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Abstract

The most promising technology expected to alleviate the intra-chip and chip-
to-chip interconnection bottleneck is silicon photonics, in which electronics and
photonics can be integrated monolithically, only requiring standard CMOS pro-
cessing lines for fabrication. Nonlinear interaction can provide all-optical pro-
cessing capabilities, which do not have the bandwidth limitations imposed by
electronics. Silicon has a Kerr coefficient which is 100 times higher than silica;
this fact, together with the strong confinement because its high refractive index
difference, makes nonlinear effects take place at relatively low optical powers.
However, at 1.5 pm, silicon undergoes two-photon absorption too, generat-
ing carriers with slower dynamics that can mask the ultrafast nonlinear Kerr
effect. There are different strategies to reduce the effect of carriers, such as
carrier sweeping through a PN junction or reduction of carrier lifetime through
introduction of recombination centers. Another possibility is using a slot waveg-
uide, with most light confined in the slot and not in the silicon, allows having
a highly nonlinear material inside the slot, such as silicon nanocrystals [1H3].
Amorphous silicon should also be considered because its high nonlinearity and
low carrier effects [4]. In this thesis, we consider all these different materials,
waveguides and devices (ring resonator and Mach Zehnder interferometer) for
making all-optical switches that can work at 40 Gb/s bitrates or higher.



Abstract

La tecnologia més prometedora para solventar el cuello de botella en las actuales
interconexiones entre chips y dentro del chip es la foténica en silicio, donde la
electronica y la fotonica pueden integrarse monoliticamente, requiriendo sola-
mente un proceso estdndar de fabricacion CMOS. Ademsds, la interaccién no
lineal proporciona al silicio capacidades de procesamiento todo-6ptico, sin lim-
itaciones de ancho de banda como las que sufre la electrénica. El silicio tiene
un coeficiente Kerr 100 veces mayor que la silice; este hecho, junto con el gran
confinamiento debido al alto contraste de indice de refraccién, permite observar
efectos no lineales a potencias 6pticas relativamente bajas.

Sin embargo, a 1,5 micras de longitud de onda el silicio sufre un efecto
conocido como absorciéon de dos fotones. Esta generacién de portadores tiene
una dindmica mas lenta que puede enmascarar el efecto kerr ultrarrapido. Para
reducir el efecto de los portadores suelen utilizarse distintas estrategias, tales
como barrer portadores a través de una unién PN o reducir el tiempo de vida
de los portadores introduciendo de centros de recombinacién. Otra posibilidad
es usar una guia de onda ranurada, en las que el modo se confina en la ranura
en vez de en el silicio [IH3]. También hemos de considerar el Silicio amorfo,
por su alta no linealidad y menores efectos de portadores [4]. En esta tesis, se
consideran todas estas gufas de onda y estructuras (anillo resonante o MZI) para
la fabricacién de conmutadores totalmente 6pticos a velocidades por encima de
40 Gb/s.



Abstract

La tecnologia més prometedora per les futures interconnexions intra-xip i de
xip a xip és la fotonica de silici, en que 'electronica i la fotonica s’integren
monoliticament, només requerint linies de procés CMOS estandard per a la
fabricacié. L’ interaccié no lineal pot proporcionar capacitats de processa-
ment totalment oOptiques, sense les limitacions d’ample de banda imposades
per lelectronica. El silici té un coeficient de Kerr, que és 100 vegades més gran
que la silice, aquest fet, juntament amb el fort confinament a causa de la gran
diferencia d’index de refraccid, permeteix utilitzar efectes no lineals amb una
potencia optica relativament baixa.

No obstant aixo, a 1,5 micres de longitud d’ona, el silici també es sotmet a
I’absorcié de dos fotons, generant portadors amb dinamica més lenta que poden
emmascarar l'efecte no lineal Kerr ultrarapid. Hi ha diferents estrategies per
reduir I'efecte dels portadors, com accelerar portadors a través d’una unié PN
o reduir el temps de vida dels portadors a través de la introduccié de centres
de recombinacié. Una altra possibilitat és utilitzar una guia ranurada, amb
la majoria de la llum confinat a la ranura i no en el silici [IH3]. EI silici
amorf també ha de ser considerat, per la seva alta no linealitat i baixos efectes
de portadors [4]. En aquesta tesi, es consideren totes aquestes guies d’ona i
estructures (anell resonant o MZI) per a la fabricacié de commutadors totalment
optics a velocitats de 40 Gb/s o superiors.



Chapter 1

Introduction

In recent years, telecommunication technologies have experienced a great de-
velopment. This increase is due to the growing number of users, which at the
same time makes networks more attractive for the creation of innovative and
sophisticated applications. To meet the needs of these applications, large capac-
ity communications networks interconnection are required, which have resulted
in major impacts on society. These two factors, both the increasing number
of users and the emergence of more sophisticated applications, has forced the
networks to evolve, so that communication needs can be met.

