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Thesis abstract

Study on generation of soliton pulses through
saturable absorption

A Microcomb is a light source composed of equally spaced frequency components.
We can generate it by confining light in a tiny space such as micro cavity. One of the
applications of microcombs is a high-capacity optical communication. In a conventional
wavelength division multiplexing, we needed the same number of lasers as the number
of wavelengths to be multiplexed. However, with a microcomb technologies, we can
replace multiple lasers with a single laser and a single microcavity, leading to
miniaturization and energy savings. Recently, among various microcomb states, perfect
soliton crystal has attracted a lot of attention. This is a special state in which
mode-locked pulses called dissipative Kerr solitons are aligned at equal intervals,
enabling higher power and lower noise. In this study, | propose a new approach to
generate perfect soliton crystals using a saturable absorption effect, which is a property
that strongly absorbs weak light. | first demonstrated the effectiveness of this approach
by numerical analysis, and then revealed the generation mechanism of perfect soliton
crystals. In experiments, | fabricated a microsphere resonator and established a
technique for generating dissipative Kerr solitons. And finally, | attached a graphene, a
carbon material known as a saturable absorber, to a microresonator and conducted the
experiments to generate dissipative Kerr solitons, resulting in a good agreement with
simulations.

Chapter 1 describes the background and purpose of this study.

Chapter 2 describes the fundamentals of microcavities and the theory of light
propagation and coupling with a waveguide.

Chapter 3 describes a calculation model that incorporates a saturable absorption
effect, and numerically shows that perfect soliton crystals can be generated with a help
of saturable absorber.

Chapter 4 describes the detailed conditions that need to be met to generate perfect
soliton crystals.

Chapter 5 describes the fabrication of microsphere cavity and the experiments to
generate dissipative Kerr solitons in the absence of saturable absorber.

Chapter 6 describes the experiments to generate dissipative Kerr solitons with a
graphene as a saturable absorber.

Chapter 7 summarizes this study and describes conclusions as well as prospects.
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Fig.1.1 Schematic illustration of standing waves in a Fabrit-Pérot cavity.
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(a) T (b) I (c) ' (d) (e)
Fig. 1.2 Various types of WGM microresonators.(a) Microsphere. (b) Microbottle. (c) Microbottle.
(d) Microdisk. (e) Microtoroid.
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Fig.1.3 A scanning electron micrograph of a silicon nitride microring resonator coupled to a bus
waveguide. [J. S. Levy, A. Gondarenko, M. A. Foster, A. C. Turner-Foster, A. L. Gaeta, and M.
Lipson, "CMOS-compatible multiple-wavelength oscillator for on-chip optical interconnects,” Nat.
Photonics 4, 37-40 (2010). Reproduced with permission from Springer Nature.]
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Fig. 1.4 a, Schematic of the base cavity structure having a triangular lattice of air rods with lattice
constant a (= 0.42 um). The thickness of the slab and the radius R of the air rods are 0.6a (0.25 pm)
and 0.29¢a (0.12 um), respectively. b, Starting cavity structure with three missing air rods in a line.
¢, Designed cavity structure created by displacing the air rods at both edges to obtain an ultrahigh
Q/V value. [Y. Akahane, T. Asano, B.S. Song, and S. Noda, “High-Q photonic nanocavity in a
two-dimensional photonic crystal,” Nature 425, 944-947 (2003). Reproduced with permission from
Springer Nature.]
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Fourier
transformation

