UC San Diego

UC San Diego Electronic Theses and Dissertations

Title
Silicon-rich nitride as a highly nonlinear and reconfigurable photonic integrated platform
for efficient on-chip applications.

Permalink
https://escholarship.org/uc/item/4s70480m

Author
Belogolovskii, Dmitrii

Publication Date
2024

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4s70480m
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA SAN DIEGO

Silicon-rich nitride as a highly nonlinear and reconfigurable photonic integrated platform for efficient on-

chip applications.

A Dissertation submitted in partial satisfaction of the requirements for the

Committee in charge:

degree Doctor of Philosophy

in

Electrical Engineering (Photonics)

Dmitrii Belogolovskii

Yeshaiahu Fainman, chair

Nikola Alic
Prabhakar Bandaru
Zhaowei Liu
Yu-Hwa Lo
Abdoulaye Ndao

2024



Copyright
Dmitrii Belogolovskii, 2024

All rights reserved.



The Dissertation of Dmitrii Belogolovskii is approved, and it is acceptable in quality
and form for publication on microfilm and electronically.

University of California San Diego

2024

il



TABLE OF CONTENTS

DISSERTATION APPROVAL PAGE ........oooiiiiiiiiiiiiieientctcte ettt s s s iii
TABLE OF CONTENTS ..ottt sttt ettt ettt et et st s sae st s eae st ennenaes iv
LIST OF FIGURES ...ttt ettt ettt et sttt st et ebe e st st e s bt e e sateemteeneeas v
LIST OF TABLES ...ttt ettt sttt sttt ettt st st ettt et e aesae e s esme e st emtesenesaneeane viii
ACKNOWLEDGEMENTS ...ttt ettt ettt st ettt et st sttt et esbe e s e sat e beesmeesaeens ix
VITA et ettt ettt et et a e st a et s bt e st et e bt s et e bt bttt b e e et e bt et aeeane e ns X
ABSTRACT OF THE DISSERTATTION ......occiiiiiiiiieiintetiit ettt sttt s eee e sre e e xii
INTRODUCTION ...ttt ettt ettt ettt et e sb e st st et s et st e sbeesaeesatenteeseenbeesaeesaeenneenneesneens 1
CHAPTER 1 - SILICON-RICH NITRIDE REFRACTIVE INDEX AS A DEGREE OF FREEDOM TO
MAXIMIZE NONLINEAR WAVE MIXING IN NANOWAVEGUIDES..........ccccocciriiiiinininieieciean 3
CHAPTER 2 - DYNAMICS OF NONLINEAR OPTICAL LOSSES IN SILICON-RICH NITRIDE
NANOWAVEGUIDES. ..ottt sttt ettt sttt ettt sttt es st s et st eeesaaesane e 20
CHAPTER 3 - LARGE BIDIRECTIONAL REFRACTIVE INDEX CHANGE IN SILICON-RICH
NITRIDE VIA VISIBLE LIGHT TRIMMING........ccooiitiitintinieitenteeteeeeete ettt 42
REFERENCES ..ottt ettt ettt et ettt st st sbe sttt s be s et st e s esnesaeemeennens 71

v



LIST OF FIGURES
SECTION 1

Figure 1.1: No/SiH,4 gas ratio utilized to deposit PECVD SRN films with a corresponding refractive index
MEASUTEd At 1550 NIML..c..eouiiiiiiiieicceeete ettt ettt ebe e s ere 8

Figure 1.2: (a) Optical microscope image of a typical SRN waveguide fabricated in a serpentine shape for
a compact design, (b) block diagram of the experimental apparatus used to perform FWM in SRN
waveguides and its characterization. EDFA: Erbium-doped fiber amplifier, BP: Bandpass filter,
PC: Polarization controller, BC: 3 dB beam combiner, SMF: Single mode fiber coupler............... 9

Figure 1.3: FWM implemented in a 3.15 SRN index waveguide at on-chip pump power of about 40 mW,
(a) FWM spectrum measured by the OSA, (b) FWM efficiency dependence on a waveguide

Figure 1.4: (a) FWM efficiency as a function of an SRN index, (b) FWM in a 3.2 SRN index waveguide
as a function of on-chip pump power for four different lengths ..........cccccoeieiiiininiiniiiniiee, 11

Figure 1.5: (a) Estimated y3as a function of an SRN index (black dots) fitted by the Miller’s rule curve
(blue curve), and estimated y; of c-Si, (b) n>dependence on SRN index. The fitting curve was
retrieved from Wolfram Mathematica, the error bars represent the standard deviation error based
on 3-5 measurements Per SRIN INAEX.....cccueiriiriiiiiiiieiieceeeee ettt 12

Figure 1.6: (a) Output power as a function of a waveguide length in a 3.15 index SRN waveguide with a
core width of 600 nm, fitted by a linear function in Wolfram Mathematica to retrieve an optical
loss coefficient, (b) optical loss coefficient a as a function of a width of an SRN waveguide core
w for various SRN indices, measured at low optical power for a TE mode,..........cccccocvervuerneennene 14

Figure 1.7: (a) Measured output power increase as a function of on-chip power increase in a waveguide
for an (a) SRN index of 3.2, (b) SRN index of 2.7, the dashed black line indicates no nonlinear

Figure 1.8: (a) Fitted output optical intensity on chip as a function of a waveguide length for an SRN
index of 3.2 at 40 mW power, (b) estimated P coefficient for different SRN indices, the error bars
are retrieved from fitting in Wolfram Mathematica as the standard deviation error...................... 17

Figure 1.9: Measured average output power as a function of on-chip peak power in a 440 nm index 3
SRN waveguide for 200 fs pulses with a 10 MHZ repetition rate..........cccccceceervvereenieeneeneeneennens 18

SECTION 2

Figure 2.1: Schematic of a fabricated SRN sample with electrodes where (a) SRN thin film was deposited
on Au electrodes, (b) SRN thin film was deposited on SiO2 substrate, then Au electrodes were
fabricated on top of SRN film; (c) image of electrode tips fabricated on SRN film, the electrode
gap is 20 um; (d) setup for photocurrent MEASUIEMENL...........cceerverereiererireeiere e eene 25

Figure 2.2: (a) Current as a function of an SRN refractive index at 210 V DC. Dashed lines represent the
total current I when 14 dBm of power is on (Light on), while solid lines represent the current
when there is no light Iy (Light off); blue is for the electrode gap of 20 pm, orange is for 12 pum,
(b) total current as a function of an SRN refractive IndeX.........ccceeveuveiieeiiiieiiiiiieeeciee e, 27



Figure 2.3: Photocurrent I, as a function of optical power at 210 V DC applied for (a) SRN indices of
3.15 (blue) and 2.95 (orange), (b) as-grown SRN film with refractive index of 2.95 (blue) and
annealed one at 800 °C (orange). The data was fitted by a linear trend in Wolfram
MAtREMALICA. ...ccuviviiieiietirterte ettt sttt ettt sttt e e et nr e 28

Figure 2.4: (a) Block diagram of the setup used to characterize nonlinear loss dynamics by measuring
optical pulse transmission, where blue arrows represent an electrical signal, gray arrows represent
an optical signal. PG: Pulse pattern generator as an electrical pulse source, EOM: Electrooptic
modulator based on lithium niobate, EDFA: Erbium-doped fiber amplifier.............c.cccoceereennnne. 31

Figure 2.5: Optical pulse transmission dynamics in an SRN waveguide measured on the oscilloscope at
the coupled peak power of around 21 dBm for the indices of 3.15 (blue) and 2.7 (orange), (a)
Large timescale (500 ns) demonstrating a 200 ns pulse followed by a comb of short pulses, (b)
short timescale (20 ns) demonstrating the front edge of the pulse.........ccccceveeveeiiiinienicincenene 34

Figure 2.6: (a) Dynamics of signal loss a in an SRN waveguide caused by free carrier generation at the
coupled peak power of around 21 dBm for the index of 2.7, fitted using Equation (5) in Wolfram
Alpha, (b) transmission dynamics of the comb in an SRN waveguide demonstrating free carrier
recOmMbINAION AYNAIMIICS. ..c..eeiuiiriieiieiieie ettt sttt et sttt et st sne bt sbe e sanesanesaneeanes 36

Figure 2.7: (a) Signal loss rate Aa, as a function of a pulse peak power coupled to an SRN waveguide for
the indices of 3.15 (blue), 3 (orange), 2.7 (green), (b) carrier generation lifetime 1, as the function
of pulse power coupled to an SRN waveguide for the indices of 3.15 (blue), 3 (orange), 2.7
(green). The error bars are obtained from fitting in Wolfram Alpha..........c.ccooceeriiininiiincnnanene 38

Figure 2.8: (a) Minimum transmission of the pulse as the function of pulse power coupled to an SRN
waveguide for the indices of 3.15 (blue), 3 (orange), 2.7 (green), (b) recombination lifetime Tr. as
function of a pulse peak power coupled to an SRN waveguide for the indices of 3.15 (blue), 3
(OTANZE), 2.7 (ICEM)...eeurieueeieenteentteettet et e et e st e e sbtesutesbe e bt e bt e bt e sbtenbe e bt esbeenbeenbeesbtenbesmaesaaeenbeebeens 39

Figure 2.9: (a) Pulse transmission as a function of the pulse duration for SRN index of 3.15 and coupled
peak power of 24 dBm, (b) pulse transmission dynamics for the pulse durations of 100 ps (blue),
300 ps (orange), 600 ps (green) for SRN index of 3.15 and coupled peak power of 24 dBm.......40

SECTION 3

Figure 3.1: (a) Microscope image of a device to be trimmed showing an MRR, bus waveguide, grating
couplers (GC), tapers. (b) 3D illustration of the configuration of 3 fibers used for trimming and
real-time measurement. Laser light couples in and out via grating couplers. The exposure fiber is
centered over a section of an MRR. (c) Block-diagram of the setup........c...cecceeveeviniinicencnnene 45

Figure 3.2: Dynamics of resonance shift in an SRN MRR when (a) nsm = 2.9, and (b) nsm = 2.4. The
exposure power Pey, = 15.5 dBm; the violet curve represents exposure to 405 nm light, and the
green — to 520 nm light; the dotted black line indicates no refractive index change. Refractive
index change of SRN as a function of XpOSUIE POWET.........cceeerierienieniinienee et 49

Figure 3.3: Resonance wavelength shifts in SRN MRRs exposed to (a) 16.7 dBm of 520 nm light when
N = 2.9 and (b) 16.0 dBm of 405 nm light when nym = 2.4. (c) Transmission spectra of the
probing signal in SRN MRR for the case of blue shift from Fig. 3a. The dotted black curve
indicates the initial position of a resonance (reference)..........ccovvueerreeriiiiiniieiiieenieereeeee e 52

vi



Figure 3.4: Resonant wavelength shift as a function of time after exposure when MRRs are exposed to
405 nm light in case of (a) a blue shift, ngm = 2.9, (b) a red shift, ngm = 2.9, (¢) a red shift, ngm =
2.4. The dotted black line separates the areas of forward shifting and backshifting...................... 55

Figure 3.5: (a) Microscope image of demultiplexer. (b) Magnified microscope image of an MRR.
Transmission of the probing signal in SRN MRRs as a function of the wavelength for (c) through
port and (d) drop port 3. The values above the arrows represent resonance shifts necessary for
trimming to achieve the target. The numbers 1,2,3 represent each ring from Fig. Sa.................... 58

Figure 3.S1: (a) MRR transmission spectra when 405 nm exposing light (8.8 dBm) is off and on, plotted
for multiple fiber offsets x. The dotted black curve represents the case when the exposing laser is
off. The magenta/pink curves represent the cases when the 405 nm laser is on, and darker tint
corresponds to a stronger wavelength shift...........cocccooiiiiiiiiiiiee 62

Figure 3.S2: Transmission spectra of the probing signal in SRN MRRs after trimming when (a) nsm = 2.9,
Aexp = 405 nm, (b) ngm = 2.9, Aexp = 520 nm, () Ngm = 2.4, Aexp = 405 nm, (d) nsm = 2.4, Aexp = 520
nm. The dotted black curve indicates the initial position of resonance (reference). The numbers
(and “Ref’) next to the resonances indicate the OIder ...........evvvviiiiiviieeiieee e 63

Figure 3.53: (a) SRN refractive index change as a function of RTA temperature. The inset represents an
area of a plot with RTA temperatures in range 400 °C — 500 °C. (b) SRN refractive index change
as a function of RTA temperature for different times of RTA..........cccccoiiininiiniincceicee, 64

Figure 3.S4: Dynamics of resonance shift in an SRN MRR when ng, = 2.9 and Aexp = 520 nm. (b)
Refractive index change of SRN as a function of exposure power when ng, = 2.9 (same as Fig.
2c, presented here for convenience). (c) Image of an MRR showing how its section is exposed.
(d) Demonstration of how non-uniform distribution of heating..............ccocceevviiiniiiiieennienniennen. 66

Figure 3.S5: (a) An example of transmission spectrum with fitted resonances of an exposed MRR
resonator when ngm = 2.4, Aexp = 405 nm. The blue area denotes the wavelength range where
losses were measured. Blue curves represent a fitting function, red circles — measured data. (b)
Loss change as a function of shifted resonance wavelength...........c.cccceeveviiiniininiinnnnennceneen. 68

Figure 3.56: (a) Cross-section of a c-Si waveguide used in experiments. Here BOX is buried oxide. (b)
Image of MRR showing how its section is exposed (violet circle), the MRR diameter is 50 um,
and ring length is 170 um. (c) Transmission spectra of the probing signal in c-Si MRRs after
exposure to 520 nm light, Pexp= 16.7 dBM.....cccooiiiiiiiiiiiiiiiiieeceeeeee e 70

Vil



LIST OF TABLES
SECTION 1

Table 1.1: Waveguide parameters retrieved from Lumerical (Ansys) simulations based on an SRN index
and waveguide core geometry fora TEmode. ... 10

Table 1.2: nz and y3 measured in various compositions of SRN in C-band by different research groups...13

SECTION 2

Table 2.1: SRN waveguide and GC parameters for different samples used in the experiments............. 33
SECTION 3

Table 3.1: Maximum estimated resonance shifts 44,i,; when the whole ring is exposed..................... 53

Table 3.2: Summary of our experimental results compared to the results from other research groups,
sorted by the resonance wavelength shift, Ak...........coo 54

viii



ACKNOWLEDGEMENTS
I thank my advisors Prof. Fainman and Prof. Ndao, for providing an opportunity to pursue research
in the field of integrated photonics, and guidance throughout the process. I would also like to express my
gratitude towards Dr. Alic for mentoring, guidance and providing equipment crucial for my research. I

thank all the members of my committee, and our research group, for their assistance.

Chapter 1, in part, is a reprint of the material published in Advanced Photonics Research. The
dissertation author was first author of this paper, with co-authors Nikola Alic, Andrew Grieco, and

Yeshaiahu Fainman.

Chapter 2, in part, is a reprint of the material published in Advanced Optical Materials. The
dissertation author was the first author of this paper, with co-authors Yeshaiahu Fainman, Andrew Grieco,

and Nikola Alic.

Chapter 3, in part is currently in submission to a peer-reviewed journal. The dissertation author was
the first author of this paper, with co-authors Md Masudur Rahman, Karl Johnson, Vladimir Fedorov,

Nikola Alic, Abdoulaye Ndao, Paul K. L. Yu, and Yeshaiahu Fainman.

1X



VITA

2017  Bachelor of Science, Moscow Institute of Physics and Technology (State University), Applied

Mathematics and Physics (Department of Physical and Quantum Electronics)

2019 Master of Science, Moscow Institute of Physics and Technology (State University), Phystech-

school of electronics, photonics and molecular physics (Photonics Division)

2024  Doctor of Philosophy, University of California San Diego, Electrical Engineering (Photonics)

PUBLICATIONS
Belogolovskii, D., Rahman, M. M., Johnson, K., Fedorov, V., Alic, N., Ndao, A., Yu, P. K. L. &

Fainman, Y. Large bidirectional refractive index change in silicon-rich nitride via visible light trimming

(2024), in submission.

Belogolovskii, D., Fainman, Y. & Alic, N. Dynamics of Nonlinear Optical Losses in Silicon-Rich

Nitride Nano-Waveguides. Adv. Optical Mater. 12, 2401299 (2024).

Belogolovskii, D., Alic, N., Grieco, A. & Fainman, Y. Silicon-Rich Nitride Refractive Index as a
Degree of Freedom to Maximize Nonlinear Wave Mixing in Nanowaveguides. Adv. Photonics Res. 5,

2400017 (2024).

Friedman, A., Belogolovskii, D., Grieco, A. & Fainman, Y. Optical bistability in PECVD silicon-rich

nitride. Opt. Express 30, 45340-45349 (2022).

Jiang, S., Belogolovskii, D., Deka, S. S., Pan, S. H. & Fainman, Y. Experimental demonstration of

mode selection in bridge-coupled metallo-dielectric nanolasers. Opt. Lett. 46, 6027-6030 (2021).

Fainman, Y., Yang, M., Gao, C., Lin, H. H., Friedman, A. & Belogolovskii, D. Nonlinear optical
properties of inhomogeneous thin films. Proc. SPIE PC12228, Ultrafast Nonlinear Imaging and

Spectroscopy X PC1222801 (2022).



Jiang, S., Belogolovskii, D., Deka, S. S., Pan, S. H. & Fainman, Y. Experimental demonstration of
mode selection in metallo-dielectric nanolasers coupled via a bridge. In Conference on Lasers and

Electro-Optics, Technical Digest Series (Optica Publishing Group, 2022), paper STu4E.2.

Friedman, A., Belogolovskii, D., Grieco, A. & Fainman, Y. A systematic evaluation of Silicon-rich

Nitride Electro-optic Modulator design and tradeoffs. arXiv (2023).