1.1 Optical Technology

To meet our basic need to communicate, new technologies have appeared to
achieve the maximum bandwidth at reasonable prices. It is then when optical
technology begins to be used between core network nodes, mainly in the form
of single-mode fiber links. This links have a bandwidth of several Gbit/s per
wavelength, which in total can aggregate a total capacity of over 1 Thit/s.
However, the main functions of these network nodes, such as routing, are still
being done in the electrical domain, which is a major bottleneck for the future.
Currently we are trying to develop optical technology in the network nodes in
order to develop high performance optical networks.

1.2 Integrated optics

The best strategy to manufacture optical devices with different functions, high
bandwidth and low cost is to use integrated optics, in which a single manufac-
turing process can generate large volumes of production, resulting in a dramatic
decrease of the cost per device.

Currently, the main technologies used for manufacturing integrated optical
devices are based on group III-V elements such as Indium Phosphide (InP)
and gallium arsenide (GaAs) that can monolithically integrate active compo-
nents such as lasers and amplifiers, lithium niobate (LiNbO3) for high perfor-
mance external modulators and doped glasses for low scale of integration passive
components (Arrayed Waveguide Gratings, etc.). These materials have very
good optical properties and many global companies, such as JDS Uniphase and
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Optical fiber
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Figure 1.1: Multiplexing information in different wavelengths we can reach
Thit/s capacity with a single optical waveguide. (Intel)

Bookham, have developed commercial optical devices such as lasers, modulators
and multiplexers/demultiplexers for WDM networks. However, these materials
require highly specialized manufacturing technologies, and are not suitable for
large-scale manufacturing.

With the increasing demand of bandwidth, optical links start to become
necessary for lower distances, getting closer to the electronic circuits in data
centers. Therefore, there is a great need to reduce the cost of optical devices
in this new datacom emerging market, with more growing prospects for optical
communications than the traditional telecom market.

1.3 Silicon Integrated optics

The most developed manufacturing processes are the Complementary Metal
Oxide Semiconductor (CMOS), highly developed during many years by the mi-
croelectronics industry. Unfortunately, II1I-V technologies are not compatible
with CMOS, and their manufacturing processes are not as mature and devel-
oped. In this way, it is necessary to investigate new optical technologies that
allow the development of high performance commercial prototypes compatible
with CMOS manufacturing processes. This is how the development of silicon
photonic technologies will allow mass production of optical devices at a lower
cost.

In addition, silicon is transparent in the two telecommunication wavelengths,
which are at 1.3 and 1.55 microns. Moreover the high index difference between
silicon (3.47) and silica (1.44) at those particular wavelengths, allows the con-
finement of light in very small waveguides, below one micron, and very small
bending radius, allowing a drastic reduction of the area required by the device
in the wafer and a very high degree of integration. Finally, the high degree of
confinement enables using nonlinear optical effects at moderate powers, allowing
the realization of all-optical devices.

Silicon photonics is now a reality, and the proof is that companies like IBM,
Intel, Luxtera and Kotura are currently manufacturing silicon photonic devices
using CMOS-compatible technology. These devices are primarily modulators,
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detectors and sensors. The main problem of the silicon optical devices is the
difficulty of achieving efficient light emission and amplification due to its indirect
gap. On the other hand, the powers necessary to obtain non-linear effects also
generate carriers in the silicon that hinder the realization of ultrafast devices. At
present, research centers and major global companies are putting great efforts in
developing nonlinear active devices in silicon, and the proof is the large number
of very high impact publications made in recent years. [5HI5]

1.4 Objective

The objective is this thesis is to study different strategies for a high speed and
low cost solution for future optical interconnects. All optical switching will
allow us to increase the speed using ultrafast nonlinear kerr effect and scale
the power needed. Moreover all the materials considered are compatible with
CMOS technology, which is crucial for large scale manufacturing at competitive
prices.

1.5 Methodology

Three main activities necessary for this dissertation were:

1.5.1 Design

It required the use of simulation tools to predict the optical properties of the
waveguides and devices. Depending on the characteristics of the device (optical
waveguides, couplers, resonators, etc.) there are different simulation methods
that are more suitable for each design (See appendix [D]).

Figure 1.2: FDTD simulation of a 20 ym radius resonator at 1.55 ym. Light
only passes through when the ring is out of resonance. Waveguides were made
of fully etched Silicon (3.47), with 220 nm height and 500 nm width,
surrounded by Silica (1.44). The gap between the ring and the waveguide was
200 nm and light polarization was set to TE.
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1.5.2 Fabrication

The Valencia Nanophotonics Technology Center has 500 m? of clean-rooms and
all the necessary equipment to fabricate optical integrated circuits. The most
important techniques available include electron beam lithography, inductively
coupled plasma reactive ion etching, oxide and poly-silicon deposition, electron
microscopy, etc. The fabrication processes were carried out by specialized engi-
neers of the Institute and we also collaborated with the most advanced research
centers in Europe. Particularly, we worked in several European projects with
CEA-LETI and IMEC, allowing us to design samples that required processes
not available in Valencia.

