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Abstract A heterogeneously integrated IlI-V-on-silicon nitride mode-locked laser is demonstrated. The
device is fabricated by microtransfer printing an InP/InAlGaAs-based multiple-quantum-well coupon. A
dense comb with a 755 MHz repetition rate, a 1 Hz ASE limited RF linewidth and a 200 kHz optical

linewidth is achieved.

Introduction

Comb sources on a photonic chip have gained
considerable interest in recent years for their po-
tential in various domains, including optical rang-
ing, microwave photonics, spectroscopy, time-
and frequency metrologyl'M?,  While platforms
such as quantum cascade lasers (QCLs), electro-
optic and Kerr combs have shown impressive de-
velopments, their use in a number of applications
remains elusive because of their large line spac-
ing, limited number of usable comb lines and in-
tegration challengesl®-8l, In particular the con-
cept of dual-comb speciroscopy in the gas-phase
has proven difficult because of the need for ultra-
dense optical frequency combsPHl.  As most
gasses have absorption features with a linewidth
on the order of a GHz, comb sources with a line
spacing <1 GHz are in high demand to accu-
rately sample the spectra without the need for in-
terleavingl®8l, Mode-locked laser comb sources
offer an attractive platform for such applications
as they can provide comb spectra with ultra-
narrow line spacing. Moreover, these devices al-
low for high conversion efficiencies and can be
electrically pumped, omitting the need for an ex-
ternal optical pump sourcel®. Due to the high
waveguide losses of monolithic 1lI-V, InP, and llI-
V-on-Si platforms and the difficulties with het-
erogeneous integration, current state-of-the-art
integrated passively mode-locked lasers fail to
demonstrate comb spectra with sub-GHz repeti-
tion rates!®Hl,

In this work, we leverage the ultra-low losses
of silicon nitride (SigN,) to build a heteroge-
neously integrated IllI-V-on-SizN; mode-locked
laser (MLL) with a record-low repetition rate of
755 MHz. The technique of microtransfer print-
ing is used to integrate an InP/InAlGaAs based
multiple-quantum-well (MQW) semiconductor op-
tical amplifier (SOA) on an ultra-low-loss sili-

con nitride waveguide platform, hence enabling
wafer scale manufacturing. Excellent noise per-
formance is achieved, such as an ASE limited
RF linewidth of 1 Hz and an optical linewidth of
200 kHz.

Design and fabrication

A schematic of the MLL is depicted in Figure
1(a). An extended ring cavity geometry was
employed, consisting of two 10 cm SisN,4 spirals,
deposited by means of low-pressure chemical
vapor deposition on top of a silicon-on-insulator
(SOI) wafer. The SizN, waveguides were defined
using deep-UV lithography and have a width
of 2 ym and a height of 330 nm. To enable
heterogeneous integration, a recess is locally
etched in the 4.2 pym silicon oxide (SiO;) top
cladding. A two-stage taper structure is em-
ployed to bridge the large index difference and
ensure efficient coupling of light from the SigN, to
the 111-V stack: first from the SisN, waveguide to a
silicon waveguide underneath, and subsequently
to the IlI-V waveguide. A microscope image of
the two-stage taper with transfer printed coupon
is shown in Figure 1(b). The llI-V InP/InAlGaAs
layer stack is described in detail in Reference [10].

Heterogeneous integration

For the heterogeneous integration of the llI-V am-
plifier in the recess on the passive chip, the mi-
crotransfer printing technique is usedl'%-12], it is
based on the kinetically controlled adhesion of an
elastomeric stamp to pick pre-processed devices
from their source substrate and print them on a
target photonic integrated circuit. In contrast to
bonding techniques, microtransfer printing allows
to integrate a Il/V coupon in a recess. Moreover,
this approach allows massively parallel integra-
tion, enabling wafer-scale manufacturing. After
transfer printing, the coupon is post-processed to
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Fig. 1: (a) Schematic of the extended ring cavity mode-locked laser with SizN4 spirals and InP/inAlGaAs-based amplifiers with
saturable absorber. The recess for microtransfer printing the 11I/V coupon is indicated. (b) Microscope image of the transfer

printed coupon on top of the taper structure.

isolate a saturable absorber (SA), vias are etched
to access the n-InP layer and electrical contacts
are added. The SA has a length of approximately
34 um whereas the amplifiers have a length of
600 pm SOA at each side.