X1



ABSTRACT OF THE DISSERTATION

Silicon-rich nitride as a highly nonlinear and reconfigurable photonic integrated platform for efficient on-
chip applications.

by

Dmitrii Belogolovskii

Doctor of Philosophy in Electrical Engineering (Photonics)

University of California San Diego, 2024

Professor Yeshaiahu Fainman, Chair

Silicon nitride (SixNy) fabricated via plasma-enhanced chemical vapor deposition (PECVD) has
emerged as a highly promising platform for CMOS-compatible integrated photonics. The stoichiometric
form, SizNy, offers key advantages such as ultra-low optical losses (< 1 dB/cm), a wide optical transparency
range, and the absence of two-photon absorption (TPA) in the telecommunication spectral band. These
characteristics make SisNs highly suitable for applications requiring high optical power, including
broadband nonlinear wave mixers, modulators, and optical switches. Additionally, Si3N4 has a high optical
damage threshold, enabling efficient nonlinear optical devices. Despite being an amorphous material, SisN4

also exhibits second-order nonlinear effects.

Xii



However, SizN4 has its own limitations, including a low third-order nonlinear susceptibility, a small
refractive index contrast with the SiO; cladding, and a larger effective mode area, which collectively reduce
the efficiency of nonlinear wave mixing. To address these limitations, silicon-rich nitride (SRN), achieved
by increasing silicon concentration, has been explored as a material with enhanced nonlinearities. SRN has
enabled efficient demonstrations of nonlinear processes such as FWM, supercontinuum generation,

intermodal frequency generation, and the strong DC Kerr effect.

This thesis explores the impact of the SRN refractive index on key waveguide parameters,
including optical nonlinearities, linear and nonlinear losses, and mode confinement. Our findings reveal a
trade-off: increasing the refractive index enhances optical nonlinearities but also raises optical losses.
Notably, we demonstrate that nonlinear losses become the primary limitation for four-wave mixing (FWM)
efficiency at high optical power when the SRN refractive index exceeds 3. We identify free carrier
absorption (FCA) as the dominant source of nonlinear losses and show that its dynamics are strongly

influenced by the refractive index of SRN.

Furthermore, we demonstrate significant bidirectional optical trimming of the SRN refractive index
using visible light. This ability to precisely tune the refractive index is crucial for phase-sensitive devices,
such as demultiplexers, as highlighted in this thesis. These findings establish SRN as a highly

reconfigurable and versatile platform for photonic applications.
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INTRODUCTION
This section provides an overview of the key findings of this thesis, focusing on how the refractive
index of SRN influences nonlinearities, linear and nonlinear losses, FWM efficiency, FCA relaxation and

recombination times, as well as its bidirectional trimming capability.

We have explored SRN to find the best recipe for various optical nonlinear applications such SHG,
four wave mixing, electric field induced second harmonic (EFISH) generation and electro-optic
modulation. Specifically, FWM is implemented in over a hundred SRN waveguides prepared by plasma-
enhanced chemical vapor deposition PECVD in a wide range of SRN refractive indices varying between
2.5 and 3.2 (measured in the C-band). It is determined that SRN with a refractive index of about 3
maximizes the FWM efficiency for continuous-wave operation, indicating that the refractive index of SRN
is indeed a crucial optimization parameter for nonlinear optics applications. The FWM efficiency is limited
by large nonlinear optical losses observed in SRN waveguides with indices larger than 2.7, which are not
related to two photon absorption. Finally, the third order susceptibility y3 and the nonlinear refractive index
n2 are estimated for multiple SRN refractive indices, and, specifically, the nonlinearities as large as y3 =
(12.6 £ 1.4) x 107 m*V? and n, = (7.6 £ 0.8) x 10~ m?*/W are estimated in a waveguide with an SRN

refractive index of 3.2.

In addition, free carrier absorption (FCA) is established to be the cause of nonlinear losses in
plasma-enhanced chemical vapor deposition (PECVD) silicon-rich nitride (SRN) waveguides. To validate
this hypothesis, a photo-induced current is measured in SRN thin films with refractive indices varying
between 2.5 to 3.15 when a C-band laser light is illuminating the SRN films at various powers, indicating
the generation of free carriers. Furthermore, nonlinear loss dynamics is, for the first time, measured and
characterized in detail in SRN waveguides by utilizing high peak power C-band complex shape optical
pulses for estimation of free carrier generation (FCG) and free carrier recombination (FCR) lifetimes and
their dynamics. Both FCG and FCR are found to decrease with an increase in the refractive index of SRN,

and, specifically, the FCR lifetimes are found (92+7) ns, (39+3) ns, and (31£2) ns for the SRN indices of



2.7, 3 and 3.15, respectively. Lastly, nonlinear losses in high refractive index SRN waveguides are
demonstrated to be minimized and altogether avoided when the pulse duration reduced below the free
carrier generation lifetime, thus providing a way of taking a full advantage of the large inherent SRN

nonlinear properties.

Finally, phase-sensitive integrated photonic devices are highly susceptible to minor manufacturing
deviations, resulting in significant performance inconsistencies. This variability has limited the scalability
and widespread adoption of these technologies. Here, we present a major advancement achieved through
visible light (405 nm and 520 nm) trimming of plasma-enhanced chemical vapor deposition (PECVD)
silicon-rich nitride (SRN) waveguides. Our method achieves precise, bidirectional refractive index tuning
with a single laser source in CMOS-compatible SRN samples with refractive indices of 2.4 and 2.9
(measured at 1550 nm). Utilizing a cost-effective setup for real-time resonance tracking in micro-ring
resonators, we attain resonant wavelength shifts as fine as 10 pm. Additionally, we report a record-setting
red shift of 49.1 nm and a substantial blue shift of 10.6 nm, corresponding to refractive index changes of
approximately 0.11 and -2x1072. We demonstrate that the origin of both blue and red shifts is thermal
annealing. These results highlight SRN’s exceptional capability for permanent optical tuning, establishing

a foundation for stable, precisely controlled performance in phase-sensitive integrated photonic devices.

In the following we provide details on these three advancements.



CHAPTER 1 - SILICON-RICH NITRIDE REFRACTIVE INDEX AS A DEGREE OF FREEDOM TO
MAXIMIZE NONLINEAR WAVE MIXING IN NANOWAVEGUIDES

1. Introduction

Silicon nitride (SixNy) on insulator grown by plasma-enhanced chemical vapor deposition
(PECVD) is of great interest as a CMOS-compatible integrated photonics platform. Indeed, the benefits of
stoichiometric Si3Ny4 include very low optical losses (< 1 dB/cm) [1, 2, 3], absence of two-photon absorption
(TPA) in the telecommunication spectral band [4, 5, 6], and a broad optical transparency window [7].
Furthermore, SisN4 possesses a high optical damage threshold that is well suited for high power applications
[8], enabling efficient optical nonlinear devices such as broadband nonlinear wave mixers, optical switches,
modulators, and others. Even though the material is amorphous, second-order nonlinear effects have been
observed in Si3Ny4 caused by surface nonlinearities due to symmetry breaking of a bulk material [9], bulk
nonlinearities [10], and a coherent photogalvanic effect [11]. Unsurprisingly, there has been a growing
number of successful demonstrations of SisN4 based nonlinear devices, such as second harmonic generation
(SHG) in resonant gratings and ring resonators [12, 13], SHG in an electrically poled waveguide [14],
photoinduced SHG due a to photogalvanic effect [15, 16, 17, 18, 19, 20], coherent supercontinuum
generation [21], four-wave mixing (FWM) [22], comb generation [23], difference frequency generation

(DFG) [24], electric-field poled microresonator modulator [25], and others.

On the other hand, Si3N4 has a significant advantage over the c-Si on insulator platform (SOI) in
some applications since c-Si suffers from large TPA in the C-band, free carrier absorption (FCA), a smaller
transparency window starting at a wavelength of 1.2 pm, and no second order nonlinear susceptibility y2
[26]. However, SisN4 has a much lower third order nonlinear susceptibility y3 [20, 27], as well as lower
refractive index difference between the waveguide core and SiO: cladding, resulting in a lower mode
waveguide core overlap and larger effective mode area, leading to lower efficiency of nonlinear wave
mixing processes. To mitigate these drawbacks, it has been reported that increasing Si concentration in
SRN leads to a higher refractive index and the corresponding nonlinearities. Indeed, some efficient SRN

nonlinear processes, such as FWM [28], supercontinuum generation [29], intermodal frequency generation



[30], strong DC Kerr effect [31], and many others, have been demonstrated to date. However, in addition
to the desirable increase in the nonlinear response, the increase in Si concentration also leads to the increase
in optical losses and TPA in SRN [4, 28], which obviously requires a careful material design tradeoff.
Notably, a reduction in optical losses has been accomplished by depositing low pressure chemical vapor
deposition (LPCVD) SRN instead [1, 2], but it requires much higher temperature of deposition, which
makes it incompatible with CMOS processing. An alternative approach is to use the SiD4 precursor gas
instead of SiH4, which leads to a reduction of optical losses in an SRN waveguide due to absence of Si-H
and N-H bonds in C-band, but the SiD4 gas is not always available [1, 32, 33]. It is also possible to optimize
a PECVD recipe by varying high frequency (HF) to lower frequency (LF) RF power ratio to break hydrogen
bonds and reduce optical losses [34], but it may also alter other optical parameters. Overall, an SRN
refractive index becomes an important degree of freedom for nonlinear mixing device efficiency

optimization.

In this paper we experimentally investigate a wide-range (varying between 2.5 and 3.2) SRN
refractive index effect on the nonlinear mixing efficiency in the C-band. Furthermore, we use FWM
efficiency to retrieve the material y; for each of the SRN samples, as well as to identify the optimal device
SRN refractive index in terms of nonlinear efficiency optimization. Specifically, the characterization
included the effects of both linear and nonlinear optical losses on the FWM efficiency, which have been
determined as a function of waveguide geometry and optical power, respectively. While FWM in SRN
waveguides was implemented previously, it was almost universally demonstrated for only a single SRN
refractive index in each published study, for different wavelengths or SRN deposition recipes, making the
comparison between different results from published studies rather difficult. This work, however, provides
a comprehensive rigorous study of the SRN platform in which the samples with widely ranging parameters
were fabricated in the same controlled conditions, including the same fabrication flow and equipment, thus
allowing a proper systematic comparison between a large number of samples made of SRN films with

different refractive indices. Lastly, we also provide a novel report on the observation of nonlinear optical



losses in high index PECVD SRN waveguides not caused by TPA, and how such losses affect the efficiency
of FWM at higher power. Thus, the novel results of this study have important design ramifications for

researchers working on SRN-based components and devices.

The manuscript is organized as follows: The fundamentals of the underlying theory and
methodology are contained in Section 2, samples fabrication and the characterization are described in
Section 3, and the experimental results are detailed in Section 4. Finally, the findings and conclusions of

this study are summarized and discussed in Section 5.

2. Degenerate FWM Theory

The efficiency of degenerate FWM in a waveguide under the assumption of undepleted pump

approximation and absence of nonlinear losses can be described by [35]
u= FS = |VPpLeff| r, )

where
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where indices i, p, s represent the idler, pump, and signal, P; is the optical power, yis a nonlinear

effective coefficient, n, is a nonlinear refractive index, w is the optical frequency of pump, y3is the third



order nonlinear susceptibility, €ois the vacuum permittivity, cis the speed of light, A.yis the effective mode
area, nqyis the modal effective index, a is the optical loss coefficient, L is the waveguide length, k;is the
wave vector, kis the mode phase mismatch, 4;is the wavelength, I"stands for the modal overlap integral, A
represents an SRN integration area limited by the core width and height, Eis the mode electric field in the
transverse plane. We ignore the SiO- cladding contribution to FWM in SRN waveguides since y3 of SiOis

much smaller than that of SRN used in our study even for the lowest SRN refractive index.

As follows from the FWM efficiency given by Equation (1)-(6), the increase in the mixing
efficiency requires some combination of lower optical losses, increase in y3 and mode confinement in the
waveguide, or, conversely, decrease the effective mode area and dispersion. In waveguides with non-zero
dispersion and considerable loss, the FWM efficiency is generally governed by the relevant characteristic
lengths: The maximum length due to optical losses Liss = 1/a, or a coherence length Leo, = w/k. As it will
be shown later in the manuscript, in the setup used in our measurements, the losses were the limiting factor,
imposing a limit on the devices’ length of a few millimeters, while the dispersion set a limit on the scale of
centimeters for the chosen wavelengths for the pump, signal and idler. Therefore, in our case the FWM

efficiency can be most appropriately expressed as follows:

2
X3
i~ (A—2> . @
ALeffMeff
showing the equivalent importance of y3 and optical losses. Additionally, we would also like to

point out that the reduction in the effective area may be equally important in this respect, which can be

achieved in waveguides with a high SRN refractive index.

3. Experimental Design and Sample Fabrication

To facilitate the wide-ranging characterization, over a hundred waveguides were fabricated having
four different lengths (0.3, 2.4, 4.4, 6.5 mm), with refractive indices in the range of (2.5 — 3.2) and with
varying waveguide widths. To fabricate our samples, we used SOI wafers with a 3 um buried oxide (BOX)
layer and a 220 nm Si device layer, which was removed by TMAH wet etching (note that this step can be

6



avoided if Si wafers with only a SiO; layer on the top are available). Then, an SRN thin film was deposited
in a Plasmalab PECVD, with a stage temperature set to 350 °C, while using SiH4and N> precursor gases.
The ratio of gases was varied to change the refractive index of the SRN thin films, as shown in Figure 1.1.
The thin film thickness and refractive index were measured by a J.A. Woollam M-2000D ellipsometer.
Next, the HSQ e-beam resist was spun on the sample, before being patterned by e-beam lithography. After
being developed, the sample was etched in a Plasmalab P100, and HSQ was removed by 6:1 BOE. The
final step consisted of depositing a SiO cladding in a Plasmalab PECVD. The light coupling in and out of
the waveguides was enabled by fully etched linearly apodized grating couplers (GC) with long 300 pm
tapers. Coupling efficiency (CE) maximization was enabled by simulations in Ansys (Lumerical), including
calculations of GC-optimal parameters such as the filling factor, linear apodization factor, and others [36].
Unlike edge couplers that require dicing, which adds an extra step of fabrication, fully etched GC can be
done in one step of e-beam lithography along with waveguides, simplifying the fabrication flow.
Additionally, in our practice edge couplers suffered from significant edge roughness caused by dicing in
our facility, which led to relatively low CE of -10 dB per edge coupler. Therefore, the Bosch process was
necessary to deep etch the edges to make them smoother, which would increase CE, but also would
complicate the fabrication flow, which must have been avoided since many samples needed to be fabricated.
At the same time, GC were found quite efficient, yielding CE as high as -4.5 dB per GC, while -3 dB was
a theoretical maximum due to a symmetry of the fully etched GC. They had a spectral bandwidth of 40 nm,
large enough to efficiently couple in and out the pump, signal, and idler with a wavelength gap of 5 nm.
We used SM fibers to couple light in and out of a sample as unlike tapered fibers, they can handle higher

power without optical damage.
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Figure 1.1: N»/SiH4 gas ratio utilized to deposit PECVD SRN films with a corresponding refractive
index measured at 1550 nm.

To measure the FWM-generated idler, we combined the pump and the signal (both operated in the
CW regime) and coupled them to an SRN waveguide, which is shown in Figure 1.2(a) as an optical
microscope image. A C-band tunable narrowband (~100 kHz) Agilent 81980A laser was used as a signal
source, while a tunable narrowband (~100 kHz) Agilent 81642 A laser amplified by an IPG Photonics EAD-
3C EDFA was used as a pump source. The EDFA noise was removed by a bandpass filter (BF). Polarization
controllers (PC) were used to set the waves’ polarization to the TE state. The signal and pump were
combined through a beam combiner (BC) and coupled to a sample under test. The generated idler together
with the residual pump and signal were coupled out and measured by a Yokogawa AQ6375 optical spectrum

analyzer (OSA). The setup block diagram is shown in Figure 1.2(b).
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Figure 1.2: (a) Optical microscope image of a typical SRN waveguide fabricated in a serpentine
shape for a compact design, (b) block diagram of the experimental apparatus used to perform FWM in SRN
waveguides and its characterization. EDFA: Erbium-doped fiber amplifier, BP: Bandpass filter, PC:
Polarization controller, BC: 3 dB beam combiner, SMF: Single mode fiber coupler, OSA: Optical spectrum
analyzer.

The wavelength difference between the pump and the signal was set to 5 nm, large enough to avoid
suppression of the small-power idler by the high-power pump caused by a dynamic range limit of the OSA,
while small enough to avoid phase mismatch caused by the dispersion in a long waveguide and fit within
the spectral bandwidth of the GC. The negligible level of FWM in the silica patch cords used was
independently verified by removing the SRN sample from the setup, whereby, no idler was distinguishable

on the OSA above the -67 dBm noise level, matching the theoretical estimation.

A waveguide geometry for all samples was chosen such that each SRN index waveguide remained
single mode (SM) to avoid high-order mode interference, while maintaining the mode overlap integral I
approximately constant (=0.5) for each SRN sample considered. In particular, to satisfy the latter condition,
the thickness of the waveguides was maintained around 350 nm, while the corresponding widths varied
from 375 nm (for the index of 3.2), to 550 nm (for the index 2.5). The BOX layer was maintained at 3 pm
and the top cladding at 1 pm for all samples. Table 1.1 summarizes the SRN waveguide parameters

simulated in Lumerical (Ansys) for different SRN refractive indices and geometry, where 7 is the SRN



refractive index, wis the waveguide core width, dis the waveguide core thickness, A.¢is the effective mode

area, n.p is the effective index of a SRN waveguide, " is the overlap integral defined by Equation (6).