EHT=1000kV  Signal A= inLens Date 2 Dec 2008
Mag= 231KX |—| WD= 7mm User Name = ADMINISTRATORTime :11:37:48

Figure 1.3: Electron microscopy image of a ring resonator fabricated in our
facilities. Starting from SOI wafers with 3 um buried oxide and 250 nm silicon
layer, waveguides were patterned with e-beam lithography and etched with an

inductively coupled plasma (ICP) etcher. The structures were covered with
2 pm of silica after SEM characterization. The channels were 500 nm wide and
250 nm high, and were coupled to a 10 gm-radius ring through a 300 nm gap.

1.5.3 Testing

Devices were tested in fully equipped laboratories, with capacity of ultrafast
nonlinear measurements. For this, the center has several laser sources (tunable,
pulsed and continuous) in the range of 1.3-1.6 microns, coupling systems (fiber,
objective or grating), and detection systems with bandwidths above 40 GHz.
Nonlinear experiments include pump and probe measurements, where a pump
generates changes in the propagation of a signal by cross-absorption-modulation
(XAM) and cross-phase-modulation (XPM). These changes can be exploited
for all-optical switching and logic gates (Section [A1]). For this, I used Mach-
Zehnder interferometers or ring resonators to convert phase modulation into
amplitude modulation. Finally, I characterized the lifetime of the carriers (A.2]),
which is decisive to determine the maximum switching speed of the devices and
investigated parametric processes such as four wave mixing, as it has recently
been shown that, under certain conditions, it can be efficient in silicon guides

B.3).



Figure 1.4: Horizontal and vertical coupling setups for sample characterization.

1.6 Outline

Chapter 2] introduces the building blocks and chapter [ the nonlinear effects
that play a role for developing all-optical switches. Chapters present an all
optical switch and a logic gate, using a microring resonator and a Mach Zehn-
der Interferometer respectively. Chapters characterize the figures of merit
of different nonlinear waveguides. Then, appendix [Al describes the different
experimental setups, where Ref. [Bl presents a technique to characterize rings
that considers backscattering effects through a model and Ref. [Clis a technique
to measure the phase of different devices. Finally, appendix [D| covers different
simulation algorithms used for this dissertation.



Bibliography

[1]

[10]

C J Oton, J Matres, A Martinez, P Sanchis, J P Colonna, C Ratin,
J M Fedeli, and J Marti. Ultrafast all-optical logic gates with silicon
nanocrystal-based slot waveguides. In Group IV Photonics (GFP), 2010
7th IEEFE International Conference, pages 171-173, 2010.

J Matres, A Martinez, J Marti, C J Oton, J P Colonna, C Ratin, and
J-M Fedeli. Ultrafast nonlinear dynamics in silicon nanocrystal-based hor-
izontal slot waveguides. In Group IV Photonics (GFP), 2011 8th IEEE
International Conference on, pages 30-32, 2011.

J Matres, C Lacava, G C Ballesteros, P Minzioni, I Cristiani, J Marti,
J M Fédéli, and C J Oton. Low TPA and free-carrier effects in silicon
nanocrystal-based horizontal slot waveguides. Opt. Ezpress, 20(21):23838—
23845, October 2012.

J Matres, G C Ballesteros, P Gautier, J Marti, and C J Oton. High nonlin-
ear figure-of-merit amorphous silicon waveguides. Opt. Express, 21(4):1164—
1170, 2013.

G. T. Reed. The optical age of silicon. Nature, 427(February), 2004.

Vilson R VR Almeida, Carlos A Barrios, Roberto R Panepucci, and
Michal Lipson. All-optical control of light on a silicon chip. Nature,
431(7012):1081-1084, 2004.

Ozdal Boyraz, Prakash Koonath, Varun Raghunathan, and Bahram Jalali.
All optical switching and continuum generation in silicon waveguides. Op-
tics Express, 12(17):4094-102, August 2004.

Stefan F Preble, Qianfan Xu, Bradley S Schmidt, and Michal Lipson. Ultra-
fast all-optical modulation on a silicon chip. Optics Letters, 30(21):2891-3,
November 2005.

T Liang, L Nunes, T Sakamoto, K Sasagawa, T Kawanishi, M Tsuchiya,
G Priem, D Van Thourhout, P Dumon, R Baets, H Tsang, and D Van
Thourhout. Ultrafast all-optical switching by cross-absorption modulation
in silicon wire waveguides. Opt. Express, 13(19):7298-7303, September
2005.

Michael Hochberg, Tom Baehr-Jones, Guangxi Wang, Michael Shearn,
Katherine Harvard, Jingdong Luo, Baoquan Chen, Zhengwei Shi, Rhys
Lawson, Phil Sullivan, Alex K Y Jen, Larry Dalton, and Axel Scherer.



[11]

[12]

[13]

[15]

Terahertz all-optical modulation in a silicon-polymer hybrid system. Na-
ture materials, 5(9):703-9, September 2006.