—)‘Mrd— W

Fig. 1.5 a, As the carrier wave at w. moves with the phase velocity while the envelope moves with
a different group velocity, the carrier wave (blue) shifts by A¢ after each round trip with respect to
the pulse envelope (red). b, This continuous shift results in a frequency offset wg = A¢ /T, which
prevents the comb from being comprised of exact harmonics of the pulse repetition frequency wr.
[T. Udem, R. Holzwarth, and T. W. Hinsch, "Optical frequency metrology," Nature 416, 233-237
(2002). Reproduced with permission from Springer Nature.]
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Fig. 1.6 Schematic illustration of a generation of dissipative Kerr solitons from a continuous-wave.
The comb is generated by a degenerate four-wave mixing (FWM) and a nondegenerate FWM.
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Fig. 1.7 Artist’s view of a future chip-scale terabit-per-second transmitter, leveraging a Kerr fre-
quency comb source. DEMUX, de-multiplexer; VOA, variable optical attenuator; 1Q-Mod, 1Q-
modulator; MUX, multiplexer. [J. Pfeifle, V. Brasch, M. Lauermann, Y. Yu, D. Wegner, T. Herr, K.
Hartinger, P. Schindler, J. Li, D. Hillerkuss, R. Schmogrow, C. Weimann, R. Holzwarth, W. Freude, J.
Leuthold, T. J. Kippenberg, and C. Koos, "Coherent terabit communications with microresonator Kerr
frequency combs," Nat. Photonics 8, 375-380 (2014). Reproduced with permission from Springer
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Fig. 1.8 Experimental trace in the forward tuning (yellow curve) followed by one trace in the back-
ward tuning (white curve) with successive switching of multiple-soliton states from N = 7to N = 0
(no solitons). [H. Guo, M. Karpov, E. Lucas, A. Kordts, M. H. P. Pfeiffer, V. Brasch, G. Lihachev, V. E.
Lobanov, M. L. Gorodetsky, and T. J. Kippenberg, "Universal dynamics and deterministic switching
of dissipative Kerr solitons in optical microresonators," Nat. Phys. 13, 94-102 (2017). Reproduced
with permission from Springer Nature.]
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Fig. 1.9 Anillustration of the PSC consisting of X pulses formed in the CW-driven nonlinear optical
microcavity. [M. Karpov, M. H. P. Pfeiffer, H. Guo, W. Weng, J. Liu, and T. J. Kippenberg, "Dynamics
of soliton crystals in optical microresonators,” Nat. Phys. 15, 1071-1077 (2019). Reproduced with
permission from Springer Nature.]
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Fig. 1.10 a Illustration of the experimental set-up, the wavelength of the pump light is fixed, while
the wavelength of the control light is tunable for both SC switching and intracavity thermal balancing.
EDFA erbium-doped fiber amplifier, FPC fiber polarization controller, Cir. circulator, PD photodiode,
TEC thermoelectric cooler, OSC oscilloscope, ESA electric spectrum analyzer, OSA optical spectrum
analyzer, Auto. autocorrelator. b Butterfly-packaged device with a 20.5-mm-diameter Chinese coin
for comparison (upper panel). Microscope image of the high-index doped silica glass microring res-
onators with a diameter of 1.2 mm (lower panel). ¢ Complete optical spectra for 1-32 synthesized
SC with smooth sech? envelope (red dashed line). [Z. Lu, H.-J. Chen, W. Wang, L. Yao, Y. Wang, Y.
Yu, B. E. Little, S. T. Chu, Q. Gong, W. Zhao, X. Yi, Y.-F. Xiao, and W. Zhang, "Synthesized soliton
crystals,” Nat. Commun. 12, 1-7 (2021). https://doi.org/10.1038/s41467-021-23172-2 © 2021, The
Author(s) (Licensed under CC BY 4.0) https://creativecommons.org/licenses/by/4.0/ |
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C = nay + mas (1.5.2)