Table 1.1: Waveguide parameters retrieved from Lumerical (Ansys) simulations based on an SRN
index and waveguide core geometry for a TE mode.

n w, nm d, nm Aep, pm? Nef r
2.5 550 383 0.43 1.87 0.49
2.7 500 386 0.36 2 0.51
2.86 480 390 0.32 2.13 0.54
2.96 400 377 0.32 2.06 0.43
3 440 337 0.29 2.13 0.5
3.08 424 351 0.28 2.2 0.51
3.15 375 343 0.28 2.13 0.42
3.2 375 337 0.27 2.17 0.45

4. Results

4.1 FWM

With the objective of determining the most optimal refractive index of SRN for FWM, we
fabricated more than a hundred SRN devices with different refractive indices and waveguide lengths and
captured the corresponding spectra on the OSA with a typical example (for a refractive index of 3.15)
shown in Figure 1.3(a). Based on the generated idler power and GC CE, we calculated the idler power on
a chip at the end of a waveguide, and the pump power and signal power at the beginning of a waveguide.
Based on Equation (1)-(6), the FWM efficiency of each device was calculated for each waveguide length.
The maximum efficiency was then retrieved from the FWM efficiency dependence on a waveguide length

by fitting, as illustrated in Figure 1.3(b) for an SRN waveguide sample having a refractive index of 3.15.
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Figure 1.3: FWM implemented in a 3.15 SRN index waveguide at on-chip pump power of about
40 mW, (a) FWM spectrum measured by the OSA, (b) FWM efficiency dependence on a waveguide length.
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Considering that the shortest waveguide length was approximately the same as that of the tapers
(300 um), it was important to calculate the FWM in the tapers as well. For that, the taper was split into
small sections, and the parameters such as shown in Table 1 were calculated for each section. Then the idler
generation in each section was calculated based on Equation (1)-(6). The total power of the idler generated
in the two tapers was approximately the same as that in a 300 pm SRN waveguide. Consequently, the SRN
FWM efficiencies throughout the manuscript have been rigorously presented by subtracting FWM powers

generated by tapers.

(a)

—42
On-chip pump | |
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Figure 1.4: (a) FWM efficiency as a function of an SRN index, (b) FWM in a 3.2 SRN index
waveguide as a function of on-chip pump power for four different lengths.

Figure 1.4(a) summarizes the measurements of the FWM efficiency u, where its dependence on
an SRN index of refraction is presented. As it can be seen in Figure 1.4(a), the efficiency steadily grows
starting with a refractive index of 2.5 and peaks for the value of 2.96. Further increase in the index lowers
the efficiency due to higher optical losses, even though y; continues to increase. It is also important to note
that in waveguides with indices greater than 2.7 FWM efficiency increases slower than P2, indicating the
presence of nonlinear losses. The latter effect is exemplified in Figure 1.4(b) for the SRN sample refractive

index of 3.2 SRN waveguides.

As implied by the results shown in Figure 1.4(b), in the shortest waveguide (300 ,m) the pump
power reduction from 17 dBm to 12 dBm, leads to a 10 dB of efficiency decrease, which follows the
expected sz dependence. However, in longer waveguides (2.3 mm — 6.5 mm) this is no longer the case.
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For example, a 5 dBm of pump power reduction in the longest waveguide of 6.5 mm, leads to only 2 dB of
efficiency decrease, indicating strong nonlinear losses in this case. Hence, it is anticipated that if pump
power continues to increase, the peak of FWM efficiency from Figure 1.4(a) will shift to a lower index due
to higher nonlinear optical losses in a larger index of SRN. Note that these experiments are valid for CW

optical fields operation. As it will be shown later, the nonlinear losses are not related to TPA.

(a) (b)
10
& 5
2 g
T 5 i
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Figure 1.5: (a) Estimated y;as a function of an SRN index (black dots) fitted by the Miller’s rule
curve (blue curve), and estimated y3 of c-Si, (b) n> dependence on SRN index. The fitting curve was
retrieved from Wolfram Mathematica, the error bars represent the standard deviation error based on 3-5
measurements per SRN index.

Based on the calculated FWM efficiency and theoretical Equation (1)-(6), the sample’s y3 was
extracted as a function of an SRN index that was fitted by a curve described by the Miller’s y3~x7, rule,
both results are shown in Figure 1.5(a). As seen in Figure 1.5(a), the measured y; generally follows the
Miller’s rule well, only slightly deviating from it at lower SRN indices (those lower than 2.7). The
maximum y; = (12.6 £ 1.4) x 107 m?/V? was estimated for the 3.2 index, while the minimum one of y;=
(1.56 £0.17) x 107 m?*/V? corresponded to the 2.5 index, which is about 8 times lower. As a countercheck,
we also measured y; = (3.3 £ 0.4) x 107 m*/V?in a ¢-Si waveguide by the exact same method as for SRN
waveguides, shown in Figure 1.5(a) as a separate point. The obtained parameter from the c-Si tests agrees
very well with other reported results for the same material [26], indirectly confirming the validity of our
SRN measurements. Notably the y; value for the index 3.2 is almost 4 times as large as that of c-Si. Finally,
the n, dependence on the refractive index is shown in Figure 1.5(b). The waveguide parameters, including

the effective indices, were taken from Table 1. As it can been seen in Figure 1.5(b), the trend is similar to

12



that for the y3as expected based on Equation (2), showing that n = (1.26 £ 0.14) x 1077 m*W for the lowest

2.5 SRN index, while it is no= (7.6 £ 0.8) x 1077 m?/W for the largest 3.2 SRN index. Here we also provide

Table 1.2 that presents 7 or y3 measured by different research groups by various methods, such as z-scan,

FWM, DC Kerr effect, or self-phase modulation (SPM), and compare them with some of our results [6, 28,

31, 37].

Table 1.2: n;and y3 measured in various compositions of SRN in C-band by different research groups.

Reference n m [x107" m¥W] | x3[x107m%V?] | Method
[37] 3.1 2.8 - SPM

[6] 3.1 2.93 - Z-scan
[31] 3 - 6 DC Kerr
[28] 2.7 0.2 - FWM
[28] 2.5 0.16 - FWM
This work 3.1 5.0 8.5 FWM
This work 2.7 2.2 3.1 FWM
This work 2.5 1.25 1.56 FWM

4.2 Optical Losses in SRN Waveguides

In this subsection, we shall examine in more detail the observed sharp drop of the FWM efficiency

for SRN samples having a refractive index higher than 2.96. Specifically, we measured an optical loss

coefficient at both low and high powers using the cutback method. First, with the objective of avoiding

nonlinear losses, light transmission was measured in each waveguide at low on-chip power of 500 uW,

whereas optical losses were calculated based on the light transmission change as a function of a waveguide

length, as shown in Figure 1.6(a). An optical loss coefficient as a function of an SRN waveguide index and

core width is shown in Figure 1.6(b).
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Figure 1.6: (a) Output power as a function of a waveguide length in a 3.15 index SRN waveguide
with a core width of 600 nm, fitted by a linear function in Wolfram Mathematica to retrieve an optical loss
coefficient, (b) optical loss coefficient a as a function of a width of an SRN waveguide core w for various
SRN indices, measured at low optical power for a TE mode, the error bars represent the standard deviation
error from the fitting.

As is apparent from Figure 1.6(b), optical losses in the low-power (i.e. linear) regime increase with
a higher SRN index and a smaller waveguide core width, a result that is consistent with previous research
reports on the subject [28]. Here we note that it is widely accepted in the literature that optical losses are
predominantly caused by Si-H and N-H bonds in SRN films, as well as scattering due to surface roughness
of sidewalls and top surface roughness of the waveguide core [1, 2, 3, 38, 39]. Note that chemical-
mechanical polishing (CMP) can be used to smooth out the top surface roughness to reduce scattering losses
[1, 3, 39], although CMP was not done in our experiments since it was not available to us. Consequently,
large scattering losses prevail in smaller waveguide cores due to waveguide modes being pushed out of the
waveguide core, which leads to a stronger electrical field of a mode being present on the rough sidewalls
of a waveguide. Although, even if a mode is well confined in a larger waveguide, losses still remain high
for a larger SRN index which indicates that SRN material losses also increase for SRN films with a higher
refractive index. Optical losses as high as 21 dB/cm were measured in a 3.15 index SRN in a SM waveguide
with a 375 nm core width, while 8 dB/cm losses were measured in a 2.5 index SRN in a SM waveguide
with a 550 nm core width. Overall, measured optical losses are higher in PECVD SRN waveguides than in

typical c-Si waveguides.
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Figure 1.7: Measured output power increase as a function of on-chip power increase in a
waveguide for an (a) SRN index of 3.2, (b) SRN index of 2.7, the dashed black line indicates no nonlinear
loss.

As noted previously, optical losses also increase with an increase in the pump power in SRN
waveguides for indices greater than 2.7. To observe the effect, the on-chip power was increased from about
1.5 mW to 40 mW (nearly a 15 dB increase) to measure transmission as a function of power. The results
are shown in Figure 1.7 for SRN indices of 2.7 and 3.2, where a measured output power change is plotted

as a function of an on-chip input power change for various lengths of SRN waveguides.

Figure 1.7 shows that the transmission of the pump power in SRN samples having refractive indices
of 2.7 and 3.2 deviates from a linear dependence (indicated by the dashed line), which suggests the presence
of nonlinear losses in the material. The transmission is reduced for higher coupled power in SRN for both
indices for longer waveguide lengths, indicating that the effect is caused by SRN waveguides rather than
GCs, tapers, or other components in the setup. While nonlinear losses were seen in all our SRN waveguides
with indices 2.7-3.2, no nonlinear losses were observed in ¢c-Si waveguides and 2.5 index SRN waveguides.
Furthermore, transmission of the signal power also reduces if high pump power is present in the same
waveguide, the effect gets stronger for a larger SRN index at higher pump power in longer waveguides,
similarly to the pump. For instance, at pump power of 40 mW coupled to an SRN waveguide with a
refractive index of 3.2 and a length of 6.5 mm we observed extra 10 dB of signal loss. Consequently, it

significantly reduces the efficiency of FWM as the pump, signal and idler power get reduced.
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While the particular mechanism for increased nonlinear losses is not entirely understood, it does
not seem to be related to TPA, as explained next (even though some previous publications reported TPA in
a high index SRN [28]). Specifically, in order to examine the source of the cause of these losses, we
measured high power light transmission in the waveguides with a refractive index of 3 with core widths
varying between 440 nm and 5000 nm. Indeed, such a large difference is necessary to reduce the peak
intensity in the larger waveguides in order to minimize (or eliminate) the potential for TPA. In these
measurements the transmission in the larger waveguides did not change significantly, indicating that the
nonlinear loss mechanism depends on average power rather than peak intensity, thereby precluding the
occurrence of TPA. Furthermore, this result also excludes other nonlinear processes that depend on peak

intensity, such as stimulated Brillouin scattering (SBS).

To better characterize the observed nonlinear losses, we introduce the nonlinear loss coefficient f
in Equation (8), that follows the same equation as a TPA coefficient for a given waveguide geometry:

a__ BI? (8)
dz

where I is the optical intensity of a mode propagating in a z direction. Based on the results
demonstrated in Figure 1.7 we calculated an output optical intensity as a function of an SRN waveguide
length and fitted it in Wolfram Mathematica with the solution from the Equation (8), while taking into
consideration an overlap integral in an SRN waveguide core. The result is shown in Figure 1.8(a) for an

SRN index of 3.2. From the fitting we estimated the nonlinear coefficients of multiple indices of SRN

waveguides and presented the results in Figure 1.8(b).
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Figure 1.8: (a) Fitted output optical intensity on chip as a function of a waveguide length for an
SRN index of 3.2 at 40 mW power, (b) estimated S coefficient for different SRN indices, the error bars are
retrieved from fitting in Wolfram Mathematica as the standard deviation error.

It follows from Figure 1.8(a) that the loss coefficient B indeed follows a linear dependence on
optical intensity assumed in Equation (8), similarly to TPA. However, the estimated coefficient S is
significantly higher than the TPA coefficient frps reported in c-Si. Explicitly, frps = 0.015 m/GW in ¢-Si in
the C-band is ~2 orders of magnitude lower than f = (1.82 £ 0.17) m/GW estimated for the 2.7 index SRN
waveguide in our measurements [26]. Furthermore, it is important to note that unlike in the case of TPA, f
depends on geometry of a waveguide. Therefore, the comparison with TPA here is only reasonable for
comparable geometry of waveguides. Nevertheless, the direct comparison clearly demonstrates that SRN
waveguides with a refractive index higher than 2.7 exhibit significantly higher nonlinear losses than c-Si

for CW signals.

A detailed study of the nonlinear loss dynamics is beyond the scope of this manuscript and will be
published elsewhere. Suffice it to say that the effect can be reduced and even eliminated with an appropriate
short-pulse excitation. As an illustration, Figure 1.9 demonstrates the propagation of a pulsed 1550 nm

wavelength laser source, with 200 fs pulses and 10 MHz repetition rate. The pulses were generated by an

FPL-02CFTUSD12 Calmar laser.

As observed in Figure 1.9, even at high peak power of 5 W coupled to a 440 nm wide SRN
waveguide with a refractive index of 3, no nonlinear losses can be observed, and the transmitted power
follows a linear dependence on the coupled power. The last result indicates that not only is it possible to

17



suppress the nonlinear losses with a proper excitation, but, more importantly, it also precludes the TPA as

their source, even at very high peak power.
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Figure 1.9: Measured average output power as a function of on-chip peak power in a 440 nm index
3 SRN waveguide for 200 fs pulses with a 10 MHz repetition rate.

5. Conclusion

In conclusion, we have presented a comprehensive study of the nonlinear optical properties of
silicon-rich nitride single mode waveguides. Our investigation was primarily based on four-wave mixing
efficiency characterization. Specifically, we have demonstrated that the refractive index in SRN
waveguides represents an important degree of freedom that can be used to optimize the nonlinear wave
mixing. Most importantly, novel results have revealed the existence of a trade-off between the nonlinear
response of SRN and optical losses, including nonlinear losses at higher power. In fact, a refractive index
of around 3 (at 1550 nm) of SRN waveguides maximized the efficiency of FWM for CW operation in the
C-band. On top of that, we have measured the maximum 7, = (7.6 £ 0.8) x 1077 m*/W and y; = (12.6 £
1.4) x 107" m*V? in a refractive index 3.2 SRN waveguide, which is almost 4 times larger than that in c-
Si. However, it was also observed that an SRN waveguide with a refractive index of 3.2 suffers from higher
optical losses, limiting the maximum useful length of an SRN waveguide device. The optical losses, caused
by both sidewall scattering and an SRN waveguide core absorption, can be reduced by increasing a

waveguide core thus minimizing scattering losses. We have also observed and characterized nonlinear
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optical losses in SRN waveguides (with a refractive index higher than 2.7) at higher CW power, and we
have shown that the nonlinear losses are not related to TPA as it is possible to altogether eliminate the

nonlinear losses by utilizing high peak power short pulses (200 fs).

Thus, we have established the importance of measuring optical losses at high CW optical power in
order to optimize an SRN fabrication recipe and ensure the optimal operation of nonlinear devices in this

platform due to the existence of nonlinear losses.
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CHAPTER 2 - DYNAMICS OF NONLINEAR OPTICAL LOSSES IN SILICON-RICH NITRIDE
NANOWAVEGUIDES

1. Introduction

Silicon-rich nitride (SRN) on insulator is a promising integrated photonics platform for nonlinear
optics due to its large optical nonlinear response, which increases with higher concentration of Si [1].
Specifically, the third order susceptibility y; of SRN grown by plasma-enhanced chemical vapor deposition
(PECVD) with a refractive index of 3.2 (at 1550 nm) is around 12.6 x 10" m? V=2, which is about 4 times
larger than that of crystalline silicon (c-Si) [1]. A particularly remarkable property of SRN is the ability to
change its linear and nonlinear optical properties in a wide range by changing Si content in SRN thin film
deposition and post-processing parameters. Specifically, changing these parameters allows optimization of
the refractive index, optical nonlinearities, optical losses (including nonlinear optical losses), and optical
transparency window, and thereby maximizing the efficiency of the SRN nonlinear response such as, for
example, wave mixing [1, 2, 3]. Another beneficial property of SRN is its larger refractive index, allowing
the light to be confined tighter in a waveguide, which is crucial for nonlinear wave mixing as it reduces the
waveguide’s effective mode area, thus, improving the overlap between the mode and nonlinear media.
Indeed, the aforementioned set of circumstances enables efficient nonlinear processes in SRN devices such
as four-wave mixing (FWM) [1, 2], supercontinuum generation [4, 5, 6], DC Kerr effect [ 7], nonlinear Kerr
switching [8], intermodal frequency generation [9], second harmonic generation [10]. Another advantage
of the SRN platform is a relatively large electric field breakdown of around 100 V/um [7], much larger than
that of c-Si, around 40 V/um [11]. It increases the efficiency of the devices that require application of strong
electric field, such as electric field induced second harmonic generator (EFISHG) or linearized Kerr effect
electro-optic modulator. Such devices were demonstrated on the c-Si and Si3Ny platforms [11, 12, 13], and
they are yet to be demonstrated on the SRN platform. Additionally, the thermo-optic coefficient of SRN
also increases for higher refractive indices [14], which led to demonstrations of efficient thermo-optic SRN
devices such as bi-stable optical switcher [15], thermo-optic phase shifter [16], and optical phased array

[17], to name a few.
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On the other hand, the seemingly outstanding potential for nonlinear optics applications of SRN is
quenched by the existence of nonlinear optical losses that have been observed and described in SRN in our
prior work [1]. Indeed, nonlinear losses in SRN were reported in multiple instances, and it was suggested
that these are due to the two-photon absorption (TPA) process [18, 19]. However, there are several
mechanisms that can be the cause of nonlinear losses in optical waveguides, including TPA (and multi-
photon absorption in general) [18], free carrier absorption (FCA) [20], stimulated Brillouin scattering (SBS)
[21, 22], stimulated Raman scattering (SRS) [23], self-phase modulation (SPM) [24, 25], cross-phase
modulation (XPM) [26], FWM [1, 2], and others. In fact, the effects that can give rise to nonlinear losses
are distinguishable by the particular way they affect light propagation in waveguides. For instance, all the
mentioned processes have very different generation and relaxation dynamics, with TPA being characterized
as ultra-fast, due to its dynamics being only limited by electron transition times, thus allowing it to be
observed even when short femtosecond optical pulses are utilized [27]. Conversely, nonlinear processes
such as SPM, XPM and FWM induce a spectral change in a propagating optical signal, hence their
contribution can be confirmed by changes in the optical spectrum of the transmitted or reflected light [1, 2,
24,25, 26]. On the other hand, FCA can have very diverse dynamics depending on the material properties,
waveguide geometry, and optical power, owing to the variety of different mechanisms of the free carrier
generation and recombination processes. Specifically, Auger, Shockley-Read-Hall (nonradiative),
radiative, surface recombination processes are responsible for free carrier absorption, while TPA and
defects (with energy states in a bandgap serving as recombination-generation (R-G) centers) are responsible
for free carrier generation [20, 28, 29, 30], affecting the FCA dynamics substantially. In addition, it is
important to emphasize that FCA does not lead to any spectral change of a propagating optical signal at a
given optical frequency/wavelength, making it impossible to be identified by a mere measurement of the
signal transmission spectrum [28]. Therefore, it can be problematic, at best, to confirm that any observed
nonlinear loss is caused by FCA. Nonetheless, there are different ways to identify this loss mechanism. For
example, the latter can be accomplished by measuring the loss dependence on the wavelength of light and
comparing it to the predictions of the Drude model [31, 32, 33], which specifically predicts higher losses

21



for longer wavelengths. Alternatively, FCA dynamics can be characterized to estimate the recombination
lifetime to determine the presence of particular recombination mechanisms such as Auger, or Shockley-
Read-Hall recombination [29, 34]. In fact, FCA is commonly observed in c-Si and amorphous silicon (a-
Si) waveguides in C-band. Here TPA generates free carriers, leading to nonlinear optical losses that limit
applications of Si in nonlinear optics [30, 35, 36, 37]. In addition, we previously observed nonlinear losses
in SRN waveguides with refractive indices larger than 2.7 in C-band for the continuous wave (CW)
operation [1]. However, we established that such losses are not caused by TPA as demonstrated by the
observation of linear transmission of high peak power short optical pulses (5 W, 200 fs) at the repetition
period of 100 ns [1]. Those results clearly established that the cause of the losses had a generation lifetime
longer than 200 fs. We also determined that such losses cannot be due to SBS, SRS, SPM, XPM, FWM

nonlinear processes mentioned above [1].