Rune S Jacobsen, Karin N Andersen, Peter I Borel, Jacob Fage-Pedersen,
Lars H Frandsen, Ole Hansen, Martin Kristensen, Andrei V Lavrinenko,
Gaid Moulin, Haiyan Ou, Christophe Peucheret, Beata Zsigri, and An-
ders Bjarklev. Strained silicon as a new electro-optic material. Nature,
441(7090):199-202, May 2006.

Mark A Foster, Amy C Turner, Reza Salem, Michal Lipson, and Alexan-
der L Gaeta. Broad-band continuous-wave parametric wavelength conver-
sion in silicon nanowaveguides. Optics Express, 15(20):12949-58, October
2007.

Michael Waldow, Tobias Plétzing, Martin Gottheil, Michael Forst, Jens
Bolten, Thorsten Wahlbrink, and Heinrich Kurz. 25Ps All-Optical Switch-
ing in Oxygen Implanted Silicon-on-Insulator Microring Resonator. Optics
Express, 16(11):7693-702, May 2008.

B G Lee, A Biberman, A C Turner-Foster, M A Foster, M Lipson, A L
Gaeta, and K Bergman. Demonstration of broadband wavelength conver-
sion at 40 Gb/s in silicon waveguides. Photonics Technology Letters, IEEE,
21(3):182-184, 2009.

C Koos, P Vorreau, T Vallaitis, P Dumon, W Bogaerts, R Baets, B Esem-
beson, I Biaggio, T Michinobu, F Diederich, W Freude, and J Leuthold.
All-optical high-speed signal processing with silicon — organic hybrid slot
waveguides. Nature Photonics, 3(April):1-4, 2009.



Chapter 2

Building blocks

The most important building blocks for developing all-optical switches are:

2.1 Waveguides

To route light in photonic integrated circuits there are different types of waveg-
uides:

oxide cover (Si02)

oxide cover (Si02

buried oxide (Si02) buried oxide (Si02)

Figure 2.1: The strip (left) confines more the light than the rib waveguide
(right). However, in the strip, the mode sees more sidewall roughness created
during the etching process and usually has higher loss.

e In Strip waveguides, the silicon is fully etched at both sides. This max-
imizes the lateral index contrast, allowing very tight bends and small
footprints. Sidewall roughness is the main source of loss, which is usually
in the range of few dB/cm for 220 x 500 nm waveguides.

e In Rib waveguides, a silicon slab remains at the bottom, where the mode
expands. The index difference and confinement factor are smaller than
the strip case, requiring higher bending radius. However they can achieve
lower loss and allow the introduction of an electrical signal from both sides
of the slab, as for example in modulators.

e If a thin layer of low-index material is inserted in the middle of the core
of a strip waveguide, that is called a slot waveguide. These waveguides



2. Building blocks

are interesting for some applications because the mode with polarization
perpendicular to the slot layer undergoes a strong field enhancement due
to the dielectric constant discontinuity. The orientation of the slot layer
can be either horizontal or vertical. For sensing, a vertical slot is very
interesting, as the slot can be filled with the analyte, whereas for nonlinear
applications the horizontal slot has lower loss and therefore longer effective
length of the nonlinear interaction.

oxide cover (Si02 L7 oxide cover (Si02

buried oxide (Si02) buried oxide (Si02)

Figure 2.2: The slot can be filled with an analyte (sensors) or a nonlinear
material (silicon nanocrystals) and can be horizontal or vertical.

There are several methods to calculate the modes in a waveguide (Ap-
pendix [D)). All of them calculate the possible modes that can propagate in-
side the waveguide, together with its propagation constant and effective index.
Moreover light can travel with two different orthogonal polarization states, quasi
transverse-electric (quasi-TE) and quasi transverse-magnetic (quasi-TM), that
we refer as TE and TM for simplicity.

0.22} 0.22

0 0.5 0 0.5

Figure 2.3: Fundamental transverse-electric TE (left) and magnetic TM
(right) modes of a 220 x 500 nm silicon strip waveguide surrounded by silica.
In both cases we plot the highest component of the electrical field, which is the
horizontal component for TE (Ex) and the vertical (Ey) for TM at 1.55 pym.

2.2 Bends

Bend waveguides are necessary in all photonic circuits, specially for designing
ring resonators and connecting different components. It is therefore of utmost
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0 0.50 0 0.5

Figure 2.4: Left: Fundamental TE mode of a 220 x 500 nm silicon rib
waveguide with a 100 nm silicon slab. Right: Fundamental TM mode of a slot
waveguide that consists of two 220 x 500 nm silicon slabs separated by a
100 nm silica slot. We can see that the mode expands in the 120 nm slab of
the rib waveguide (left) and that the 100 nm silica slot confines the mode
inside the slot thanks to the field enhancement discontinuity of both silicon
slabs (right). In both cases we plot the highest component of the electrical
field, which is the horizontal component for TE (Ex) and the vertical (Ey) for
TM at 1.55 um

importance to understand light propagation inside the bend. Bent modes can
be calculated using standard mode solvers using a conformal transformation of
the index profile as explained in [I]. The bend introduces an asymmetry in the
mode profile, which can be modeled with a good approximation as an index
increase towards the outer side of the bend. This effect pushes the mode to the
outer part of the bend, and bend loss occurs in form of radiation losses.