C=na;+ma,

. e BReBBES
. D=%\/n2+m2+mn. '
' 4 2n+m
0 =cos™(

>
2ynZ+m?+mn |

Fig.1.11 (a) Chirality of SWCNTSs, where a1 and a2 are the basic vectors of graphene and C'
is the chiral vector of a SWCNT, we can obtain different SWCNTSs (b—d) depending on the rolling
direction and the length of the vector. The chiral angle 6 and the diameter D of the SWCNT as
functions of the chiral indexes (n, m) are also shown. Reprinted with permission from [L. Qiu and F.
Ding, "Understanding Single-Walled Carbon Nanotube Growth for Chirality Controllable Synthesis,"
Accounts Mater. Res. 2, 828-841 (2021)]. Copyright 2021 American Chemical Society.
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Fig.1.12 a Schematic architecture of the GMR, with the silicon nitride indicated in grey. A
graphene/ion-gel heterostructure is incorporated in the nitride microresonator. b Electric-field dis-
tribution of the graphene—nitride heterogeneous waveguide, with a Si3Ny4 cross-section of 1.2 x

0.8 um?2.

The distance between the Si3Ny4 waveguide and the graphene layer is 100 nm. The
graphene and the top-gate probe are separated by 1 um with the interlayer ion-gel capacitor. In this
structure, transverse electric (TE) mode is applied. [B. Yao, S. W. Huang, Y. Liu, A. K. Vinod, C.
Choi, M. Hoff, Y. Li, M. Yu, Z. Feng, D. L. Kwong, Y. Huang, Y. Rao, X. Duan, and C. W. Wong,
"Gate-tunable frequency combs in graphene-nitride microresonators," Nature 558, 410—414 (2018).

Reproduced with permission from Springer Nature.]
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Fig. 1.13 Proposed mechanism. Normally, after the Turing rolls, the waveform becomes chaotic due
to an increasing number of sub-pulses. However, the saturable absorption prevents the system from
entering a chaotic state. As a result, we expect to be able to generate a perfect soliton crystal.
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Fig.2.1 Schematic illustration showing that resonance frequencies are not equidistant.
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Fig.2.2 Refractive index of fused silica calculated from Sellmeier equation.
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Sin
q

#

Waveguide

Fig.2.3 Schematic illustration of cavity and waveguide. In the middle of the waveguide, light is
passed in and out of the resonator.
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Fig.2.4 (a) Minimum transmittance as a function of Yext/7int. Dashed line represents the critical
coupling condition. (b) Transmittance in the critical coupling condition.
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RICEBHTZ N TE S,

E
sznla——mw®+%¢+JEm (2.3.7)

ZLTR3DHKERATZZLET

L+ 2
aé+ —i§ — &La +iL7|E|*)Ep_1 + VOE;, (2.3.8)

#18%. RBRICAD—RA LAt BXUOHIRSGBZ 1 AT 2DICETZRHTH 3 tg ZHWV
TEKT 52T, —fRICLLE 2FEEN 2

En - En—l = (_

m%E ( %ﬁ—w—w@ +MﬂmﬁE+vﬁh (2.3.9)
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Fig.2.5 a, Average intracavity power (blue) during a simulated laser scan (101 simulated modes)
over a resonance in a MgFo resonator. The step features are well reproduced. The orange lines
trace out all possible evolutions of the system during the scan. The dashed lines show an analytical
description of the steps. The green area corresponds to the area in which solitons can exist, the
yellow area allows for breather solitons with a time-variable envelope; solitons cannot exist in the red
area. b,c, Optical spectra and intracavity powers for the different positions [-XI in the laser scan.
[T. Herr, V. Brasch, J. D. Jost, C. Y. Wang, N. M. Kondratiev, M. L. Gorodetsky, and T. J. Kippenberg,
"Temporal solitons in optical microresonators," Nat. Photonics 8, 145-152 (2014). Reproduced with
permission from Springer Nature.]
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Fig.3.1 Schematic illustration of silica toroidal cavity with carbon nanotubes.
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Fig.3.2 (a) Results of dispersion calculation as a function of wavelength. (b) Results of dispersion
calculation for various cavities with a different diameter. The wavelength was fixed at 1550 nm.