In this manuscript, we conduct a comprehensive investigation into the cause of the nonlinear losses
observed in PECVD SRN waveguides and present detailed results on their dynamics. Furthermore, we
provide evidence that the observed nonlinear optical losses in our SRN waveguides are caused by FCA.
Specifically, we measured electrical current in SRN thin films across a range of refractive indices from 2.5
to 3.2 to determine the presence of free carriers. During the measurements, C-band laser light was incident
on the films while a DC electric field was applied. In this setup, indeed, we observed a photo-induced
current (photocurrent), which was found to increase exponentially with the SRN waveguide refractive
index, indicating the generation of free carriers under light illumination. This finding, to the best of our
knowledge, is a novel result. In addition, we introduce a novel approach for measuring both generation and
recombination dynamics of the nonlinear losses induced by FCA in SRN waveguides. This approach is
based on a single complex shape optical signal pulse source, as opposed to the common pump-probe
approach where both optical pump pulse and signal are used [34]. Notably, free carrier generation and
recombination dynamics were characterized for various SRN waveguides across a range of refractive

indices and optical powers, and the new finding reveals that as the SRN refractive index increases, both
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generation and recombination lifetimes decrease. Most importantly, it was demonstrated that nonlinear
losses can be minimized or altogether avoided by utilizing optical pulses shorter than the generation
lifetime, while ensuring that the repetition period of the pulses is longer than the recombination lifetime.
Thus, this approach enables the exploitation of the large nonlinear properties of SRN while avoiding
nonlinear losses. Here we also want to note that our PECVD SRN deposition recipe is unique to our group,
therefore the obtained results may be different for various SRN preparation methods (such as low-pressure
chemical vapor deposition (LPCVD), inductively coupled plasma chemical vapor deposition ICPCVD),

PECVD, etc.) and specific recipes used by other research groups.

The manuscript is organized as follows: The photocurrent experiment conducted in SRN thin films
is analyzed and described in Section 2, characterization and analysis of the nonlinear loss dynamics
observed in SRN waveguides is presented in Section 3, whereas the discussion of the findings and

conclusions are summarized in Section 4.

2. Photo-Induced Current in SRN Thin Films
2.1 Fabrication and Setup

The primary purpose of this section is to demonstrate that the observed nonlinear optical losses in
SRN waveguides in C-band are caused by FCA due to photo-induced free carriers generated in SRN.
Indeed, in this case photocurrent ought to be observed in a high refractive index SRN thin film when C-
band laser light is incident on the film, due to the generated free carriers. Furthermore, a proper approach
should consist of measuring the photocurrent in SRN film samples with varying refractive indices in order
to ensure that the photocurrent increases with the refractive index, similarly to the trend observed in the
associated nonlinear optical losses in SRN waveguides. With that objective, five different SRN film
samples with different indices (2.5, 2.65, 2.85, 2.95, and 3.15) were fabricated and characterized. In
particular, Figure 2.1(a, b) demonstrate two different fabrication flows implemented for our SRN samples.
Specifically, in the first approach described in Figure 2.1(a), a Heidelberg MLA 150 photolithography

equipment was used to expose an electrode pattern, followed by Au sputtering in a Denton 635 sputter
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system, after which the lift-off was implemented in a Remover PG. Finally, SRN thin film and SiO»
cladding were deposited in an Oxford Plasmalab PECVD system on the top of the sample. It is also worth
mentioning that covers were placed on the top of the samples, specifically in the electrode pads’ locations,
to protect them from SRN and SiO» cladding deposition. This allowed electrode probes to be attached to
the corresponding pads, enabling the application of a DC electric field. Notably, the fabrication flow shown
in Figure 2.1(a) simplified the fabrication process. Indeed, the adopted approach made possible to use the
same dose and defocus of the photolithography process, regardless of an SRN thin film refractive index
and its thickness, since the film was deposited after the photolithography exposure of an electrode pattern.
Note that an optimal dose and defocus would be different for each SRN index if the photolithography was
done after SRN thin film deposition. Furthermore, the gap between the electrode tips (electrode gap) was
varied in size between 12 um, 15 pm, and 20 pm to diversify the photocurrent measurement results not to
rely on a single measurement per sample. Meanwhile, the electrode length was 50 um for all samples. The
electrode gaps were intentionally made small to enhance the applied DC electric field and, thus, to increase
the photocurrent, which was expected to be small in the first place. The thicknesses of electrodes and SRN
films were designed to be about 700 nm - thick enough to generate the detectable photocurrent, while
avoiding thin film cracking due to stress. Additionally, an alternative fabrication approach, shown in Figure
2.1(b), was implemented to specifically demonstrate the effect of rapid thermal annealing (RTA) on the
photocurrent in the fabricated SRN samples (as detailed in Section 2.2). In fact, it was found critical to
anneal SRN deposited on a SiO, substrate before fabricating the electrodes, since otherwise the electrode
tips would bump into each other after annealing, as a consequence of SRN films being compressed during
the annealing at high temperatures. In the adopted approach, the photocurrent is still generated in an SRN
film even with the presence of SiO. between the electrode tips, since the DC electric field permeates the
material underneath the electrodes, where there is a contact with an SRN thin film. The electrode gaps and
SRN thin film thicknesses for the annealed samples (from Figure 2.1(b)) were consistent with those
described in Figure 2.1(a), while the thickness of Au electrodes was 400 nm. Finally, Figure 2.1(c) shows
a microscope image of the electrode tips for the approach presented in Figure 2.1(b).
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Figure 2.1: Schematic of a fabricated SRN sample with electrodes where (a) SRN thin film was
deposited on Au electrodes, (b) SRN thin film was deposited on SiO- substrate, then Au electrodes were
fabricated on top of SRN film; (c) image of electrode tips fabricated on SRN film, the electrode gap is 20
um; (d) setup for photocurrent measurement depicting a sample with electrodes (grey) attached, SM fiber
patch cable (yellow) with a bare fiber (blue) on the left to couple light onto the sample surface (green
arrow), and MM fiber patch cable with a MM bare fiber on the right to couple light out.

The setup used to characterize the photocurrent as a function of the SRN index is shown in Figure
2.1(d). A laser (Agilent 81980A), emitting at 1540 nm, was used to illuminate the sample and generate the
free carriers. The light was coupled to a single mode (SM) patch cable (mode field diameter ~10 pm) with
a bare fiber tip pointing towards the SRN sample. Since the gap between the fiber tip and the sample surface
was on the order of 10 um, a beam divergence could be neglected since the Rayleigh length was estimated
at 50 um. Therefore, the beam size was maintained at ~10 pm, as was necessary to fit the SRN aperture
located between the electrode tips. At the opposite end of the SRN sample, light was collected by a multi-
mode (MM) 50 um core fiber which facilitated the alignment of the SM fiber relative to the SRN aperture
and, thus, maximization of measured photocurrent. A Keithley 2400 source meter was used to apply the
DC electric field across the SRN film and measure the generated photocurrent, wherein needle electrodes,
connected to the source, were attached to the electrode pads deposited on the SRN samples. The fibers,
samples, needle electrodes were placed on positioning stages to allow accurate alignment of all the

components.
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2.2. Experimental results

DC voltage of 210 V was applied to the electrode pads to generate and measure the electric current
in the SRN samples. Notably, a non-negligible current was observed in the SRN samples even in the
absence of laser light. However, a markedly stronger current was detected when the laser was engaged (its
power was set to 14 dBm), indicating a presence of strong photocurrent. Under the described conditions it
is natural to introduce a total current I, consisting of a sum of the current when there is no light /y, and the

photocurrent /,,, when the sample is exposed to laser light, such that:
I=1Iy+ Iy €y

Figure 2.2(a) shows I and Iy measured as a function of an SRN refractive index when the DC
voltage of 210 V was applied to the electrodes having the gaps of 20 um and 12 um. It is apparent that the
current dependence on the SRN index is exponential (i.e. linear in the semi-logarithmic scale) for both
electrode gaps, indicating a significant increase in the free carrier concentration in SRN films with a higher
index. Note that the experiment was conducted in a dark room to minimize current generation from the
ambient light. In particular, Figure 2.2(b) demonstrates the total current as a function of an SRN refractive
index for the electrode gap of 12 um fitted by a linear function in Wolfram Mathematica. Based on the
fitting, we derived the following formulae for the total current dependence on the SRN refractive index:
I = 10~ (89ELN+(71205) s for the gap of 20 um, and I = 10~ 197210+ 520505 for the gap of 12
um, where n,, is the SRN refractive index, and the presented error bars are based on 95% confidence
intervals. As can be observed in Figure 2.2(a), overall, a stronger current is generated when the electrode
gap is smaller due to the consequent larger electric field between the electrodes’ tips, as dictated by the
Ohm’s law. This also demonstrates why it was important to keep the SRN area between the electrodes as
small as possible — namely to increase the generated photocurrent so that it can be detected even at lower

refractive indices of SRN.
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Figure 2.2: (a) Current as a function of an SRN refractive index at 210 V DC. Dashed lines
represent the total current / when 14 dBm of power is on (Light on), while solid lines represent the current
when there is no light /, (Light off); blue is for the electrode gap of 20 um, orange is for 12 um, (b) total
current as a function of an SRN refractive index for the electrode gap of 12 um (dashed orange line from
(a)) fitted by a linear function in Wolfram Mathematica.

Notably, both Iy and 7, appear to be negligible for the lowest SRN index of 2.5. This observation
agrees well with the premise that the nonlinear losses observed in SRN waveguides are due to FCA, since
the nonlinear losses were not observed in SRN with the index of 2.5, which was demonstrated in our
previous work [1], and will be further elaborated on in the current manuscript in the next section. It suffices
to note at this point that the largest photocurrent was observed in the sample with the highest SRN refractive
index of 3.15, matching the equivalent result for the nonlinear losses observed in SRN waveguides.
Needless to say, the observed behavior strongly implies free carrier generation by the incident light. The

generated carriers, in turn, absorb the light, subsequently causing nonlinear losses in SRN waveguides.

We also rigorously measured the photocurrent 7, (defined as 7 — Iy) as a function of optical power
in the fabricated SRN samples to determine if it follows a linear trend. The measured curves, fitted by a
linear trend in Wolfram Mathematica, are shown in Figure 2.3(a) for SRN indices of 3.15 and 2.95 with
210 V of DC voltage applied for the 12 um electrode gap. It can be seen that photocurrent observed in the
SRN sample with the index of 3.15 exceeds that measured in the sample with the index of 2.95 for any
optical power. Interestingly, it starts growing at a faster rate (at the power of around 15 dBm) than predicted
by the linear dependence. The observed rise in photocurrent ultimately leads to electric field breakdown at

higher optical power. On the other hand, the SRN sample with the index of 2.95 clearly exhibits a linear
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dependence of the measured photocurrent, even for higher optical powers. More importantly, no voltage
breakdown was observed in the second sample with the refractive index of 2.95, nor has it been observed
in any samples with a refractive index lower than 2.95. Overall, the photocurrent is consistently larger for

a higher SRN refractive index at any optical power used.

(a) 10¢ X E(b) 1000
m Index 3.15 { = As-grown
Index 2.95 {500 RTA at 800 °C
1000 2

100
100 [
50

Photocurrent (nA)

10

~ Photocurrent (nA)

10

5 10 15 20 0 5 10 15 20
Power (dBm) Power (dBm)

Figure 2.3: Photocurrent /,; as a function of optical power at 210 V DC applied for (a) SRN indices
of 3.15 (blue) and 2.95 (orange), (b) as-grown SRN film with refractive index of 2.95 (blue) and annealed
one at 800 °C (orange). The data was fitted by a linear trend in Wolfram Mathematica.

As for the origin of the observed trend, it is well-known that SRN with a higher refractive index
contains more Si and hydrogen (H) [1]. In fact, the latter is due to the silane SiH4 gas used in PECVD SRN
deposition. Specifically, since the measured photocurrent increases with the SRN sample refractive index,
it is crucial to understand whether the increase in Si, H, or both-related defects or impurities are responsible
for the observed increase of the photocurrent. Accordingly, with the purpose of determining the effect of
Si/H defects or impurities on the photocurrent, we fabricated two identical SRN samples with the index of
2.95 following the approach depicted in Figure 2.1(b), then implemented RTA at 800 °C for 2 min for one
sample with the aim of reducing the defect density [38, 39, 40]. As a result of the described annealing
process, we observed an increase in the sample’s refractive index to 3.15, as a consequence of the increased
concentration of Si and density of the film. We subsequently measured the photocurrent in the pair of
samples (i.e. in an as-grown SRN film and the annealed sample), and it was confirmed that RTA indeed did
reduce the photocurrent measured in the corresponding SRN samples with various electrode gaps (12 um,

15 um, and 20 um). The photocurrent was once again captured for this set of samples as a function of
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optical power. The results are presented in Figure 2.3(b), and, similarly, the photocurrent in the as-grown
sample was found to consistently exceed that in the annealed one, despite the fact that the refractive index
of the latter was much higher. Therefore, it is straightforward to conclude that RTA at 800 °C for 2 min of
SRN results in a reduction of the photocurrent. Since annealing is known to reduce the defect density [38,
39, 40], we hypothesize that the photocurrent is caused by the defects present in SRN samples. On the other
hand, the fact that the photocurrent remains relatively large even in the annealed samples implies that either
the remaining defects and impurities cause the photocurrent, or there is some other mechanism that may be
responsible for carrier generation. In any event, the detailed study of defects and impurities present in SRN,

while necessary for full comprehension, is beyond the scope of this manuscript.

3. Nonlinear Loss Dynamics in SRN Waveguides
3.1 Fabrication and Setup

Having established FCA to be the main cause of the nonlinear optical losses in SRN waveguides,
we set out to rigorously characterize its dynamics and measure both the associated free carrier generation
and recombination lifetimes. For reference, it should be noted that in our previous work [1], we have
determined that TPA is absent in the fabricated SRN waveguides at the power levels where the nonlinear
losses are observed. This consideration also indicates that the cause of free carrier generation is related to
the defects present in SRN films (as supported by the experimental results in Section 2 above). Therefore,
given that larger nonlinear losses were observed in higher refractive indices of SRN waveguides [1], a
reduction of carrier generation and recombination lifetimes is anticipated due to the increase in the defect
density. Moreover, it should be possible to avoid nonlinear losses altogether by using optical pulses shorter
than the generation lifetime, provided that the pulse repetition period is longer than the recombination
lifetime to avoid carrier accumulation and facilitate the carrier recombination process. To strictly determine
whether these statements indeed hold true, we assembled the setup presented in Figure 2.4(a), which
allowed us to characterize the dynamics of the optical pulse transmission in SRN waveguides. In the setup
shown in Figure 2.4(a), a 12.5 Gb s! N4903A pattern generator from Agilent Technologies (generally
known as a J-BERT) was used to generate an electrical pulse pattern to drive a 40 GHz lithium niobate
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intensity modulator, which was used to shape optical pulses by modulating a 1540 nm optical signal emitted
by an Agilent 81980A CW laser, after a transverse electric (TE) polarization was set by polarization
controllers. A C-band erbium-doped fiber amplifier (EDFA) was used to amplify the optical pulse stream,
whereas an optical isolator was placed immediately after the amplifier to prevent the high peak power pulse
back reflection into the EDFA. Next, a beam splitter was used to direct -20 dB of the optical pulse power
to an HP 83485B 30 GHz optical detector for monitoring on an 83480A digital communications analyzer
(DCA) from Hewlett Packard, used as a sampling oscilloscope. The rest of the optical pulse power was
coupled to the SRN waveguide under test (the cross-section presented in Figure 2.4(b)), after a TE mode
was set by polarization controllers. Finally, -10 dB of a transmitted optical pulse was coupled to an optical
power meter to measure average transmitted power, while the rest was coupled to an 83440D 32 GHz
lightwave detector from Agilent, connected to the sampling oscilloscope to capture and characterize the

dynamics of transmitted optical pulses.