However, Silicon waveguides allow very small bending radius thanks to the
high refractive index between the silicon core (3.47) and silica cladding (1.44),
enabling high scale integration of photonic integrated circuits. In Fig. 27 we
can see that for a strip waveguide with 5 um bending radius, losses are lower
than 0.04 dB per 90° turn.

2.3 Fiber to chip coupling

Coupling between integrated circuits and optical fibers is a serious challenge
because of their mode size mismatch. There two main approaches to solve this
problem:

e Using a grating coupler to couple light from a fiber into the chip [2]
allows device testing directly from the wafer. It is based on a resonant
structure and must be designed for a certain polarization and wavelength
range.

e We can couple light horizontally with a taper that adapts the mode size
from the chip to the fiber. A regular taper only expands the mode hori-
zontally, while an inverse taper narrows the mode first and then it expands
in both directions with a more uniform shape. Inverse tapers increase the
coupling efficiency, but are more sensitive to fabrication tolerances [3].

10
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Figure 2.5: Effective index for different modes and waveguide widths of a
220 nm height Silicon strip waveguide. The graph shows the guided modes
that can propagate inside the waveguide, whose index is above the refractive
index of the Silica (1.44).

2.4 Mach Zehnder interferometer (MZI)

It is the most basic interferometric structure. An input beam is divided into
two arms with different length or different phase shifts, so the relative phase
shift between both arms changes for different wavelengths, interfering either
constructive or destructively. The output field is:

Eout/Ein, = cos(Ag) (2.1)

Where A¢ is the phase difference between both arms of the interferometer,
that can be due to different arm length (A¢ = SAL) or different propagation
constant (f) in each arm (A¢ = ASL).

2.5 Ring resonators

Ring resonators are very useful components for filtering, multiplexing, switching
and modulating. An optical ring resonator is a structure formed connecting
the input of a directional coupler to one of the outputs (Fig. ZZTI). When
we couple light of a certain wavelength into the ring, it generates constructive
or destructive interference in the multiple turns, so only the wavelengths that
satisfy the resonance condition remain inside the ring, which are multiples of
the ring length. The rest of the wavelengths accumulate different phase shifts
along the ring and interfere destructively.

The transmission equation of a ring can be easily obtained. If we consider
an input field F;,, the first contribution at the output is E;,t being ¢ the trans-
mission in the coupler (Fig. Z11)). The second contribution (—FE;,k?) has the
ring single pass amplitude transmission (A = |A|e’?), two coupling coefficients

11
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Figure 2.6: 1.55 pm TE Computed mode of a 220 x 500 nm strip waveguide
with no bend (left), 5 pm (center) and 1 pm (right) bending radius, where the
leaking of the mode to the cladding increases significantly.

90° Bend losses (dB)

1 2 3 4 5
Bend radius (zm)

Figure 2.7: Simulated losses of a 90° bend for different bending radius. As we
can see, strip waveguides allow very small bending radius thanks to the high
confinement of the mode inside the Silicon.

(k?) and a negative sign due to the /2 shift to enter the ring and another /2
phase shift to go back into the waveguide.

Eout = Eip|t — k*A — E2tA% 4+ .. ] (2.2)

Eout/Ein =t — KA1+ tA+ (tA)* + .. ] (2.3)

Where the sum of the infinite terms of a geometric progression of common
ratio tA < 11is Sy = —L

1—tA
FEout/Ein =t — k*A ! (2.4)
out mn 1_ tA .
t—t2A - K?A
Eout/E'm = 1 tAi (25)
And we know that k2 4+ t? = 1, so we can substitute k% = 1 — t2:
t— A
Eou Ein =T 2.
¢/ T A (2.6)

12



¢ + A

in out

Figure 2.8: Schematic MZI interferometer. We can use it as a logic gate by
accessing both arms independently, as in Chapter [ paper.

Where the single pass amplitude transmission (A = |Ale’?) in resonance
(¢ = BL = 2r=§L27R = 0,27,4m,...), only has the losses term (A = a).
Depending on the relation between the coupling coefficient and the losses, a
ring resonator is:

e Under-coupled (¢t > A): The coupling is lower than the attenuation in
a single trip through the ring. With zero phase at the resonances, each
resonance produces a phase fluctuation.

e Critically coupled (¢t = A): The attenuation in one trip through the
ring equals the coupling coefficient. In this case there is zero transmission
at resonance, because the output light coming from the ring and from the
input port cancel out.

e Over-coupled (¢t < A): The coupling coefficient is higher than the at-
tenuation through the ring. Therefore the phase accumulates an extra 27w
at each resonance because at the output, more energy is coming from the
ring than from the input port, generating an extra phase delay. The phase
at the resonance is 7.