FERRAZ AR

IERRE e vl EEIE TS IATE RS no,

eff —

AR wo, YR ¢, EXMHE Ag ZHWT

NaWo

CAeff
ERIND. EXMIHEE Ay IEER DM 5

(ff |E(z,y) 2dxdy>

JIZ%

43

|E(x,y)|*dxdy

(3.1.7)

(3.1.8)



vR¥ 3. Er AR, COMSOL Multiphysics % W TEMFT 22 2T, XYy —H
£ 600 pm DIIRET D ELNWITEE Acg 13 29.74um? ¥ BEH XN 7=,

E):LEEES

FET2H R F ) Fa—TDREREWZIELT, ap R Paag D287 X —XIFEA
T30, ~BHCEYR AT X—RERDZDIFH L. 22T, HRBIHELE
A=K F ) Fa—TORML LT, ZHFEZ oo B 103 EETHD, ST RLF—
Lo = 15 MW Jem? 2 W0 S HEF 59 2385 2 72, ZOMEESEIC L. BFES a3
FIR—REBEZTBEOMECEL TCHIRAE LD, T 40x 1073 2 LTEHEEZ{T-

7z. % U CHBERIRIIA D BRI R 7 — Pyag 1

Psat = lgat X Aeff

DRfRD S 4.46 W & L7z,
NIA—ZDEZ L DTRELLNIRT.

Table 3.1. Parameters used in the simulation for LLE.

Parameter Value
Total 10ss vt 2.2 x 1074
Cavity length L 6007 um
Dispersion 35 —17.7ps? /km
Modulation depth oy 4x1073
Nonlinear coefficienty 3.0 x 1073 W~ Im™!
Effective mode area A.g 29.74 pum?
Saturation power P, 4.46 W
Coupling coefficient 6 5.5 x 1075
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Fig.3.3 Spectrum and waveform of a microcomb generated in a microcavity without a saturable absorber.
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Fig.3.4 Spectrum and waveform of a microcomb generated in a microcavity with a saturable absorber.

AIEARIIRIA IR TE L 2 WIBE L RIS, BRE» S F 2 —V v 7a—Vi3EET S
D, I OREE» EEL T E LM SROEICBWTER S, 24U, AR
PRZIGTNEZ RN L, N2 HE DRI L ZWEEBEH L TWwWa e EZX 6N 5. %
LT, DARLBE#FHZRT IR, BIIRERLLF 2 -V 70 —ABZDFERE
K7h, FHEEZY U b HPAERL 7.

772 L, RIBEANRIUADFEES 2B E DM, YU b Y DFET Z &AM, 0D
JRENEY U b DFERIFA DG E» S50 % . |RTF 12— =V V' H dwmax 3R

'FE R = wO/Q ZHWT
2P
16 Py

(3.2.1)

5wmax -

46



rRESNB. F2FEL, Py 3EEE ) ZHWT

TNowo Aefr
Py=—"—-—7-— 2.2
th 1na D102 (3.22)
THdD, P.DiO
Mo tinl/y
max — — 2.
ow o Ao (3.2.3)

£ 5. LedoT, FEMINC Q BT U 7z Al SRR FIE S 2358 DT hs, Y
U b OFEEBIEE W e id, ZETDH 5.

322 UZal—>arvEEbORLIEBE

T A RIZIREEZ R T 2356, BRI RIEBERZR 2 2 L BREBRD S 0h > T
527 YIalb—raiZBWVWTE, PG UTHERIBICS Y XLk ) A X2MA 5%
YT, SURLMERERINS. FEICYI 2L —Ya YIZBWTRIUEHEIREL,
100 [ I 2L —2arzihiR L RBoRIRENE VY —Z bz ER K% Fig. 3.5 1
ZNER

(a) (b)
=3
o
g 100 |
o
o
o)
(o)}
o
g
< L L
0 0 20 40
Normalized detuning Normalized detuning