The probing (signal) optical pulse (observed on the oscilloscope) had a rise time of about 50 ps and
was limited by the rise times of the pattern generator, the sampling oscilloscope, and the 32 GHz
photodetector. Consequently, the specified pulse duration allowed reliable measurements of the carrier
generation lifetime as short as 50 ps. On the other hand, the maximum repetition pulse period was limited
to ~2 us, as confirmed experimentally, to ensure that the optical pulse distortion (caused by the EDFA
transition dynamics) is avoided. Therefore, the described experimental condition allows the measurement
of a carrier recombination lifetime as long as 2 ps. As will be shown later, the observed nonlinear loss
dynamics fit well within the specified limits, enabling an accurate determination of both recombination and
generation lifetimes. Note that the repetition period shorter than the EDFA transition dynamics, such as in
our case, enables enhancement of the peak power Pk, with respect to the average power P.,, for a pulse
duty cycle D, as Pyeak = Pav/D. In our case, the pulse duration and repetition period were 200 ns and 2 ps,

respectively, leading to a duty cycle of 0.1, and thus, Ppea/Pay = 10, allowing creation of high peak power
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optical pulses. Therefore, this setup allowed us to increase the peak power without changing the average

power by simply altering the pulse duration duty cycle ratio.
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Figure 2.4: (a) Block diagram of the setup used to characterize nonlinear loss dynamics by
measuring optical pulse transmission, where blue arrows represent an electrical signal, gray arrows
represent an optical signal. PG: Pulse pattern generator as an electrical pulse source, EOM: Electrooptic
modulator based on lithium niobate, EDFA: Erbium-doped fiber amplifier, OI: Optical isolator, BS: Beam
splitter, PC: Polarization controller, HSD: High speed photodetector, OPM: Optical power meter, DCA:
Digital communications analyzers as a sampling oscilloscope. (b) Cross-section of an SRN waveguide used
in the experiments. Normalized optical power of a signal pulse measured on the oscilloscope, used to
characterize the nonlinear loss dynamics in SRN waveguides: (¢) Large timescale (500 ns) demonstrating
a complex shape pulse consisting of a 200 ns pulse followed by a time-comb of short ~200 ps pulses, (d)
short timescale (~2.5 ns) demonstrating the front edge of the pulse with the rise time of about 50 ps.

In general, it is possible to estimate a free carrier generation lifetime by using only one optical
pulse source (signal) by measuring the pulse transmission through a device, even though two sources of
light are typically utilized (pulsed pump and CW probe) to measure a recombination lifetime [34]. However,
in our study, we implemented a different approach, taking advantage of the pulse generator’s ability to
generate non-return-to-zero patterns (a binary code). Specifically, a generated waveform used to probe the
SRN samples consisted of two parts, where the first part was a continuous 200 ns long optical pulse that
generated free carries, while the second part consisted of a series of short isolated 200 ps pulses, in effect

forming a comb in the time domain, as demonstrated in Figure 2.4(c). Such a comb created only a negligible
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concentration of free carriers, since the duration of each constituent pulse was shorter than the free carrier
generation lifetime, thus not affecting the free carrier recombination. Therefore, the lifetime of the latter
can be estimated simply by observing the response dynamics of the comb at the output of the SRN
waveguide under test (i.e. transmission dynamics). Consequently, as explained above, our novel approach
allowed us to characterize both generation and recombination lifetimes based on transmission dynamics,
by using just an optical pulse signal, simplifying the free carrier dynamics characterization. Additionally,
Figure 2.4(d) shows the front edge of the 200 ns optical pulse (same as from Figure 2.4(c)) exiting from
the EDFA, and it can be seen that the rise time is around 50 ps. The minor amplitude variation (<10%), that

is observed in both Figure 2.4(c)-(d), is caused by the transient dynamics of EDFA.

To demonstrate how FCA dynamics changes with the SRN index, multiple SRN waveguides with
the length of 6.5 mm were fabricated for the indices of 2.5, 2.7, 3.0, and 3.15, and the corresponding widths
of the waveguides were 550 nm, 500 nm, 440 nm, and 375 nm, while the corresponding thicknesses were
383 nm, 386 nm, 337 nm, and 343 nm, similar to these used in our previous work [1]. Fully etched linearly
apodized grating couplers (GC) were used to couple light in and out of waveguides, while 300 pm long
tapers were used to adiabatically change the mode size [41]. Specifically, the following fabrication flow
was utilized [1]: First, Si device layer was removed from silicon on insulator (SOI) substrates by a
tetramethylammonium hydroxide (TMAH) wet etching such that only 3 um of the buried oxide (BOX) was
left on the top of the Si substrate (note that this step can be avoided if Si samples with only SiO, layer on
the top are available). Then, a PECVD SRN thin film was deposited in an Oxford Plasmalab PECVD
system, where the SiHs with N> precursor gases were used, with the chamber temperature set to 350 °C,
and pressure to 650 mTorr. Next, e-beam lithography was implemented to expose a hydrogen
silsesquioxane (HSQ) e-beam resist spun on SRN thin films. After HSQ development, the sample was
etched in an Oxford Plasmalab P100 system, and HSQ was removed by 6:1 buffered oxide etch (BOE)

solution mixed with de-ionized (DI) water in the ratio of 1:10. Finally, the samples were clad with 1 pm of
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a PECVD SiO; deposited by the Oxford Plasmalab PECVD system. The cross-section of the device is

demonstrated in Figure 2.4(b).

Table 2.1 summarizes some important parameters of our fabricated samples [1], including the SRN
refractive index n,,, the waveguide core width w, the waveguide core thickness d, the overlap integral
estimated from Lumerical (Ansys) simulations 7, the linear optical loss coefficient a measured by a cutback
method, the GC coupling efficiency per one grating u. It is worth noting that due to a change of an SRN
refractive index it was necessary to adjust the geometry of a waveguide to maintain a consistent mode
overlap integral. At the same time, changing the geometry of the waveguides may affect surface
recombination, altering a free carrier lifetime. Therefore, the waveguide geometries of the samples were
kept as similar as possible to minimize the effect on measurements when comparing data from samples
with different indices.

Table 2.1: SRN waveguide and GC parameters for different samples used in the experiments.

Nsrm w [nm] d [nm] I o [dB/cm] u [dB]
2.5 550 383 0.49 8 -6.8
2.7 500 386 0.51 16 -4.4

3 440 337 0.5 19 -4.9
3.15 375 343 0.42 21 -6

3.2 Experimental Results

Figure 2.5(a) demonstrates the dynamics of the transmitted optical pulses for the peak power of 21
dBm coupled to SRN waveguides. As evident in Figure 2.5(a), a sharp drop in transmitted power by about
80% and 50% is observed for sample indices of 3.15 and 2.7, respectively, indicating a strong nonlinear
loss effect. Furthermore, the time-comb structure, following the long pulse, effectively sampled the
recombination process with the comb pulses’ amplitudes growing in time. Lastly, the carrier generation
dynamics, captured by the long (200 ns) pulse from Figure 2.5(a), is presented on a shorter timescale in
Figure 2.5(b) to demonstrate explicitly that most of the power transmission decline happens on the scale of

10 ns.

It is also worth noting that while the signal pulse distortion can be observed in Figure 2.4(d), it is
deemed insignificant since its maximum amplitude variation is less than 10%, i.e. negligible compared to
the amplitude decline caused by the nonlinear losses (i.e. 50% — 80% from Figure 2.5(a)). In a similar

fashion, the EDFA-caused long pulse drop observed in Figure 2.4(c) does not contribute to the captured
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dynamics significantly. Indeed, the total amplitude change is about 10% over 200 ns time-window of the
pulse duration. However, within the scale of 10 ns where the nonlinear loss dynamics primarily occurs, the
EDFA-caused amplitude change is only around 0.5%, which can be neglected with respect to the magnitude
of the nonlinear losses. Therefore, based on the presented arguments, the generated optical pulse signal can
indeed be used to accurately characterize transmission dynamics, thus enabling estimation of generation
and recombination lifetimes with relatively high accuracy. Interestingly, we can see that the nonlinear loss
dynamics presented in Figure 2.5(b) is much smoother for the SRN refractive index of 3.15 since it is
mostly affected by the faster carrier generation dynamics, as evident by the sharper decline of the pulse
transmission. Meanwhile, in the case of index 2.7, the carrier dynamics is clearly slower and is slightly
affected by the signal pulse perturbations seen in Figure 2.4(d). This example also demonstrates why it was
important to use longer waveguides and higher optical signal power, thus causing stronger nonlinear losses
—namely to increase the accuracy of the measurements by minimizing the impact of the generated signal

pulse deviation from an ideal boxcar function.
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Figure 2.5: Optical pulse transmission dynamics in an SRN waveguide measured on the
oscilloscope at the coupled peak power of around 21 dBm for the indices of 3.15 (blue) and 2.7 (orange),
(a) Large timescale (500 ns) demonstrating a 200 ns pulse followed by a comb of short pulses, (b) short
timescale (20 ns) demonstrating the front edge of the pulse affected by the nonlinear loss dynamics.

In principle, we can introduce the signal loss a (i.e. a reduction in transmission caused by the
nonlinear loss) such that a = I — T, where T is the normalized signal transmission of the optical pulse

signal, as shown, for example, in Figure 2.5(a). Then, the free carrier generation and recombination

34



lifetimes can be extracted from the captured transmission T or signal loss a dynamics assuming the

underlying first order model:

dt t T
@ = Aa; — & (3)
dt t T ’

where the indices i = g or i = rec refer to the generation or recombination dynamics, respectively,
t is time, AT (or Aa) is the signal transmission (or loss) change rate, and 7 is the -carrier
generation/recombination lifetime. Note that Equation (2)-(3), which are identical to that describing the

free carrier concentration dynamics, have a straightforward solution:

T;(t) = AT;1; <1 - e_%> 4

a;(t) = Ada;t; <1 - e_TLi> (5)

It is worth noting that when considering carrier generation dynamics, it is more convenient to work
with the signal loss dynamics which follows Equation (5), since in this case Aa, acquires a physical meaning
of a normalized signal loss rate (measured in s'), which is proportional to the free carrier concentration
generation rate. At the same, the value 7, is defined as the time it takes for the signal loss to reach the

Amax(1 — 1/e) level, where amax = Aagtg is the maximum signal loss achieved in the limit ¢ > 7,4, as

follows from Equation (5), and denotes the free carrier generation lifetime. Hence, the important parameters
such as Aa, and 7, can be retrieved from fitting the signal loss dynamics, as shown in Figure 2.6(a).
Likewise, Equation (4) allows estimation of the recombination lifetime 7., although in our case the
transmission dynamics of the time-comb is used for the parameter extraction instead. With that purpose,
we measured the transmission peaks of each pulse from the time-comb and fitted them to the function

described by Equation (4), as shown in Figure 2.6(b), to retrieve the recombination lifetime Trec.
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Figure 2.6: (a) Dynamics of signal loss a dynamics in an SRN waveguide caused by free carrier
generation at the coupled peak power of around 21 dBm for the index of 2.7, fitted using Equation (5) in
Wolfram Alpha, (b) transmission dynamics of the comb in an SRN waveguide demonstrating free carrier
recombination dynamics at the coupled peak power of around 21 dBm for the index of 2.7, where dots
represent the transmission peaks of each pulse in the comb, fitted using Equation (4) in Wolfram Alpha.

Figure 2.7(a) shows the signal loss rate Aa, as a function of the pulse peak power (coupled to the
waveguide) for various SRN indices extracted from the captured carrier dynamics. As can be seen in Figure
2.7(a), the signal loss rate increases with both the peak power and the SRN index. Specifically, the increase
of signal loss rate Aa, with power is recognized as linear, implying that the free carrier concentration is
proportional to the incident optical power, as expected. Indeed, the linear relation suggests that the free
carriers are not generated by TPA (which would lead to a quadratic dependence of free carrier concentration
on power), but rather by defects in SRN. Likewise, Figure 2.7(b) shows free carrier generation lifetime z,
as a function of the peak power and the SRN index, and we can observe that 7, reduces with both parameters.
Furthermore, the evolution of Aa, and 7, is necessarily correlated since the larger Aa, depletes the
propagating pulse at a faster rate, resulting in a reduction of 7,. However, it is also reasonable to separate
these quantities since they have a distinct physical meaning, as explained in the paragraph above. Overall,
the shortest generation lifetime measured in our experiments is around 500 ps, and it was captured for the
highest peak power of 24 dBm (coupled to the waveguide) for the sample with the refractive index of 3.15.
More importantly, the last quoted value for the carrier lifetime is important since it strictly determines how
short the pulses need to be in order to minimize (or avoid) the FCA dynamics and, therefore, the undesired

nonlinear losses. Consequently, it can be concluded that for the index of 3.15, the nonlinear losses
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significantly decrease for pulses shorter than 500 ps. Similarly, for the index of 2.7 and the peak power of
25 dBm, the pulse duration should be less than 2 ns to minimize the effects of FCA. Thus, a reduction in
the SRN refractive index provides a dual advantage: it leads to a decrease in the magnitude of the nonlinear
losses determined by Aa,, and it also increases the maximum pulse duration that can be used without
experiencing the nonlinear losses. However, as demonstrated in detail in [1], this trend, unfortunately, also
leads to a steady reduction in the SRN optical nonlinear response, indicating a tradeoff between the
nonlinearities and losses. For completeness, we also note that no nonlinear losses were observed for the
SRN samples with the index of 2.5 (and, thus, the results are not presented here). Lastly, Equation (5)
implies that the signal loss (or transmission) eventually reaches a steady state (i.e. saturation) at the value

of Amax = Aayty, which can be observed when the incident pulse duration is much longer than the free

carrier generation lifetime z,. For reference, the latter case is observed in Figure 2.5(a) for the 200 ns pulse.
In other words, the saturation implies that the steady state is achieved in the carrier generation dynamics,
with no further growth in the free carrier concentration. Therefore, the minimum transmission 1 — a4, at
the saturation is an important parameter that describes the maximum nonlinear losses achieved in a steady
state in both pulsed and CW excitation regimes. Hence, the minimum transmission was estimated from the
measured free carrier generation dynamics, shown in Figure 2.5(a), as a function of the peak pulse power
and presented in Figure 2.8(a). Evidently, we observed the minimum transmission of about -8 dB for the
highest SRN index of 3.15 at the peak power of 24 dBm. The minimum steady-state transmission increases
to the value of about -2 dB as the peak power is reduced to 12 dBm. Finally, we also point out that it is
possible to reduce the transmission losses to just 1-3 dB by utilizing SRN waveguides with the index of 2.7
at the peak powers in the range of 14-25 dBm. Overall, the results align with the conclusions drawn in the

preceding paragraph, indicating that a reduction in the SRN index correlates with a decrease in Aag.

37



(a) (b)

SRN index
m3.15
! 3.0 -
R —
m27 / 2 T~

0.50

dag (ns™")
\
\
\
g (ns)

SRN index
0.10 = 3.15
3.0
0.05 . m27
12 14 16 18 20 22 24 16 18 20 22 24
Peak power on chip (dBm) Peak power on chip (dBm)

Figure 2.7: (a) Signal loss rate da, as a function of a pulse peak power coupled to an SRN
waveguide for the indices of 3.15 (blue), 3 (orange), 2.7 (green), (b) carrier generation lifetime 7, as the

function of pulse power coupled to an SRN waveguide for the indices of 3.15 (blue), 3 (orange), 2.7 (green).
The error bars are obtained from fitting in Wolfram Alpha and are based on 95% confidence intervals.

Figure 2.8(b) demonstrates the recombination lifetimes 7. obtained from the fitting presented in
Figure 2.6(b) for a set of varying refractive indices and pulse peak powers (coupled to the SRN waveguide).
Remarkably, like in the case of the free carrier generation lifetime z,, increasing the refractive index of SRN
leads to larger recombination lifetimes, which may indicate higher concentration of defects participating in
the recombination. However, it is also important to note that the recombination lifetimes do not change
with the peak power within the margins of errors, contrary to the case of carrier generation lifetimes, which
indicates an absence of Auger recombination mechanism [28]. Overall, the largest recombination lifetime,
which was measured in an SRN waveguide with the index of 2.7, is around (92+7) ns (averaged over 5
points representing different peak powers, where a margin of error represents a standard deviation error),
while it is (3943) ns and (31£2) ns for the indices of 3 and 3.15, respectively. We also note that the
recombination lifetimes play an important role in optical pulse tailoring with the purpose of avoiding
nonlinear losses. Indeed, as stated previously (and repeated here for completeness) the pulse repetition time
ought to be longer than the sample recombination lifetime to allow the free carriers to recombine, prior to

the arrival of the next pulse.
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Having determined the free carrier generation and recombination lifetimes, it was possible to
optimize optical pulse’s duration and repetition rate to minimize nonlinear optical losses. Indeed, one
should expect that if the pulse duration is set to be shorter than z,, and the repetition period longer than 7.,
free carriers dynamics will be unable to affect propagating optical pulses, as discussed above. In fact, with
that purpose we measured the transmission of an optical pulse (with the repetition period of 2 us, larger
than 7..) in an SRN waveguide, with the index of 3.15 at the coupled peak power of 24 dBm, as a function
of the pulse duration and presented the result in Figure 2.9(a). Note that the transmission was calculated as
an energy of the transmitted pulse divided by the energy of the signal pulse coming from the EDFA, after
which it was normalized by the maximum value (measured at 100 ps pulse duration). As expected, a sharp
increase in the transmission is observed as the pulse gets shorter. For completeness, Figure 2.9(b) shows
transmission of optical pulses for different pulse durations. As clearly demonstrated by the results in Figure
2.9(b), the part of the pulse, characterized by the sharp decline of amplitude (due to the FCA), can indeed
be significantly shortened by decreasing the pulse duration, thus leaving only the part of the pulse least
affected by the FCA. Hence, it enables utilization of high index SRN waveguides for certain applications
where short optical pulses can be used, while avoiding the nonlinear losses and benefiting from the large

optical nonlinearities of SRN [1].
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Figure 2.9: (a) Pulse transmission as a function of the pulse duration for SRN index of 3.15 and
coupled peak power of 24 dBm, (b) pulse transmission dynamics for the pulse durations of 100 ps (blue),
300 ps (orange), 600 ps (green) for SRN index of 3.15 and coupled peak power of 24 dBm.