Rings have a certain free spectral range (FSR), extinction ratio (ER), and
resonance full-width half maximum (FWHM), related to the quality factor (Q)
and finesse (F'). These parameters depend not only on the coupling (k) and
the amplitude transmission inside the ring (A), but also on manufacturing tol-
erances [4].

)\2
FSR = - 2.7
o (2.7)
Where n, is the group index and A,.s is the resonant wavelength.
FSR
Q=mb=mpr (28)

McKinnon et al [5] develop a method for extracting the coupling and loss
coeflicients. However, their formulas do not distinguish which coefficient is loss
and which is coupling, so in paper [Clwe propose a novel experimental technique
able to distinguish unambiguously the parameters of the ring. Moreover, when
working with very high quality factors (@ > 10k), backscattering effects can
greatly alter the shape to the resonances, so in paper [B] we present a theoretical
model that considers backscattering effects and experimental measurements that
demonstrate its validity [6].

13
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Figure 2.9: Impulse response (top) and transfer function (bottom)
measurements of a 350 ym arm difference MZI (5 ps) using an Optical Vector
Analyzer (OVA) (Appendix [AZ6]). From the Inverse Fourier Transform of the

spectrum we can measure the delay between both arms.
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Figure 2.10: MZI interferometer with constructive (left) and destructive
(right) interference.

14



in L) out

Figure 2.11: A is the single pass amplitude transmission and k/t the
(cross/self)-coupling coefficient of the ring.
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Chapter 3

Nonlinear effects

There is a great scientific and technological interest in Silicon for developing
photonic devices based on nonlinear processes. Table B.I] contains a selection
of the most important works on the subject for the last six years. These works
can be classified according to the main nonlinear effect observed in Silicon:

e Thermal effects are the slowest (ms). Light can heat silicon, and an in-
crease in temperature increases its refractive index. Its coefficient is equal
to 1.8 x 1074/°C [12]. This effect can be beneficial in some applications
where fine tuning is necessary, which can be achieved by applying temper-
ature variations. On the other hand, this effect can be problematic when
a stable performance with temperature is desired. In those cases, one can
introduce a cladding material with a negative thermo-refractive coefficient
in order to make the device athermal [3H5].

e Free carrier effects [6HII] appear at relatively high powers (>100 mW
for the geometries presented in the thesis) and are generated through
two-photon absorption (TPA). They produce changes both in refractive
index (free-carrier-dispersion, FCD) (An < 0) and absorption (free-carrier
absorption, FCA) that can be used for switching one beam using another
co-propagating beam. The problem is that the carriers take nano-seconds
to recombine, limiting the switching to around 1 GHz speed.

e Kerr effect [12/[13] is produced by the third order nonlinear coefficient
x®), and has the advantage of having instantaneous response time, which
introduces no speed limitations. The problem is that the power levels
needed also create carriers through TPA, and these carriers hinder the
Kerr effect. One strategy to increase the Kerr response is to include ma-
terials with a high x(® in the waveguide section. Another possibility is
to use amorphous silicon, which has a lower TPA coefficient and very fast
carrier recombination time [14].

e Pockels effect is produced by the second order nonlinear coefficient, x(2).
The problem is that it appears only in materials with no inversion center,
such as LiNbOg, and in silicon, is zero. However, depositing a SigNy layer,
one can induce stress and break the symmetry of Silicon [I5HIT].
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3. Nonlinear effects

Ref. Group Structure Effect Details
[18] Cornell Ring carriers (FC) | 450 ps response
generated
through TPA
[7| UCLA Mach-Zehnder | Kerr + FC 7 ns response due to
carriers
[8] | Cornell Ring FC generated | 7 ns response due to
through TPA | carriers
9| IMEC - Waveguide XAM 13 ps response, 2 W
Ghent peak power
[12] Caltech Si+ polymer kerr 1 ps response, 50 mW
peak power but only
0.3dB modulation
[15] Tech. Si with strain x@ induced measurement
Univ. of through x? =15 pm/V
Den- strain
mark
[10] Cornell Ring FC generated | 1 ns response, 30 mW
by TPA peak power
[11] Aachen Ring fast carriers 25 ps response with
Univ. thanks to O non-guided pump
implantation | (800 nm)
[19] Cornell Waveguide FWM 40 Gbps conversion,
15 dB efficiency
[20] Kalsruhe | Si slot with FWM 3 ps response
Univ., polymer
IMEC
[13] Univ. Ring (slot kerr 10 ps response
Politec. waveguide with
Valencia | Si-

nanocrystals)

Table 3.1: Recent impact contributions in the area of nonlinear silicon

photonics.
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3. Nonlinear effects

3.1 Kerr effect

Kerr effect produces a refractive index change (An = nyI) that depends on the
optical intensity (I) and nonlinear refractive index (ns). For silica, ng is typically
in the order of 2.7 x 107 *%cm? /W , whereas in Silicon, it is significantly higher
(4.5 x 10~ em? /W) [21]. Moreover, the strong confinement of the mode in
small waveguides, enhances nonlinear effects, so it is more convenient to use the
nonlinear coefficient () definition:

Now
Re(y) = (3.1)
CAeff
where the effective area (A.ys) is defined as in paper [22]:
E 2 2
S 1B y) dady) 5

S T B (e, ) dxdy

Kerr effect is the most desired due to its high speed (1071° s). However it is
a very weak effect that requires power densities higher than Free carrier gener-
ation, so it is masked by the effects of these carriers. It can be maximized with
structures that confine the power in a small area, such as slot waveguides [13], or
combining silicon with other materials with a higher x> coefficient, such as sili-
con nano-crystals [23] or some polymers [20]. Since the Kerr constant of silicon
is positive it produces an increase in refractive index (An > 0) and is respon-
sible for the nonlinear optical effects of Four Wave Mixing (FWM), Self-phase
modulation (SPM) and Cross-phase modulation (XPM).

e Four Wave Mixing (FWM) is a nonlinear effect in which using two
wavelengths, two other are generated on both sides of the spectrum. It
is a phase-sensitive process, so the interaction depends on the relative
phases between both signals and can accumulate over long distances when
they satisfy a phase-matching condition, which depends on the wavelength
separation and the even dispersion coefficients (82, 84 , etc.). In other
cases, where there is a strong phase mismatch, four-wave mixing is not
efficiently generated. Moreover, free carrier generation also limits its effi-
ciency. There are several applications of FWM, such as generation of new
frequencies [24], wavelength conversion [19)25] and parametric amplifica-
tion [26-28).

e Self-phase modulation (SPM) takes place when a short pulse of light
travels in a material and induces a refractive index change during its prop-
agation due to kerr effect. This induced chirp broadens the spectrum
of the pulse as it travels. One application of SPM is the generation of
super-continuum using ultrashort high peak power pulses and a nonlinear
media [7].

e Cross-phase modulation (XPM) is a more interesting effect in terms
of switching. We can use one signal to induce a refractive index change
in a waveguide where another signal is traveling. Through those changes
we can control one beam using another beam, changing, for example, the
phase relationship between the arms of a Mach Zehnder Interferometer or
the phase of a beam traveling inside a ring resonator.
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3. Nonlinear effects

pump

P /P

idler * signal

Power (dBm)

signal idler

‘19%62 1564 1566 1568
Wavelenagth (nm)

Figure 3.1: Generation of new frequency components via four-wave mixing.

3.2 Two photon absorption (TPA)

For all-optical switching, the desirable Kerr effect is limited by Two photon
absorption (TPA), due to the absorption of two photons whose energy is trans-
fered to excite an electro-hole pair. In a waveguide, we can consider it as the
imaginary part of the gamma coefficient:

92— —aP(z) ~ 2lIm(y) (Y (33)
where a and I'm(+y) are the linear and nonlinear loss and P is the power of
the signal through the waveguide.

The Figure of Merit (FOM) measures the ratio between the nonlinear co-
efficient Re{v} and nonlinear absorption Im{~}, and must be larger than two
for efficient all-optical switching [29-31]. We measure Re{v} through four wave
mixing (appendix [A3]) and Im{~} from the nonlinear loss measurements (A4]).
Vallaitis et al present a way to determine a Figure of Merit which is valid with-
out having to estimate any peak power, effective area, waveguide effective length
or absorption coefficient. It only uses the nonlinear phase shift (A¢xr) and the
amplitude transmission (T4) from the nonlinear time resolved measurements

(B2):

- -1 Re{’y} - Agf)NL
FOMrpa = Im{y} ~ 4xinTy (34)

3.3 Free carrier effects

Free carriers are generated in the silicon by Two photon absorption (TPA). We
can basically differentiate two different carrier effects, all of which originate from
the same TPA phenomena:

e Free carrier dispersion (FCD) produced by the refractive index change
of the carriers.

20



e Free carrier absorption (FCA) because the excess of carriers absorb
light. However, using a reverse polarized junction [32] or implanting
dopants [33], one can reduce the carrier lifetime and the effect of FCA.

At 1550 nm we can use the empirical formulas of free carriers, where ny is
the free-carrier index (FCI) and oy, expressed in em ™!, governs the free carrier
absorption (FCA) [34.[35]:

ny=—(88x107*N, + 8.5N;%) x 10718 (3.5)

ap=145x 107N (3.6)

Carrier densities of holes (Ny) and electrons (N.) generated through TPA
are equal (N, = N, = N) and have cm ™3 units. The negative sign in n; means
a refractive index decrease due to free-carrier dispersion (An < 0).