Measurements

The MLL was characterized on a Peltier
temperature-controlled stage, which kept the de-
vice substrate at a constant temperature of 15°C.
A PGSGP probe was used for biasing, where
the P-contacts were used to power the ampli-
fiers and the S-contact was used to reverse bias
the saturable absorber. Light was exiracted with
a single-mode fiber using a SisN4 grating cou-
pler. Passive mode-locking at the fundamen-
tal frequency was found to occur at an SA re-
verse bias voltage of -2.9 V with a -0.499 mA
SA current, and an amplifier bias of 1.88 V with
a 75 mA injection current. The optical power in
the fiber was measured to be around -24 dBm,
corresponding with an on-chip power of approxi-
mately 126 pW when the grating coupler losses
are taken into account. Although it has been
shown that 10 pW of optical output power suffices
to perform gas-phase dual-comb spectroscopy,
larger output powers could be obtained by using
longer ampilifiers. Figure 2(a) shows the electrical
spectrum of the MLL at the aforementioned bias
point, obtained with a Agilent NSO10A Electrical

Spectrum Analyzer (ESA) with a 300 kHz reso-
Jution bandwidth. A flat, densely-spaced comb
spectrum is achieved with a record-low repeti-
tion rate of 755 MHz. To the best of our knowl-
edge, this it the lowest reported repetition rate
for any integrated passively mode-locked laser,
enabling an unprecedented resolution for chip-
based spectroscopic applications. Note that the
roll-of of the RF comb at high frequencies is a
consequence of the 30 GHz bandwidth limita-
tion of the transimpedance amplifier of the pho-
todetector. Furthermore, the repetition frequency
signal was measured with a 100 Hz RBW, re-
vealing a narrow -10 dB RF linewidth of 100 Hz.
The optical spectrum of the MLL was measured
with an Optical Spectrum Analyzer (OSA) with a
30 pm resolution and is depicted in Figure 2(b). A
10-dB optical bandwidth of 3.27 nm is achieved,
corresponding with over 500 densely and evenly
spaced comb lines. The capacity to produce such
dense combs on-chip with hundreds of lines and
sub-GHz linespacing is unmatched by other comb
generation techniques such as QCLs, electro-
optic combs and Kerr microcombs. Moreover, the
spectrum of a mode-locked laser does not suffer
from a strong central optical pump signal as is of-
ten the case with competing techniques. The op-
tical linewidth was characterized by beating the
MLL output with a Santec tunable laser (60 kHz),
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Fig. 2: (a) RF spectrum of the generated pulse train at the chosen operating point. The RBW is 300 kHz. (b) Optical spectrum
measured with a 30 pm resolution. A 10-dB optical bandwidth of 3.27 nm is measured.

resulting in a heterodyne beatnote with a 200 kHz
optical linewidth. Finally, single-sideband phase-
noise measurements were carried out, showing a
record-low 1 Hz ASE limited RF linewidth.

Conclusions

We have demonstrated a heterogeneously inte-
grated IlI-V-on silicon nitride mode-locked laser
with a record-low repetition rate of 755 MHz and
unprecedented noise performance such as a fun-
damental RF linewidth of 1 Hz and an optical
linewidth of 200 kHz. The device was fabricated
by microtransfer printing an InP/InAlGaAs-based
multiple-quantum-well coupon on a low-loss sili-
con nitride platform, enabling wafer scale manu-
facturing. Such an electrically pumped low-noise
ultra-dense frequency comb source is highly de-
sirable in a number of applications, for example in
high-resolution spectroscopy.

Acknowledgements

This work was carried out in the context of the
European Research Gouncil (ERC) starting grant
ELECTRIC. S. C. and C. O. acknowledge the
Flemish Research Council (FWO) for a Ph.D.
scholarship. K. V. G. thanks the FWO for a post-
doctoral fellowship.