Fig.3.5 Transition of intracavity power. Simulation was repeated 100 times and the results are over-
plotted. (a) With a saturable absorber. (b) Without a saturable absorber.
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Fig.3.6 Histograms of generated dissiparive Kerr soliton. (a) Without a saturable absorber. (b) With
a saturable absorber.
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Fig.3.8 Conversion efficiency for (a) a single soliton in a cavity without a saturable absorber and
(b) a perfect soliton crystal in a cavity with a saturable absorber.
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Fig.4.1 (a) Transition of intracavity power. (b) Normalized detuning. When the effective detuning
exceeds 0, the detuning shift from blue to red and dissipative Kerr solitons are formed.
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Fig.4.2 Stability chart for (a) without a saturable absorber and (b) with a saturable absorber. We can
divide the area into several parts: CW (Continuous-wave), TR (Turing roll), Choas, DKS (dissiparive
Kerr soliton), PSC (Perfect soliton crystal). Waveforms in the condition marked (i)-(vi) are illustrated
in (c).
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Fig.4.3 (a) Schematic illustration of modulation instability gain. (b) Waveforms of Turing rolls and
perfect soliton crystral. Here the modes 8-FSR apart from the center frequency receive the largest

gain as illustrated in (a).
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Fig.4.4 Transition of intracavity power for different dispersion. The waveforms at the points indi-
cated by the arrows (i)-(iv) are shown below. (a) B2 = —27.7 ps? /km. (b) B2 = —7.7 ps? /km.
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Fig.4.5 Stability charts when the modulation depth «y is (a) 0, (b) 3 X 1073, ()4 x 1073, (d) 5 x
1073. Red lines represents the zero-cross point of effective detuning.
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Fig.4.6 Transition of intracavity power for different input power P, when ag is 5 x 1073,
(@) Pp = 140mW. (b) P, = 160mW.
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Fig.4.7 Results for the simulation under the condition of P, = 100mW and a9 = 5 X 1073.
(a) and (b) shows the results ended in N = 9. (¢) and (d) shows the results ended in N = 8.
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Fig.4.8 (a) Waveform of input light injected into a saturable absorber. (b-d) Losses caused by sat-
urable absorber in respond to a input light. (b) Result when recovery time 7 is not considered. In
other words, the calculation is based on Eq. (3.1.2). (c) Result when 7 is 0.1 ps. (d) Result when 7 is
1 ps.
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Fig.4.9 Generation of perfect soliton crystal with a slow saturable absorber. (a) illustrates a transi-
tion of waveform. The waveform and transmittance of saturable absorber at the detuning marked in
the dashed line is shown in (b) and (c).
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Fig.4.10 Generation of perfect soliton crystal with a slow saturable absorber. (a) illustrates a tran-
sition of waveform. The waveform and transmittance of saturable absorber at the detuning marked
in the dashed line is shown in (b) and (¢). Simulation condition is as follows: P, = 50mW.
ap =3.0x 1073, B = —25.0ps?/km, 7 = 0.5ps.
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Fig.5.1 The optical microscopy and SEM pictures show the exfoliated graphene deposited on the
microsphere, with area ~ 80 pm X 30 um. Scale bar: 40 um. [T. Tan, Z. Yuan, H. Zhang, G. Yan,
S. Zhou, N. An, B. Peng, G. Soavi, Y. Rao, and B. Yao, “Multispecies and individual gas molecule
detection using Stokes solitons in a graphene over-modal microresonator,” Nature Communications
12, 8-15 (2021). https://doi.org/10.1038/s41467-021-26740-8 © 2021 The Author(s) (Licensed under
CC BY 4.0) https://creativecommons.org/licenses/by/4.0/ ]
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Fig.5.2 (a) Overall view of the alignment system. (b) Picture of microsphere cavity and tapered
fiber taken by the side camera.
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Fig.5.3 (a) Experimental setup for () measurement using a powermeter. FPC: fiber polarization
controller. PWM: power meter. (b) Examples of transmission spectrum with a fitting curve.
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Fig.5.4 Experimental setup for soliton generation. FG: function generator. EDFA: erbium-doped
fiber amplifier. MZI: Mach—Zehnder interferometer. FPC: fiber polarization controller. OSA: optical
spectrum analyzer. FBG: fiber Bragg grating. ATT: attenuator. PD: photo diode. OSC: oscilloscope.
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Table 5.1. Summary of experimental conditions for a soliton generation in a silica microresonator.