4. Discussion

In summary, we have provided compelling and detailed evidence that the observed nonlinear
optical losses in SRN waveguides are attributed to FCA. Indeed, we observed photocurrent in SRN thin
films with the refractive indices in the range of 2.65 - 3.15, which serves as a clear signature of the generated
free carriers, and determined that it increases with the SRN refractive index. Similarly, we established that
the nonlinear optical losses observed in SRN waveguides, within a comparable range of the refractive
indices, also increase with the refractive index. On the other hand, negligible photocurrent in the SRN thin
films and absence of nonlinear losses in the corresponding waveguides were observed for the index of 2.5,
clearly indicating the absence of free carriers in this case. The aforementioned set of circumstances strongly
supports the hypothesis that the photocurrent and the nonlinear losses indeed have the same origin —namely
the generated free carriers. Furthermore, it is evident that the free carriers are not generated by TPA, since
the last was not observed at the optical powers used in this work [1]. Additionally, it was found that the
signal loss rate Aag, which is proportional to the free carrier generation rate, grows linearly with the optical
pulse peak power, as in the case when defects generate free carriers. We, therefore, conclude that various
defects and/or impurities present in SRN films with a large refractive index facilitate both the free carrier
generation and recombination processes. Moreover, based on the FCA dynamics observed in SRN

waveguides, we determined that both free carrier generation and recombination lifetimes decrease with the
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refractive index of SRN samples, stemming from the associated increase of the defect density in SRN
samples with higher refractive indices. Specifically, the free carrier recombination lifetimes of (92+7) ns,
(3943) ns, and (31+2) ns were estimated for the SRN indices of 2.7, 3 and 3.15, respectively. Notably,
voltage breakdown was observed in an SRN thin film for the highest index of 3.15 at a relatively low DC
electric field of around 20 V um', and it can be explained by the presence of a high defect density in the
SRN film [42, 43, 44]. On the other hand, a noticeable reduction of the photocurrent was observed in the
SRN thin film after RTA at 800 °C for 2 min, compared to the as-grown SRN thin film under the same
conditions. We, therefore, hypothesize that it indicates the increased incorporation of defects and impurities
in as-grown SRN films, owing to the prior ample evidence that RTA reduces defect density [30, 31, 32].
Nonetheless, it ought to be stated that while the origin of the observed nonlinear losses is FCA caused by
the defects, the origin of the defects has not been established directly, indicating that further research is
needed. Finally, and perhaps most importantly, we have demonstrated that it is possible to reduce or avoid
nonlinear optical losses in SRN waveguides altogether by utilizing optical pulses shorter than the free
carrier generation lifetime while maintaining a repetition period of the pulses longer than the free carrier
recombination lifetime. Consequently, the presented results strictly delineate the conditions for taking full
advantage of the large nonlinearities in high index SRN (3 = (12.6 £ 1.4) x 107" m*V~? corresponding to
the SRN index of 3.2 [1]), leading to its efficient application in nonlinear optics. In the future, we plan to
investigate other methods to reduce nonlinear losses, determine the origin of defects responsible for free
carrier generation and recombination, and research the spectral response of nonlinear losses to further

enhance our understanding of the SRN platform.
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CHAPTER 3 - LARGE BIDIRECTIONAL REFRACTIVE INDEX CHANGE IN SILICON-RICH
NITRIDE VIA VISIBLE LIGHT TRIMMING

1. Introduction

Silicon-rich nitride (SRN) grown using plasma-enhanced chemical vapor deposition (PECVD) has
numerous qualities that are outstanding for a versatile complementary metal-oxide semiconductor (CMOS)
compatible integrated photonics platform. As the Si content (and with it — the refractive index) of SRN
films vary with the choice of PECVD deposition and post-processing parameters, films can be grown with
a refractive index (as measured at 1550 nm) ranging from ~2.0 (lower Si content: Si3N4) to ~3.2 (higher Si
content: SisN3)!2. Furthermore, other linear and nonlinear optical properties of SRN are also altered
remarkably with the change of silicon content, including linear optical losses and transparency window?,
nonlinear optical losses'?, thermo-optic coefficient*, and third-order susceptibility (x®)'*. Consequently,
control of these properties enables SRN films to be optimized for various applications. For example, a wide
variety of nonlinear effects have been demonstrated in SRN devices, such as the DC Kerr effect®, nonlinear
Kerr switching’, second harmonic generation®, intermodal frequency generation®, four-wave mixing>, and
supercontinuum generation '°. Additionally, SRN’s relatively high thermo-optic coefficient (especially for
higher Si-content films) enables implementation of efficient thermally driven phase shifters and
switches'!%, Finally, SRN is substantially more compatible with traditional CMOS mass-manufacturing
process than other materials, such as LPCVD Si.Ny, since the relatively low temperature of PECVD SRN
deposition (~350 °C) does not exceed the thermal budget of front-end-of-the-line semiconductor

processes?.

On the other hand, fabrication variability continues to represent a persistent challenge in integrated
photonics, including SRN integrated platform. In particular, phase-sensitive devices, such as micro-ring
resonators (MRRs), are highly sensitive to variations in the fabrication process even on the scale of 1 nm,
which can lead to significant performance inconsistencies, ultimately precluding these devices from
commercial and widespread use'*!'*. These random variations typically require optical devices to be biased

to operating specifications using power-demanding heaters'. Alternatively, optical trimming, which is fine
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tuning of the optical properties of photonic devices post-fabrication, has been employed to compensate for
such variations. However, most presented trimming methods either induce unidirectional refractive index
change only, or suffer from strong relaxation, or require CMOS-incompatible materials as cladding,

limiting their effectiveness.

It has been well-known for nearly half a century that optical materials exposure to high-intensity
visible or UV light can alter their optical properties'é. As such, some of the first approaches to trimming
integrated photonic devices used UV exposure to silane-based waveguide cladding — and soon after, Si,Ny
waveguide cores — to substantially shift the center wavelengths of filters and ring resonators'”8, In the
time since, a wide variety of methods and optical materials have been proposed to trim optical properties

19-22

of integrated components, including further developments of CW UV and visible light exposure™**, pulsed

laser irradiation®, electron beam exposure**?

, and localized annealing of regions exposed to ion
implantation®*!, These methods can introduce waveguide effective index changes on the order of 10 to
102, which is sufficient for many applications?**. However, several of these methods require exotic non-
CMOS-compatible materials to sensitize the optical structure to the applied stimulus, such as
chalcogenides, phase change materials, tunable polymers, and liquid crystals'™'?2!32 Other methods
require trimming to be performed on waveguides prior to the application of the final cladding, necessitating
the use of temporary cladding and adding complexity to the trimming process*. Recently, simple CMOS-
compatible post-fabrication trimming of structures has been demonstrated using localized annealing from
on-chip heaters included in the chip design®®-*!. While this method is simple and effective, it requires Ge
implantation of the waveguide and is capable only of decreasing the refractive index of the optical material.

In fact, most of those mentioned above techniques are not capable of post-fabrication trimming in both

directions.

In this manuscript, we present extensive and novel results on visible radiation (405 nm and 520
nm) induced bidirectional trimming of PECVD SRN with refractive indices of 2.4 and 2.9 (at 1550 nm).

Refractive index tuning is accomplished in a simple and cost-effective setup that allows rapid fine trimming
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via real-time position tracking of resonance in an MRR. Remarkably, both 405 nm and 520 nm radiation
can induce blue and red wavelength resonance shifts in an SRN MRR. The latter implies that a refractive
index of SRN can be both decreased and increased by using a single laser-source, which is undoubtedly a
highly advantageous feature for the trimming of SRN devices. Furthermore, the blue and red shifts can be
easily separated in a fully controllable way simply by changing the trimming laser power or the exposure
duration. Moreover, a strong blue shift of 10.6 nm and a largest ever reported red shift of 49.1 nm are
achieved in trimmed SRN MRRs. In addition, the refractive index can be decreased by 2x107 and increased
by a record value of 0.11. We demonstrate that both blue and red shifts originate from thermal annealing,
with blue shifts occurring at lower annealing temperatures (400 °C — 500 °C) and red shifts emerging at
temperatures above 500 °C — 600 °C. Intriguingly, the magnitude and direction of the shifts vary
significantly with the refractive index of SRN, which makes the material an excellent choice for coating.
Additionally, it is established that the presence of both red and blue shifts mitigates the resonance
backshifting by pushing the resonance in opposite directions. Finally, we demonstrate the effectiveness of
the novel technique employing it for trimming of an SRN-based optical demultiplexer with MRRs to an
accuracy of approximately 10 pm. Overall, our results suggest that SRN is a highly reconfigurable CMOS-
compatible platform, which offers a pathway toward significantly improving the precision and
manufacturability of SRN (or Si if SRN is used as coating) photonic devices, particularly for phase-

sensitive applications where sub-nanometer tuning accuracy is required.

2. Results
2.1 Experimental setup

To investigate the effects of visible light exposure on SRN waveguides, we deposited SRN films
with refractive indices of 2.4 and 2.9 (measured at 1550 nm) using plasma-enhanced chemical vapor
deposition (PECVD). For the waveguide with a refractive index of 2.4, the width and thickness were 600
nm and 385 nm, respectively; for the waveguide with an index of 2.9, they were 450 nm and 340 nm. The

fabricated micro-ring resonators (MRRs) had a radius of 25 um, with a coupler length of 6.5 um, yielding
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a total length of approximately 170 um. The gap between a bus waveguide and a coupler was 400 nm. Fig.

3.1a demonstrates a microscope image of the fabricated device used for trimming experiments.
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Figure 3.1: (a) Microscope image of a device to be trimmed showing an MRR, bus waveguide,
grating couplers (GC), tapers. (b) 3D illustration of the configuration of 3 fibers used for trimming and real-
time measurement. Laser light couples in and out via grating couplers. The exposure fiber is centered over
a section of an MRR. (c) Block-diagram of the setup showing the equipment used in experiments. Here
FPC is fiber polarization controllers used to set transverse electric (TE) polarization. Blue arrows denote
RF cables, while the green ones — fiber patch cables. (d) Cross-section of a waveguide used in experiments.
Here BOX is buried oxide. (e) Transmission spectra of the probing signal in SRN MRRs after exposure to
405 nm light. The dotted black curve indicates the initial position of resonance (reference). The numbers
(and “Ref”) next to the resonances indicate the order in which the spectra were measured (starting with
“Ref”). The labels describe exposure time. (f) Image of MRR showing how its section is exposed (violet
circle), the MRR diameter is 50 pm, and ring length (L) is 170 um. The length of one exposed section is
Lexp.

Fig. 3.1b and 1c demonstrate the setup used for the trimming experiments. The goal was to achieve
a strong MRR resonance shift and fine-tuning in real time as the visible laser exposure was applied, while

maintaining a simple and cost-effective setup. For this, we used inexpensive fiber-coupled multimode
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(MM) 405 nm and 520 nm laser diodes (Laser Tree LT-FCLD-M405075 and LT-FCLD-M520065) coupled
to SMF-28 patch cables. The bare fiber tip, cleaned and cleaved, was angled at 10 degrees relative to the
sample to minimize back reflections. The fiber was attached to the grating coupler stage which had six
degrees of freedom, enabling precise alignment, with an accuracy of 500 nm (more details on how high
accuracy alignment was achieved can be found in Supplementary information, section S1). The trimming
resolution (that is the minimum feature size that can be exposed) in this setup was 10 pm, primarily limited
by the beam size of the trimming light. While the SMF-28 patch cable was not optimized for 405 nm or
520 nm light, we found it suitable, with transmission losses of only 0.7 dB. No degradation in cable or laser

performance was observed, even at maximum power of 16.4 dBm used in the experiments.

Fig. 3.1c demonstrates a block-diagram of the setup used in the experiments. To monitor the
trimming-induced resonance shift in real time, light from an Agilent 81980A tunable continuous-wave laser
(1465 nm — 1575 nm) was coupled into the SRN samples (cross-section is shown in Fig. 3.1d) using grating
couplers. Polarization controllers were used to set polarization to transverse electromagnetic (TE) mode,

and the output light was measured by a photodetector (model).

Fig. 3.1e exemplifies the measured transmission spectra of the probing signal in SRN MRRs when
a section of an MRR was exposed to 405 nm (as illustrated in Fig. 3.1f; also see Supplementary information,
section S2, for more results). The results confirm that it is indeed possible to achieve both red and blue
resonance shifts using a single laser source. A blue shift was observed within a few seconds of exposure
while the red shift took up to 30 minutes to saturate. These results demonstrate the ability to clearly separate

blue and red shifts by varying the duration of exposure, a crucial property for trimming applications.

2.2 Dynamics and power dependence of SRN refractive index change

This section systematically analyzes how key parameters — such as a refractive index of (nym),
exposure wavelength (4.x,), optical power of exposure (Pe.,), exposure duration (t.x,) — affect the trimming
process. Specifically, we exposed SRN MRRs with refractive indices 7., of 2.4 and 2.9 to visible radiation

wavelengths of 405 nm (violet) and 520 nm (green).
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The presence of both blue and red resonance shifts in MRRs demonstrates that the effective index
of SRN waveguides n.; can be both decreased and increased using either 405 nm or 520 nm lasers. The

refractive index change is proportional to the resonance wavelength shift, as shown in Egs. (1-3) [34, 35]:
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Here An.yis the change of the effective index n.yin an SRN waveguide, n, is the group index, A
is the resonance wavelength of an MRR, 44, is the resonance wavelength shift in an MRR, FSR is a free
spectral range of an MRR, 44, is the resonance wavelength shift when the whole MRR is exposed, A4 is
the resonance wavelength shift when only one section of the MRR is exposed, L., is the length of the single
exposed section (see Fig. 3.1f), L is the length of the MRR. Additionally, to estimate a refractive index
change An,, we performed simulations in Lumerical to calculate what refractive index change Ans, is
required to cause the corresponding effective index change 4n.;. Based on Eqs. (1-3), and the resonance
shift from MRRs transmission spectra (like in Fig.3.1e, also see Fig. 3.S2), we estimated the refractive
index changes. It is worth noting that L.., of 10 um was estimated experimentally (see next section) and

used in Egs. (1-3).

First, we investigate the SRN refractive index change dynamics measured in MRRs exposed to 405
nm and 520 nm light (Fig. 3.2a, 3.2b). Only one section of an MRR was exposed in each experiment, as
shown in Fig. 3.1f. In Fig. 3.2a, we observe the refractive index change in an SRN MRR with ny,, = 2.9 as
a function of exposure time for 405 nm and 520 nm light. Focusing on the 405 nm case, the blue shift (due
to refractive index decrease) saturates in approximately 5 seconds, while the red shift (due to refractive

index increase) fully compensates for the blue shift in about 200 seconds when exposed to 405 nm light. In
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contrast, the red shift takes approximately 30 minutes to saturate. Meanwhile, both the blue and red shifts
induced by the 520 nm laser follow a similar pattern, though they take slightly longer to saturate compared
to the 405 nm laser. Also, stronger blue shift can be observed when induced by 520 nm laser, while strong

red shift can be observed when induced by 405 nm laser (for the same power of exposure).

Similarly, Fig. 3.2b illustrates the refractive index change in an SRN MRR with n,, = 2.4 as a
function of exposure time for 405 nm and 520 nm light. This time, the difference in dynamics between the
two lasers is more evident. Notably, no blue shift is observed within the first second of exposure to 405 nm
light, unlike with the 520 nm laser. Additionally, a stronger red shift can be seen when an SRN MRR is

exposed to 405 nm light.

The complex behavior of SRN trimming originates from the thermal annealing mechanism driving
the refractive index change. We found that lower temperature annealing (400 °C — 500 °C) leads to a
decrease in refractive index, while annealing at temperatures above 500 °C — 600 °C results in an increase.
Notably, the refractive index reduction is significantly smaller in SRN with an index of 2.4 compared to
SRN with an index of 2.9, and that agrees well with the results shown in Figs. 3.2c and 3.2d, where it is
evident that the blue shift is noticeably weaker in index 2.4 SRN. Greater details and discussion are
provided in the Supplementary information, section S3. Also, in Supplementary information, section S6,
we demonstrate that neither PECVD SiO; nor residual HSQ contribute to the permanent shifts observed in

SRN MRRs.
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Figure 3.2: Dynamics of resonance shift in an SRN MRR when (a) ny»= 2.9, and (b) ny, = 2.4.
The exposure power P., = 15.5 dBm; the violet curve represents exposure to 405 nm light, and the green
— to 520 nm light; the dotted black line indicates no refractive index change. Refractive index change of
SRN as a function of exposure power when (c) ns,» = 2.9 and (d) n., = 2.4; the upper plots represent the

case when the exposure was done with the 405 nm laser, and the bottom ones — with the 520 nm laser; red
and blue areas mark positive and negative refractive index changes, respectively.

It was also of great interest to investigate how exposure power affects direction of the shifts (or
refractive index change) and their magnitude. Fig. 3.2c and Fig. 3.2d show the refractive index change in

SRN measured in MRRs exposed to 405 nm and 520 nm light as a function of exposure power.

Based on Fig. 3.2c, overall, we indicate 4 different sections with distinct dynamics (I — IV). In
section I, at the lowest exposure powers, we observe only weak red shift, and no blue shift. As power
increases, in section II, no red shift can be observed, although noticeable blue shift can be visible. It takes
10 min — 30 min for the blue shift to saturate. As the exposure power continues to increase, in section III,
aside from a strong blue shift, the onset of the red shift can be seen. The red shift takes over only after the
blue shift saturates (after about 5 min — 15 min), and it takes the red shift about 30 min to saturate. Therefore,

it is possible to separate the directions of the shifts by time of exposure, although the red shift is much

49



weaker since both red and blue shifts partially compensate each other. Finally, section IV reveals that both
strong blue and red shifts are possible. In noticeable contrast to section III, the red shift is much stronger,
although it still takes around 30 min to saturate. The blue shift, however, dominates first and takes a few
seconds only to saturate, which can also be seen from Fig. 3.2a. Therefore, it can easily be separated from
the slower red shift, which results in both strong red and blue shifts, which is favorable for bidirectional
trimming. Overall, a maximum refractive index increase of 2.4x1072 was observed with exposure to either

the 405 nm or 520 nm laser, while the greatest decrease, -2x1072, occurred with 520 nm laser exposure.