References
[11 A.L.Gaeta, M. Lipson, and T. J. Kippenberg, “Photonic-
chip-based frequency combs”, Nat. Photonics, vol. 13,
no. 3, pp. 158-169, Mar. 2019.

[2] S. A. Diddams, K. Vahala, and T. Udem, “Optical fre-
quency combs: Coherently uniting the electromagnetic
spectrum”, Science, vol. 369, no. 6501, 2020.

[8] K. Van Gasse, Z. Chen, E. Vicentini, J. Huh,
S. Poelman, Z. Wang, G. Roelkens, T. W. Han-
sch, B. Kuyken, and N. Picque, "An on-chip llI-V-
semiconductor-on-silicon laser frequency comb for gas-
phase molecular spectroscopy in real-time”, Preprint at
https://arxiv.org/abs/2006.15113, 2020.

Power (dBm/res)

'
(@)}
w

4]

(6]

7]

(8]

&)

[10]

(1]

[12]

(b)

N
o

G
o

O
o

1
[e2]
=}

bl
1584

1580 1582
Wavelength (nm)

-70
1578

L. Consolino, M. Nafa, F. Cappelii, K. Garrasi, F. P. Mez-
zapesa, L. Li, A. G. Davies, E. H. Linfield, M. S. Vitiello,
P. De Natale, and S. Bartalini, “Fully phase-stabilized
quantum cascade laser frequency comb”, Nat. Com-
mun., vol. 10, no. 1, p. 2938, Jul. 2019.

M. Zhang, B. Buscaino, C. Wang, A. Shams-Ansari, C.
Reimer, R. Zhu, J. M. Kahn, and M. Lon¢ar, “Broad-
band electro-optic frequency comb generation in a
lithium niobate microring resonator”, Nature, vol. 568,
no. 7752, pp. 373-377, Apr. 2019.

B. Stern, X. Ji, Y. Okawachi, A. L. Gaeta, and M. Lip-
son, “Battery-operated integrated frequency comb gen-
erator”, Nature, vol. 562, no. 7727, pp. 401-405, Oct.
2018.

N. Picqué and T. W. Hansch, “Frequency comb spec-
troscopy”, Nat. Photonics, vol. 13, no. 3, pp. 146-157,
Mar. 2019.

Z. Wang, K. Van Gasse, V. Moskalenko, S. Latkowski,
E. Bente, B. Kuyken, and G. Roelkens, “A ill-V-on-Si
ultra-dense comb laser”, Light Sci. Appl., vol. 6, no. 5,
1626016260, May 2017.

K. Van Gasse, S. Uvin, V. Moskalenko, S. Latkowski,
G. Roelkens, E. Bente, and B. kuyken, “Recent ad-
vances in the photonic integration of mode-locked
laser diodes”, IEEE Photon. Technol., vol. 31, no. 23,
pp. 1870-1873, 2019.

B. Haq, S. Kumari, K. Van Gasse, J. Zhang, A. Gocalin-
ska, E. Pelucchi, B. Corbett, and G. Roelkens, “Micro-
transfer-printed 11l-V-on-silicon C-band semiconductor
optical amplifiers”, Laser Photonics Rev., vol. 14, no. 7,
p. 1900364, 2020.

C. Op de Beeck, B. Hag, L. Elsinger, A. Gocalinska,
E. Pelucchi, B. Corbett, G. Roelkens, and B. Kuyken,
“Heterogeneous I11-V on silicon nitride amplifiers and
lasers via microtransfer printing®, Optica, vol. 7, no. 5,
pp. 386—393, May 2020.

