sato, “Optical pulse generation using Fabry—Pérot lasers under continuous-wave
operation,” JQE, 9, 5, 2003

Bulk

—L. F. Tiemeijer et al., “Passive FM locking in InGaAsP semiconductor lasers,” JOE, SQE-25,
6, 1989

—
Hewlett Packard
Enterprise 17 @ Esl\;fslerr Packard



Relative Intensity Noise — 1/2

DUT -> filter out lone! A & amplify = measure RIN (for same P, !)
o || g oo
PDFA
-120
==Comb laser (+1.6 dBm)

22 ¢ ——ECL (+1.6 dBm)

-124 -

e | RIN (Comb laser) dominated by low F noise

Others have seen a similar trend

R We also see a hump at 17 GHz
=130 This is the fundamental FSR (101 GHz/6)
=132 | Perhaps amplitude noise, perhaps not

-134  H
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-138

-140 ! ! ‘ L w L w
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Relative Intensity Noise — 2/2

Multi-A laser = amplify = filter out lone! A - measure RIN (for same P

DUT/ l> Optical
ECL Filter RIN

PDFA

rec* )

-120

-125 H

ECL: P

-130 rec =

Is comb laser better than ECL?
Probably not.

PDFA sees different input signals
—> different gain/ASE behavior.
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Tapers

Cross section Top down
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Implantation
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— Target dose in cladding: 1E14 cm™
— Target concentration in QD: <1E17 cm3

— Our sample is Be doped, so perhaps some difference in performance

Boudinov et al., “Electrical isolation of p-type GaAs layers by ion irradiation”, JAP, 91, 6585, 2002

—
Hewlett Packard
Enterprise 21 @ [|ae|\;fsle'rr Packard



P-doping — Auger
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* Device with p-doped barriers have larger T,

. RAuger larger in doped than in undoped devices but
Rauger V- @s Temperature T

_ * Trade T, with J ...
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P-doping

Doping [acc in QD] 0 6 12
Transparency current density [A/cm?] 45 50 70
Threshold current density [A/cm?] increases

Internal loss [cm1] 2-3 2-4 5-9
Internal differential efficiency [%] 55 65 75
g, [cm?] 9-15 10-16 16-24
f348 max [GHZ] 1.6 3.8 3.6
Modulation efficiency [GHz/mA1/2] 0.36 0.7 0.73
dG/di [cm1/mA] 0.22 0.32 0.39

Table reproduced from: Alexander et al., “Systematic Study of the Effects of Modulation p-Doping on 1.3-
um Quantum-Dot Lasers”, JQE, vol. 43, no. 12, 2007
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Received June 19, 2016; accepted July 13, 2016; published online August 2, 2016

We report the first demonstration of a hybrid silicon quantum dot (QD) laser, evanescently coupled to a silicon waveguide. InAs/GaAs QD laser
structures with thin AlGaAs lower cladding layers were transferred by direct wafer bonding onto silicon waveguides defining cavities with adiabatic
taper structures and distributed Bragg reflectors. The laser operates at temperatures up to 115°C under pulsed current conditions, with a
characteristic temperature Ty of 303 K near room temperature. Furthermore, by reducing the width of the GaAs/AlGaAs mesa down to 8 um,
continuous-wave operation is realized at 25°C. © 2016 The Japan Society of Applied Physics
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