Fig. 3.2d shows a different trimming behavior for n,.,= 2.4. This time up to 3 different sections can
be highlighted. The first section I, which corresponds to the lowest exposure powers, indicates only weak
red shifts. With the increase of exposure power, in section II, we can first observe a weak blue shift which
takes a few seconds to saturate, followed by a strong red shift, which in turn takes around 30 min to saturate.
In case of exposure to 405 nm light, we also indicate section III where no blue shift could be observed,
although a much stronger red shift can be seen. Remarkably, the maximum refractive index increase was
0.11, the largest ever reported, which indicates a great potential of this material for trimming. Meanwhile,

the largest refractive index decrease was only -0.5x107 for both wavelengths of exposure.

We discuss the observed trend in greater detail in Supplementary information, section S4, where
we conclude that thermal annealing explains the observed behavior. Specifically, a laser beam has a non-
uniform distribution of power, which results in a temperature gradient within a section of an MRR. The
sections of the ring heated to 350 C — 550 C induce the blue shifts, while the sections heated above 550 C
— the red shifts. Here we also briefly report that in case of index 2.9, 520 nm light is favored for bidirectional
trimming since it causes lower temperature gradient in a SRN waveguide, which results in a stronger blue
shift (see Supplementary information, section S4), while a stronger red shift can be achieved by simply
increasing exposure power. Meanwhile, 405 nm is preferred when trimming n,, = 2.4 SRN MRRs since it

causes a stronger red shift due to larger absorption and heating.
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In summary, this complex behavior offers significant advantages for trimming. Both the direction
and magnitude of the shifts, as well as the shift rates, can be finely tuned by adjusting the laser power,
allowing higher power for coarse trimming and lower power for fine-tuning. This offers significant

flexibility for trimming applications, depending on the specific requirements from a photonic device.

2.3 Maximizing resonance shift

In the previous section we established that significant refractive index changes in both directions
are possible. Therefore, in this section we aim to maximize the resonance shifts, and so we exposed the
whole length of SRN MRRs to both 405 nm and 520 nm lasers. Fig. 3.3a and Fig. 3.3b exemplify the
measured resonance shifts in SRN MRRs during exposure. Fig. 3.3c demonstrates how resonances shift in
the case of blue shift from Fig 3.3a. Meanwhile, Fig. 3.3d and Fig. 3.3e provide illustrations which
demonstrate that the whole ring was exposed by steps. Specifically, the ring was split into even sections
separated by the arc length Ly.,. Another parameter, L., is the length of the exposed section of the ring,
limited by a beam size. Given that the length of the ring was 170 um, and the number of exposed sections

was 18 — 30, based on Fig. 3.3a and Fig. 3.3b, L., was in a range of 5.5 um — 9.5 um.
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Figure 3.3: Resonance wavelength shifts in SRN MRRs exposed to (a) 16.7 dBm of 520 nm light
when 1y, = 2.9 and (b) 16.0 dBm of 405 nm light when ny,, = 2.4. (c) Transmission spectra of the probing
signal in SRN MRR for the case of blue shift from Fig. 3.3a. The dotted black curve indicates the initial
position of a resonance (reference). The numbers next to the resonances indicate the number of sections
exposed. (d) [llustration of how L., and L., are defined. (e) llustration of how the whole ring was exposed,
where L., varied in a range of 5.5 pum — 9.5 um based on number of sections exposed.

From Fig. 3.3a, we observe a large blue shift of 10.6 nm and a red shift of 9.3 nm in index 2.9 SRN
when exposed to 520 nm light. Meanwhile, from Fig. 3.3b, a lower blue shift of 2.8 nm and the largest ever
reported red shift of 49.1 nm were achieved in index 2.4 SRN when exposed to 405 nm light. Notably, blue
shifts were saturated while the red shifts were not since each section of the MRR was exposed only for 10
min to expedite trimming process (it takes around 30 min for the red shift to saturate). Therefore, we

conclude that the red shift can be even stronger.

It is worth noting that depth of resonances changes after exposure, as apparent from Fig. 3.3c. It is
caused by change in transmission coefficient of a coupler section of a ring and increase in optical losses.

The latter is due to scattering losses stemming from non-uniform refractive index profile caused by stepped
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exposures (Fig. 3.3e). We demonstrated that a significant reduction in losses is possible if the ring is

exposed more uniformly, and provided greater details in Supplementary information, section SS5.

We can estimate the maximum resonance shift possible to achieve by using Eqs. (1-3) when the
whole ring is exposed to saturation. First, we need to determine L., from Eq. 3, and for that we need to
measure the resonance shift 44, when only one section is exposed (Fig. 3.1f), and 44,,; when the whole
ring is exposed (Fig. 3.3d). Since the maximum blue shift of 44,i,; = 10.6 nm was measured in the case
when ng, = 2.9, Aexp = 520 nm (Fig. 3.3a), and 44 = 540 pm blue shift was observed when only one section
of the ring was exposed (Fig. 3.S2b), it was possible to estimate the exposure length: L., = 10 pm. Now it
is possible to estimate Al since Ads.. is known. For example, when ns, = 2.4, Aoy, = 405 nm, we
determined that 44 = 3900 pm (Fig. 3.52c¢), and so 44,ine = 66.3 nm. Both demonstrated 44,i,; = 49.1 nm

and estimated 44, = 66.3 nm are record high, proving that SRN can be trimmed in a very high range.

Table 3.1 summarizes the estimated maximum resonance shifts possible when the whole ring is
exposed to saturation. We used the best results from Fig. 3.2¢ and Fig. 3.2d, where we measured refractive
index changes for different exposure powers. The shift span is achieved by subtracting 44.i,; for blue shift

from AA,ine for red shift.

Table 3.1: Maximum estimated resonance shifts 44,,,;, when the whole ring is exposed. The
measured values are marked by an asterisk.

Nen= 2.4, Rgm= 2.4, Rgm= 2.9, Ngn=2.9,

Aexp = 405 nm Aexp = 520 nm Aexp =405 nm Aexp = 520 nm
Alring (nm), red shift 66.3 36.6 10.9 10.9
Alring (nm), blue shift 3.1 2.7 6.1 10.6!
Alring (nm), shift span 69.4 39.3 17 21.5

"Measured value.

As can be seen in Table 1, overall, iy, = 2.4 SRN yields a much larger range of trimming than 7,
= 2.9 SRN, although the blue shift is much weaker. In contrast, in case of ns,»= 2.9 SRN, the blue shift can
be as strong as 10.6 nm when SRN is trimmed by the 520 nm laser, which favors bidirectional trimming.

Therefore, there is a tradeoff between these two cases.
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We also provide Table 3.2, which summarizes our results and compares them with those of other

research groups. We focus on the best results achieved in our work and demonstrated elsewhere for any

trimming method.

Table 3.2. Summary of our experimental results compared to the results from other research
groups, sorted by the resonance wavelength shift, 44.

Ref. | 44 AA (nm), | Ang,x10~ | CMOS- Material Method
(nm), | blue & 2, compatible?
span red shift | blue &
red shift
25 2.5 -2.5 - No Chromophore- Exposure to e-beam
doped polymer
cladding
26 3 -1&2 -04 & No! HSQ cladding Laser annealing
0.8
24 4.9 4.9 - Yes Si0; cladding Exposure to e-beam
19 6.7 6.7 4.8 No As>S3 cladding Illumination with halogen
lamp
36 7 -7 - Yes Si core implanted | Laser annealing
with Ge ions
37 7 -7 -0.7 Yes Nitrogen-rich SiN | Exposure to 244 nm light
core
35 8 -8 - Yes a-Si core Exposure to 405 nm light
22 8.7 -8.7 - Yes c-Si core Oxidizing by 532 CW
laser
17 9.7 -9.7 -7.5 No Polysilane Exposure to 370 nm light
cladding
18 12.1 -12.1 -1.3 Yes SiN core Exposure to 244 nm light
23 16 -105& | - Yes c-Si core Amorphization and
5.5 ablation by 400 nm
femtosecond laser
This | 19.9 -106 & | -2&24 | Yes Index 2.9 SRN Annealing by 405 nm and
work 9.3 core 520 nm light
This | 51.9 28 & 05 & Yes Index 2.4 SRN Annealing by 405 nm and
work 49.1 11.2 core 520 nm light

'When used as a cladding due to instability caused by change in humidity?®.

While numerous groups have successfully achieved strong blue shifts, inducing a substantial red
shift has proven particularly challenging. The largest red shift reported so far, 6.7 nm, required a CMOS-
incompatible chalcogenide cladding'. In contrast, our work demonstrates nearly an order of magnitude
improvement in refractive index using SRN with a refractive index of 2.4. Furthermore, most studies report

only unidirectional resonance shifts, with few exceptions. For instance, a bidirectional shift was achieved
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using HSQ cladding®®; however, this approach suffered from significant backshifting due to moisture
absorption®. Alternatively, bidirectional shifts in crystalline silicon (c-Si) have been demonstrated via
ablation and amorphization using a 400 nm femtosecond laser (second harmonic of a Ti:Sa laser)*. This
method, however, entails considerably higher trimming costs, limits precision, and was only demonstrated
in uncladded samples®, raising concerns about its compatibility with cladded devices. In summary, the
bidirectional tuning capability, record-breaking red shift, CMOS-compatibility, and precise, cost-effective

trimming achieved in SRN clearly underscore its exceptional performance.

2.4 Resonance backshifting in index 2.9 SRN MRRs

It is known that the resonance shift induced by trimming may drift over time?. Therefore, it was
important to assess the stability of both red and blue shifts in our case. Fig. 3.4 displays the MRR resonance
wavelength shift tracked over several days after exposure. In this work, we define backshifting as the
resonance shift of an MRR moving in the direction opposite to the initial tuning shift. Conversely, forward

shifting describes resonance movement continuing along the original shift direction.

a Index 2.9 SRN exposed to 405 nm light, blue shift b Index 2.9 SRN exposed to 405 nm light, red shift
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Figure 3.4: Resonant wavelength shift as a function of time after exposure when MRRs are exposed
to 405 nm light in case of (a) a blue shift, n,,= 2.9, (b) a red shift, n,,= 2.9, (c) a red shift, n, = 2.4. The
dotted black line separates the areas of forward shifting and backshifting.
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In Fig. 3.4a, a backshift (red shift in this case) of 240 pm was observed 35 days after exposure of
the MRR where an initial blue shift of 5.5 nm was induced. This result aligns with previous reports, where
long-term backshifting is commonly observed after trimming®. However, the backshift is considerably
smaller than the initial 5.5 nm shift, making wide-range trimming approach suitable for applications where

accuracy within approximately 200 pm is acceptable.

Additionally, in one case where an initial 80 pm red shift was followed by an 800 pm blue shift, a
forward shift was observed within the first 10 days instead of the expected backshift. This suggests that the
red shift dominated the early back-shifting process immediately after exposure. Over time, however, the
blue shift prevailed, causing the resonance to shift in the opposite direction. This behavior suggests that red
shifts tend to dominate shortly after exposure, while blue shifts have a more pronounced long-term

influence.

To further support this, in another example, shown in Fig. 3.4b, where a 1.5 nm red shift was
initially induced, the resonance first back-shifted within the first 10 days, after which it reversed the
direction of shifting, and gradually returned close to its original position over 41 days. Similar dynamics
was observed when the initial shift was 5.0 nm, where resonance returned close to its initial position after
33 days. This demonstrates that, under certain conditions, resonance backshifting can be almost fully

mitigated when a balance between red and blue shifts is achieved.

In addition, we also provide an example where a resonance was first blue-shifted by 160 pm,
followed by a 700 pm red shift. In this case, the blue shift eventually prevailed, forward shifting the
resonance by 80 pm without signs of saturation. This suggests that excessive blue shift may still cause

significant (forward) shifts even after a red shift is induced post-exposure.

Finally, Fig. 3.4c demonstrates that resonance relaxation dynamics at n,., = 2.4 is similar to that at
ngm = 2.9. Notably, the observed instability was under 100 pm, despite an initial large red shift of 49.1 nm

— highlighting the exceptional stability and suitability of SRN for trimming applications.
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In conclusion, red and blue shifts coexist and drive resonance shifts in opposite directions, but they
follow distinct dynamic patterns. Red shifts dominate within the first 3-10 days, while blue shifts tend to
take over afterward. The stronger backshifting effects caused by blue shifts suggest that large blue shifts
may be less desirable for long-term stability. However, a balanced combination of red and blue shifts can

lead to resonance stabilization post-exposure.

3 Application demonstration: bidirectional fine trimming of a demultiplexer

In this section, we demonstrate the benefits of bidirectional refractive index trimming. We adjust
the passbands of a wavelength-division multiplexing (WDM) demultiplexer fabricated using SRN with a
refractive index of n,,= 2.9 (at 1550 nm). This example illustrates that a passband can be trimmed with the

accuracy of about 10 pm, proving the effectiveness of the approach.

Fig. 3.5a presents a microscopic image of the WDM demultiplexer used in practical trimming
experiments. In addition, Fig. 3.5b shows a magnified image of an MRR that was trimmed. The ring was
made of four straight sections connected by four arcs with the radius of 25 um. The straight sections at the
couplers’ sides had the length of 16 um, while the length of the other two straight sections was 10 um. In

total, the length of the ring was about 209 um.

Fig. 3.5c and Fig. 3.5d show the transfer characteristics of the WDM demultiplexer at a through
port and one of drop ports, respectively, before and after trimming with a 405 nm laser. The objective of
the trimming process was to set the passbands of the demultiplexer at 1550 nm, 1549.25 nm, and 1548.5
nm such that they are separated by 750 pm. Based on Fig. 3.5c and Fig. 3.5d, we achieved the trimming
accuracy of about 10 pm. Indeed, the final resonances’ positions were 1548.508 nm, 1549.248 nm, and
1549.988 nm, which means they were away from the targets by 8 pm, 2 pm, and 12 pm, respectively.
Notably, the trimming technique enabled both red and blue shifts of resonances, providing a versatile
method for fine-tuning the device’s filtering properties. The switching of the direction and the rate of

resonance shifting was enabled by changing the laser’s power.
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Figure 3.5: (a) Microscope image of demultiplexer. (b) Magnified microscope image of an MRR.
Transmission of the probing signal in SRN MRRs as a function of the wavelength for (c) through port and
(d) drop port 3. The values above the arrows represent resonance shifts necessary for trimming to achieve
the target. The numbers 1,2,3 represent each ring from Fig. 3.5a.

Here we highlight the importance of bidirectional shifting. Indeed, the initial position of the
resonance “3” (from Fig. 3.5¢) needed to be blue-shifted by 260 pm, while the position of the resonance
“2” — red-shifted by only 160 pm, and finally, a stronger red shift of 310 pm was needed for the resonance
“1”. If only blue shift was available, the resonances “1” and “2” would need to be blue-shifted by FSR -
Ahred, Where AArq is the resonance red shift needed. Given that typical FSR is in a range between 1 nm and
5 nm, that would require a much stronger blue shift from 850 pm to 4850 pm for the resonance “1”. A large

shift is undesirable since it will lead to stronger backshifting and increased losses.

Thus, the results confirm that the trimming approach is suitable for sophisticated photonic devices,
providing the necessary precision for fine-tuning passbands in WDM applications. By leveraging the
bidirectional trimming method, we can achieve enhanced performance in SRN-based integrated photonic

systems.
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4 Discussion

Our study demonstrates the remarkable potential of SRN as a reconfigurable photonics platform,
offering unprecedented control over the refractive index through visible light trimming. The ability to
achieve bidirectional resonance shifts, both blue and red, with a single laser source represents a significant
advancement over most existing trimming methods, which are largely limited to unidirectional index

changes. This capability opens new possibilities for dynamic tuning of phase-sensitive devices.

The observed resonance shifts, reaching up to 10.6 nm for blue shifts and a record-setting 49.1 nm
for red shifts, underscore SRN’s scalability and versatility across diverse photonic applications. These shifts
correspond to refractive index changes of approximately -2x1072 and 0.11, respectively, which are not only
substantial but also finely tunable through adjustments in laser power and exposure duration. This tunability
addresses a critical limitation in photonic device manufacturing by providing a means to precisely control

device performance post-fabrication, effectively compensating for inherent variations.

Moreover, the coexistence of red and blue shifts provides an additional benefit: significantly
reduced trimming backshifting over time, thus contributing to the long-term stability of the trimmed
devices. This stabilization is particularly valuable for photonic devices where phase accuracy is critical,

such as in WDM systems and other high-performance optical networks.

Our results also highlight the cost-effectiveness of this trimming approach. Unlike alternative
methods that often require CMOS-incompatible materials, or expensive trimming methods, our approach
uses widely available equipment and CMOS-compatible materials, positioning it as a practical solution for

scaled up and industrial applications.

Additionally, the bidirectional shifting in SRN arises from its thermal annealing properties. We
established that at lower annealing temperatures (400 °C — 500 °C), the refractive index decreases, while
above 500 °C - 600 °C, it increases. This behavior aligns with trimming trends, where lower power induces
blue shifts and higher power causes red shifts. Additionally, refractive index reduction is more pronounced

in higher-index SRN during rapid thermal annealing, matching observations in trimming, where higher-
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index SRN undergoes larger blue shifts. These findings suggest that trimming behavior can be effectively
predicted by annealing SRN thin films at different temperatures and measuring refractive index changes,

which is a much faster and cheaper alternative to fabricating SRN waveguides.