Structure Q factor FSR (GHz) Scan speed (MHz/us) Note Refs.

Disk 4.0 x 108 22 0.32 m
Disk 1.6 x 108 22 0.1-2 (721
Wedge 1.8 X 108 22 100000 Fast scan 73
Disk 3~5 x 108 10 0.1 1741
Rod 3.7 x 108 50.6 0.035 Two pump 731
Sphere 3 x 108 100 0.5 (76]
Wedge 2.5 x 108 22 1 15
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Fig.5.5 (a) Screenshot of oscilloscope when the resonator is slightly touched to the tapered fiber.
The picture from a upper camera is shown in (c). (b) Screenshot of oscilloscope when the fiber and
the resonator are in close contact. The picture from a upper camera is shown in (d).
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Fig.5.6 Photo of a large size microsphere resonator.
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Fig.5.7 Spectrum obtained when a high power input was applied to the resonator. Various frequency
components other than the input light at 1550 nm are generated.
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Fig.5.8 Observation of a soliton step. The blue line represents pump power and the red line repre-
sents comb power.
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Fig.5.9 Numerical simulations and analytical solutions of the backward tuning in SizN4 with and
without thermal effects. [H. Guo, M. Karpov, E. Lucas, A. Kordts, M. H. P. Pfeiffer, V. Brasch, G.
Lihachev, V. E. Lobanov, M. L. Gorodetsky, and T. J. Kippenberg, "Universal dynamics and determin-
istic switching of dissipative Kerr solitons in optical microresonators," Nat. Phys. 13, 94—-102 (2017).
Reproduced with permission from Springer Nature.]
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Fig.6.1 Overall flow of adding a graphene to microsphere cavity.
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Fig.6.2 (a) Graphenes on a PDMS sheet. (b) Magnified view of thin-layer graphene indicated by red circle in (a).
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Fig.6.3 (a) PDMS sheet before graphenes were transfer to the resonator. (b) PDMS sheet after
graphenes were transferred to the resonator. The graphenes in the area circled by the red frame is
no longer present because theu have been transferred to the resonator. (c) Photo of the resonator.
Graphene on the resonator is in focus.
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Fig. 6.4 Experimental setup for () measurement using a oscilloscope. FG: function generator. MZI:
Mach—Zehnder interferometer. FPC: fiber polarization controller. PD: photo diode. OSC: oscillo-
scope.
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Fig.6.5 Results of ) factor measurement. (a) Before transferring a graphene. (b) After transferring a graphene.
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Fig.6.6 Transition of comb power in a cavity with a graphene. The results of 20 wavelength sweeps
are overlaid on one another. Since the position of the resonance shifted with each sweep, the positions
at which the resonance began to appear are all aligned.
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Fig.6.7 Experimental setup for soliton generation using power kicking method. AWG: arbitrary
waveform generator. EDFA: erbium-doped fiber amplifier. MZI: Mach—Zehnder interferometer.
AOM: acousto-optical modulator. FPC: fiber polarization controller. OSA: optical spectrum ana-
lyzer. FBG: fiber Bragg grating. ATT: attenuator. PD: photo diode. OSC: oscilloscope.
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Fig..1 (a) Schematic illustration of the experimental setup for fabricating a rod resonator. (b)
Schematic illustration of silica rod irradiated by a CO2 laser.
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Fig..2 (a) Transmission spectrum measured by a wavelength scan. (b) Spectrum with a lorentzian
fitting, resulting in a quality factor of 9.7 x 107.
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