J. Justice, C. Bower, M. Meitl, M. B. Mooney, M. A. Gub-
bins, and B. Corbett, “Wafer-scale integration of group
11V lasers on silicon using transfer printing of epitaxial
layers"”, Nat. Photonics, vol. 6, no. 9, pp. 610-614, Sep.
2012,


https://arxiv.org/abs/2006.15113

A LISTOF AUTHORS X

htipsy//

St e arirenagy S 8 Naes Sy e e et A M RPN -

Crvse s s

Borraccini, Giacoma (1): Straullu, Stefano (2); Ferrari, Alzssio (1); Virgilito, Emanuela (1); Bottaccht, Stefana (3); Swall, Scott (3); Piclacdia, Stefano (4% Galimberti, Gabriale (£);
Grammel, Gert (5); Curri. Vittorio (1)

(1) Palitecnice di Torino (italy). (2) Links Foundation (itsly), (3) Lumentum (USA), (1) Cisco PRotonics (ltely) (5) juniper Netvorks (Germany)

Abstract: We propose opea fine controling 2nd s medulstion format setting besed on GNPy GSNR evaluation, and test an experimentas! setup including an 8-span line equipped by
commercizl EDFAS, transporting two wavelengths from the open box Cassini. Excelient results are shown for GSNR fisttzning and prediciion.

1st presentation: 4'enday 97 Dacambiar 2020 1010

2nd presentation: e %) 2020 20040

Currd, Vittorio
Thiti-4: Softwarized Optical Transport QoT in Production Optical k: a Brownlield valid
Curri. Vittorio {1); Ferrari, Alesslo (1); Balasubramanian, Kaithikeyan (2): Filer, Mark (2); Kundrat, Jan (3); Yin, Yawei (2): Grammel, Gert (4): Galimbert), Gabriele (5% Le Rouzic.
Esther (6)

(1) Politecnizo di Toring (italy), (2) Micresort (USA). (3) CESNET (Czech Republich, () Juniper Networks (Germsny), (5) Cisco Photonics (italyl, (6) Orange Lsbs (France)
Abstract: We compare messured Qoi on production nenvork to GNPy predictions, showing én ex-celient accuragy for 40 channels on tivo paths. Transmisslon excesas 2000 km
en mised-fiber bybridampiified links. Non-conservative prediction is cbserved enly in 233 of cases and the inaccurscy ishmited te 0.3 d8.

1st presentation: Th =

2nd presentation: Thurzsay

1320
Cuyvers, Stijn

ThiL-4: (Highly scored) Ultra-Dense JlI-V-on-Silican Nitride Frequency Comb Laser

Cuyvers, Stijn (1) Haq. Bahawsal (1); Op de Beack, Camiel {2); Poelman, Stijn (2); Hermans, Artur (1) Wang. Zheng (1); Roelkens, Gunther (2); Van Gasse, Kasper (1) Kuyken,
Bart (2)

(1) Ghent University - imec {Belg ) (2] Ghent University
Abstract:A T4 W-\-on-silicon mitride e-focked lsserls d2 L The device is 7abri by microt o priviting an I A based
multple-quantum-well coupon. A dense comb with @ 755 MHz repetiion rate, a T Hz ASE linited RF hnewideh and a 200 kHz optical ingwidth Is achieved.
st presentation: L 1
2nd presentation: Thurssay 10 Decemt: 18:20
D
da Cruz Janlor, José Hélio
Tul1F-4: Al-Optical i Pre-Comp of Long-Reach Unrep d Systems

Kaminski. Pawel Marcin (1); Sutill, Tiaga (2); da Cruz Janior, José Hélio (2); Simdes. Glauco Cesar Crystal Pereira (2): Da Ras. Francescs (1); Yankaov, Metodi (1) Hansen,
Henrik Enggaard (1): Clausen. Anders Thomas (1): Forchhammer, Seren (1): Oxenlowe, Leif {1); Figueiredo, Rafael Carvalho (2): Galili, Michael (1)

(1) DTU Fotonik. Technical University of Denmark (Denmark), (2) Optical Communications Division, CPQD (Brazll)

Abstract: Vie numernicaly anatloptical pre

sation module for state-of the-art long-resch & pified unrep links. The ¢

SmMmEy to zethe p e sains under VDM trsnsmission, achieving £.0d8 and 2.608 of SNR improvement for 250-km

dasign s optimized in terms of p
and 250-km inks.
1st presentation: Tu

Cookie policy 2nd presentation: Tue

0% PostvakIN - se... {9 obgo's- Messa. - (9 Uwzending 1266. FS - Thanks fary.. e Can'treachthis - ) @