It is widely recognized that rapid thermal annealing (RTA) of SRN at high temperatures (typically
>600 °C) leads to the dissociation of Si-H bonds, significant hydrogen (H) desorption, reduced nitrogen
(N) content, and an increased concentration of Si-Si bonds***°, Conversely, studies have shown that RTA
at lower temperatures (<600 °C) causes bond redistribution (e.g., Si-Si, Si-N, Si-H, N-H), leading to an
increase in Si-H and Si-N bond concentration at the expense of N-H and Si-Si bond concentration®®3°. In
our study, we also observed a noticeable change in behavior when RTA temperatures exceeded 600 °C.
Based on these findings, we hypothesize that the refractive index reduction at <600 °C is due to bond
redistribution which results in increased Si-H and Si-N bond formation, while the refractive index increase

at >600 °C results from significant H desorption due to Si-H bond dissociation, and nitrogen reduction.

While both 405 nm and 520 nm lasers enable bidirectional trimming as both wavelengths are
absorbed by SRN, generating heat, it is important to acknowledge that 520 nm light is preferred for index
2.9 SRN bidirectional trimming since it causes a stronger blue shift. It was demonstrated that this is due to
lower absorption resulting in lower temperature gradient, which was proven to favor blue shift. Meanwhile,
in SRN with a refractive index of 2.4, red shifts are noticeably smaller under 520 nm exposure due to its
much lower absorption (extinction coefficients are 0.44 for 405 nm and 0.08 for 520 nm), resulting in less

heating, so 405 nm light trimming is preferred.

Finally, we identify new applications for SRN in integrated photonics. For example, SRN shows
promise as a CMOS-compatible coating for silicon-on-insulator (SOI) platforms, enabling bidirectional
tuning through visible light exposure. Its capacity for a significant refractive index increase also suggests
potential for creating etch-free SRN waveguides using visible light, which could reduce fabrication costs

and minimize scattering losses due to the absence of etched sidewalls.
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In conclusion, this work establishes visible light trimming of SRN as a powerful, flexible tool for
photonic device optimization. The demonstrated bidirectional tuning capability, coupled with its precision,
cost-effectiveness, and stability, positions SRN as a key material for the next generation of integrated
photonics. Future research should explore extending this technique to other photonic architectures,
potentially broadening the range of applications and further refining the precision and scalability of SRN-

based devices.

5 Materials and methods
5.1 Fabrication process

The fabrication process of PECVD SRN MRRs began with the removal of the silicon device layer
from silicon-on-insulator (SOI) substrates using tetramethylammonium hydroxide (TMAH) wet etching,
leaving only a 3 um buried oxide (BOX) layer on top of a 700 um Si substrate (note that this step can be
skipped if Si samples with only SiO» layer on top are available). Next, PECVD SRN films were deposited
in an Oxford Plasmalab PECVD system at a temperature of 350 °C and a pressure of 650 mTorr. The SiH4
and N precursor gases were introduced at flow rates of 80 sccm and 800 sccm, respectively, for the 2.4
refractive index film, and 450 sccm and 200 sccm for the 2.9 refractive index film. Following deposition,
hydrogen silsesquioxane (HSQ) e-beam resist was spun onto the SRN films, and electron-beam lithography
was used to define the waveguide patterns. After developing the HSQ resist, the SRN films were etched in
a Plasma-Therm ICP-RIE system, and the HSQ was subsequently removed using a 6:1 buffered oxide etch
(BOE) diluted with deionized water in ratio 1:20. Complete removal of the HSQ resist was confirmed by
measuring the remaining waveguide thickness with a stylus profilometer. The samples were then clad with

a2 um PECVD SiO; layer, also deposited using the Oxford Plasmalab PECVD system.

61



Supplementary information for “Large bidirectional refractive index change in silicon-rich nitride
via visible light trimming”.

S1. Aligning procedure of exposure fiber
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Figure 3.S1: (a) MRR transmission spectra when 405 nm exposing light (8.8 dBm) is off and on,
plotted for multiple fiber offsets x. The dotted black curve represents the case when the exposing laser is
off. The magenta/pink curves represent the cases when the 405 nm laser is on, and darker tint corresponds
to a stronger wavelength shift. When x = 0, the fiber is perfectly centered over a section of the MRR. (b)
Section of an MRR showing x-axis and the fiber offsets x from -10 um to 10 um used in (e).

Fig. 3.S1a and 3.S1b clarify the aligning process. Specifically, Fig. 3.S1a illustrates how MRR
transmission spectrum shifts as the fiber is moved from x = -10 um to x = 10 um. Meanwhile, Fig. 3.S1b
demonstrates how x-axis is defined. The alignment of the exposing fiber was performed in two steps: coarse
alignment using a camera microscope and fine alignment based on the temporary resonance shift caused
by light absorption in SRN. The resonance red shift occurred as the fiber approached the MRR, with the
maximum shift of 400 pm reached when the fiber was centered over the ring (x = 0 in Fig. 3.S1a and 3.S1b).
During alignment, low-power laser exposure was used to minimize permanent trimming, as low powers
induce mostly temporary shifts due to heating and free carrier generation. It is worth noting that in practice,
before alignment, the probing light was set at the resonance wavelength of the MRR, allowing resonance
shifts to be tracked in real-time through changes in optical power. This approach enabled rapid fine

alignment even with manual stages.
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S2. Resonance shifting due to trimming of a section of an MRR

Fig. 3.S2 exemplifies the measured transmission spectra of the probing signal in SRN MRRs when

exposed to 405 nm and 520 nm light. The exposing fiber was centered over a section of the MRR (x = 0),

as illustrated in Fig. 3.S1a and Fig. 3.S1b. Only one section of the MRR was exposed.
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Figure 3.S2: Transmission spectra of the probing signal in SRN MRRs after trimming when (a)
Ny = 2.9, dexp = 405 nm, (b) ngm = 2.9, dewp = 520 nm, (C) g = 2.4, Aexp = 405 nm, (d) ngm = 2.4, dexp= 520
nm. The dotted black curve indicates the initial position of resonance (reference). The numbers (and “Ref”)
next to the resonances indicate the order in which the spectra were measured (starting with “Ref”). The

labels describe exposure time.

The results in Fig. 3.S2 confirm that it is indeed possible to achieve both red and blue resonance

shifts using a single laser source (P.., = 16.0 dBm). A blue shift was observed within a few seconds of

exposure in every case except when g, = 2.4, Aoy = 405 nm (blue shift is still possible at lower power),

followed by a reversal of shift direction. In contrast, the red shift took up to 30 minutes to saturate. These

results demonstrate the ability to clearly separate blue and red shifts by varying the duration of exposure, a

crucial property for trimming applications.
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Noticeably, for n, = 2.4, the red shift was significantly stronger than for n,., = 2.9. Specifically,
the red shift was 430 pm for ng, = 2.9, Aex, = 405 nm, but as much as 3900 pm for 75 = 2.4, Aexp = 405 nm.

Meanwhile, the strongest blue shift was observed when 7, = 2.9, Aexp = 520 nm.

S3. Thermal annealing as the origin of the bidirectional shifting in SRN MRRs

In this section we demonstrate that thermal annealing is a cause of the bidirectional resonance
shifting observed in SRN MRRs. We investigate how temperature of rapid thermal annealing (RTA) affects
the refractive index (RI) change of SRN thin film. The refractive index of SRN (n,.) films and their
thicknesses are measured by ellipsometer. Fig. 3.S3a presents 7., change as a function of RTA temperature

after 2 min of RTA, while Fig. 3.S3b also demonstrates results for 6 min annealing.
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Figure 3.S3: (a) SRN refractive index change as a function of RTA temperature. The inset
represents an area of a plot with RTA temperatures in range 400 °C — 500 °C. (b) SRN refractive index
change as a function of RTA temperature for different times of RTA.

Based on Fig. 3.S3, it is evident that RTA is a cause of the bidirectional shifting observed in SRN.
First, we can see a decline in n,, when annealing is done at lower temperatures. Specifically, the RI
reduction is observed at 400 °C RTA for all n,, of 2.4, 2.7, 2.9, and for n,, of 2.7 and 2.9, RI reduces even
at 500 °C RTA. Importantly, once RTA temperature exceeds 600 °C, n,., increases in all cases. This matches
the behavior of the MRRs resonance shifting, where lower exposure power induces blue shift (due to less
heating), while larger power causes a red shift. For example, the RI decrease in 7, = 2.9 due to RTA is
1.4x1072, which is of the same order compared to the RI decrease measured during trimming experiments

(2x107%). The maximum RI increase of 2.4x107? during trimming corresponds to RTA at 600 °C and above.
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Second, the RI reduction is larger in SRN with a higher n,,, as can be seen from the inset provided
in Fig. 3.S3a. This matches perfectly the trend observed during trimming of n., = 2.4 and ny,» = 2.9 SRN,
where blue shift was considerably stronger in ng,, = 2.9. The RI increase, on the other hand, appears larger

in ng, = 2.4, which also agrees well with the trimming results.

In addition, the trend observed from trimming (Fig. 3.2c, Fig. 3.2d) indicates that 520 nm light
requires higher power to achieve a strong red shift. This is to be expected since 520 nm light is absorbed
less by SRN, which results in less heating. For example, extinction coefficients are 0.44 for 405 nm
(penetration depth — 73 nm) and 0.08 (penetration depth — 530 nm) for 520 nm light in n, = 2.4 SRN,
therefore it is expected that 405 nm light should cause stronger red shift. Given that the thickness of index
2.4 SRN waveguides is about 380 nm, we conclude, based on the Beer—Lambert law, that only 50% of all
520 nm light is absorbed (although Si substrate absorbs the rest, causing some extra heating). This explains

why 520 nm light requires about 2 dB more power to induce the same RI change (Fig. 3.2d).

S4. On the origin of the bidirectional shifting: exposure power dependence

In this section, we provide a more detailed explanation of the trend observed in Fig. 3.2c. Since the
trimming is performed with a laser beam that has a non-uniform power distribution, a temperature gradient
is created within a section of an MRR. As a result, different regions of the MRR simultaneously experience
both increases and decreases in refractive index during exposure. This effect is particularly pronounced in

the index 2.9 SRN, where strong red and blue shifts were observed. Therefore, we focus on this case here.
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Demonstration of how non-niform heating of an MRR section affects trimming dynamics in index 2.9 SRN
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Figure 3.S4: (a) Dynamics of resonance shift in an SRN MRR when 7, = 2.9 and /e,y = 520 nm.
(b) Refractive index change of SRN as a function of exposure power when n,, = 2.9 (same as Fig. 3.2c,
presented here for convenience). (c) Image of an MRR showing how its section is exposed. (d)
Demonstration of how non-uniform distribution of heating within an exposed section of an MRR results in
different trimming behavior (observed in Fig. 3.54b). The grey, blue and red areas represent no shift, blue
shift and red shift, respectively, due to annealing. The numbers I — IV correspond to cases described in Fig.
3.54b. (e) Demonstration of how lower absorption of 520 nm light by an SRN waveguide results in larger
blue shifts, while higher absorption of 405 nm — in red shifts, for the same level of power.

Fig. S4a shows how the dynamics change at different exposure powers when rg, = 2.9 and Aey, =
520 nm. Meanwhile, Fig. 3.S4b (identical to Fig. 3.2c, shown here for convenience) depicts the refractive
index (RI) change as a function of exposure power for n, = 2.9. To understand the behavior in Fig. 3.S4b,
we include Fig. 3.S4c (arc exposure) and Fig. 3.54d, where we discuss how temperature gradients, caused

by non-uniform power distribution, affect trimming.

We start with case I, where power is low enough that even the peak temperature remains below 350
°C (the SRN deposition temperature), resulting in negligible shifts. As power increases in section II, we

observe a slower blue shift since parts of the exposed MRR section are heated between 350 °C and 600 °C.
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This is illustrated in Fig. 3.S4a, where only a blue shift is observed at P.,, = 13 dBm, saturating within 7
minutes (hence we call it ‘slow’). In section III, with further power increase, some ring sections reach
temperatures above 600 °C, where a red shift dominates, while others remain between 350 °C and 600 °C,
where a blue shift persists. This results in bidirectional shifting. However, because both shifts are slow (5
to 30 minutes), they may partially offset each other, reducing the overall trimming range. Finally, in section
IV, at the highest power levels, a stronger red shift is observed, though a blue shift is still present. At this
stage, most of the ring section reaches temperatures above 600 °C, which intensifies the red shift. Notably,
the blue shift dynamics accelerate significantly, with saturation occurring in about 10 seconds (as seen in
Fig. 3.S4a for P.y, = 15.7 dBm). In contrast, the red shift saturates in about 30 minutes, allowing red and

blue shifts to be separated by exposure time, which is essential for bidirectional trimming.

Fig. 3.54b shows that the blue shift is more pronounced, even at lower exposure powers, when
trimming is performed with 520 nm light, while the red shift is more prominent when using 405 nm light.
This can be attributed to the higher absorption of 405 nm light by SRN, leading to greater heating and a
stronger red shift, as illustrated in Fig. 3.S4e. Specifically, the extinction coefficients are 1.07 and 0.32 for
405 nm and 520 nm light, respectively, resulting in penetration depths of 30 nm and 130 nm, respectively.
As light propagates through SRN, power attenuates according to the Beer—Lambert law, creating a
temperature gradient. The lower absorption of 520 nm light results in a reduced temperature gradient, which
favors blue shifts due to more uniform heating across the SRN waveguide. This uniformity makes it easier
for sections of the ring to reach temperatures between 350 °C and 600 °C, where blue shifts are more likely.
Fig. 3.S4e emphasizes this effect: with 520 nm light, only a small region at the top of the waveguide
undergoes a red shift. However, with 405 nm light, stronger red shifts are seen at the top, and a steeper
temperature gradient causes both red and blue shifts to partially offset, reducing the blue shift. In
conclusion, 520 nm light is more favorable for bidirectional trimming, as it induces a strong blue shift due
to the reduced temperature gradient, while a stronger red shift can be achieved by just increasing exposure

power.
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S5. Minimizing scattering loss during trimming
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Figure 3.S5: (a) An example of transmission spectrum with fitted resonances of an exposed MRR
resonator when ng, = 2.4, Aoy = 405 nm. The blue area denotes the wavelength range where losses were
measured. Blue curves represent a fitting function, red circles — measured data. (b) Loss change as a
function of shifted resonance wavelength after trimming of an MRR resonator when 7, = 2.4, Aoy, = 405
nm (measured in range 1535 nm — 1540 nm). Here numbers mean how many sections of the same MRR
were exposed. The parameter &y, is loss per wavelength shift, it determines how much loss increases (in
dB cm™) per 1 nm resonance shift. (¢) Illustration of how exposure of one section of an MRR results in RI
perturbation An; responsible for scattering losses. (d) Illustration of how exposure of three adjacent sections
of an MRR results in RI perturbation An; and An; responsible for scattering losses.

N

In this section, we examine how different trimming approaches impact scattering losses. Fig. 3.55a
illustrates the process of determining optical losses by fitting MRR resonances. For consistency, all loss
measurements were conducted in the wavelength range of 1535 nm — 1540 nm. Fig. 3.S5b shows the
increase in scattering losses as a function of the resonance wavelength shift induced by 405 nm light
trimming when 7, = 2.4. Each point in this plot represents a different adjacent section of the same MRR

exposed to 405 nm light, with a spacing of 17 pm between sections.

Exposure was organized such that the first section (labeled as section 1 in Fig. 3.S5b) was exposed

for 45 minutes, the second for 30 minutes, and the remaining sections for 15 minutes each. It is evident that
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exposing the first section for 45 minutes led to a considerable increase in scattering losses, as expected: the
estimated refractive index (RI) increase was approximately 0.1, changing from 2.4 to 2.5. However, this
increase in losses diminished significantly with exposure of the adjacent sections. Indeed, when only the
first section was exposed for 45 minutes, the loss increase per wavelength shift, ki, was 2.8 dB cm™ nm™.
Notably, this value dropped to 0.16 dB cm™ nm™' between sections 5 and 9, indicating that a 1 nm shift
would lead to an average increase of only 0.16 dB cm™, which is acceptable for many applications where
expected resonance shifts remain below FSR of an MRR (typically 1 nm — 5 nm). We propose that k;,, can

be further minimized by exposing the MRR uniformly rather than in discrete steps.

Fig. 3.S5c and 3.S5d clarify how a more uniform exposure reduces scattering losses by decreasing
RI perturbations. In this example, closely spaced exposed sections lead to a more uniform RI increase
(An2<<Anl), resulting in less scattering. Thus, ensuring uniform exposure of the MRR is essential to

mitigate scattering losses, which can otherwise be significantly detrimental, as demonstrated in this section.
S6. Negligible contribution to trimming from PECVD SiO; and remaining HSQ

In this section, we investigate whether PECVD SiO, or remaining HSQ can account for the
permanent resonance shifts observed in SRN MRRs. To explore this, we fabricated c-Si MRRs (waveguide
width: 450 nm, waveguide thickness: 220 nm), as shown in Fig. 3.56a, and exposed one section of the
MRR to 520 nm light (Fig. 3.S6b). The fabrication process followed the same flow detailed in the Methods
and materials section, with two exceptions: the Si device layer was not removed, and SRN was not
deposited. The primary objective was to assess whether permanent resonance shifting occurs in the absence

of SRN.
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Figure 3.S6: (a) Cross-section of a c-Si waveguide used in experiments. Here BOX is buried oxide.
(b) Image of MRR showing how its section is exposed (violet circle), the MRR diameter is 50 pm, and ring
length is 170 pm. (c) Transmission spectra of the probing signal in c-Si MRRs after exposure to 520 nm
light, P, = 16.7 dBm. The dotted black curve indicates the initial position of resonance (reference). The
labels describe exposure time.

Based on the transmission spectra (Fig. 3.S6¢), even after 2 minutes of exposure, the impact on the
resonance position is negligible. Specifically, the observed shift of -10 pm is far too small to account for
the substantial shifts seen in SRN MRRs. Thus, we conclude that neither PECVD SiO; nor residual HSQ

contribute to the resonance shifts observed in SRN, regardless of the refractive index.
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