For all-optical switching, carriers can be the problem or the solution, accord-
ing to the strategy employed. If one managed to reduce the recombination time
of carriers from 1 ns to tens of ps, the effect would be ideal for switching. In
samples fabricated through ePIXfab platform, this time was around 10 ns, while
we also reported Silicon strip waveguides with recombination times in the order
of 100 ps fabricated in our facilities [36,[37]. The recombination time of free
carriers depends on several factors, such as dopant concentration or waveguide
geometry. Implanting dopants, such as Helium [33], or using rib waveguides [38]
can increase the carrier diffusion and reduce carrier lifetime. Another possibility
is sweeping carriers with a p-i-n union inversely polarized, which considerably
complicates the fabrication and increases the power consumption [32]. Finally,
slot [39] and amorphous silicon waveguides [I4] have demonstrated to reduce
carrier associated effects.
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Chapter 4

Paper: Ultrafast nonlinear
dynamics in silicon
waveguides

In this work we demonstrated all-optical switching using Silicon microring res-
onators. This was possible due to the fast recombination times of the free-
carriers generated during the switching. Together with the switching experi-
ment, we characterized the carrier lifetime using phase sensitive ultrafast time
resolved measurements. My personal contribution to the work is the following:
I did the experimental measurements, together with C. Oton; I analyzed the
data and drafted the paper. The work was presented in the 7th Optoelectronics
National Meeting, and the reference is the following:

J. Matres, A. Martinez, J. Marti, and C. J. Oton, “Ultrafast nonlinear dy-
namics in silicon waveguides,” in Optoelectronics National Meeting ,7th OP-
TOEL, 2011, pp. 1-4.
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Abstract

We present the ultrafast nonlinear characterization of a CMOS-compatible sili-
con waveguide. A phase sensitive pump and probe technique was implemented
in order to monitor the phase and amplitude response of the system with 1 pi-
cosecond resolution. This allowed the characterization of carrier generation and
recombination dynamics, where decay times below 150 ps were observed. With
this device, we show an all-optical modulator based on an integrated microring
resonator with 10 dB extinction and 1/e recovery time of 150 ps.

4.1 Introduction

Integrated silicon-based optical devices have recently emerged as a feasible tech-
nology to route, switch and modulate signals in optical networks, which are ex-
pected to dramatically reduce device costs and provide new functionalities [IJ.
However the main limitation in these devices is that ultrafast effects, such as
Kerr, require so high powers that free-carriers are generated through two-photon
absorption (TPA), limiting the speed of commutators [2], logic gates [3], etc. To
solve this limitation there are several techniques to sweep this carriers, the most
common of them is to create a reverse biased PN junction [4]. In this work
we present two different nonlinear experiments to characterize the dynamics
of nonlinear effects such as Kerr, cross absorption modulation and free-carrier
dispersion. In the first experiment we will observe the phase and amplitude
response of high power pulses (pump) over low power pulses (probe). The other
experiment is optical switching; it is also based on controlling a low-power signal
(probe), through high power pulses (pump).

4.2 Fabrication

The samples used were fabricated from SOI wafers with 3 pm buried oxide and
250 nm silicon layer. The waveguides were patterned with e-beam lithography
and etched with an inductively coupled plasma (ICP) etcher. The structures
were covered with 2 pum of silica after SEM characterization. The channels
were 500 nm wide and 250 nm high, and were coupled to a 20 um-radius ring
through a 300 nm gap. Light was coupled into the waveguides by butt-coupling
with lensed fibers, and was extracted with an objective. The TM transmission
spectrum was measured by tuning the laser, and the result is shown in Fig. 1]
where one resonance is shown. The response was fitted to the theoretical equa-
tion [5] by using the propagation loss and coupling coefficient as parameters.
A good agreement was found for propagation loss of 20 dB/cm and coupling
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coefficient k = 0.072. Full width at half depth (FWHD) of the peak was 92 pm,
which corresponds to a Q-factor of 16870.

R20um g300nm, TM. Simulation with K=0.072, loss=20dB/cm
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Figure 4.1: Transmission spectrum of the ring resonator sample (TM
polarization). Solid line is the experimental data and dashed line is the result
of the simulation when setting propagation loss to 20 dB/cm and coupling
coefficient k = 0.072

4.3 Experiments

4.3.1 Heterodyne characterization

In order to study with great detail the nonlinear effects response, both in phase
and module, we used an heterodyne characterization setup. The set up (Fig. [4.2)
consists of a series of probe pulses that are affected by a high power pulses
(pump). Varying the pump pulses with respect to the probe ones we can see
the module and phase response of nonlinear effects such as Kerr, cross absorption
modulation and Free-carrier dispersion.

delay
Motorized optical delay line ; delay
delay ref probe ;
| pump _PC r‘ef probe
1 € > probe&ref

40 KHz Signal

Figure 4.2: Characterization setup. Grey dashed line: RF signals, continuous

line: optical signals. The motorized delay line was used to modify the position

of the pump pulses respect the probe ones. PC: polarization controller, AOM:
acousto-optic modulator.

28



The initial pulse is divided into three pulses: two weak ones (a reference and
probe separated 10 ns), and one pump pulse, situated close to the probe pulse,
and whose temporal position with respect to the probe can be varied. The ref-
erence and probe pulses are recombined after passing through the sample, and
the beatings they produce are collected in the lock-in. The 40 KHz beatings
are produced because the wavelengths of probe and reference signals are slightly
different, as both are shifted with acousto-optic modulators which work at fre-
quencies that only differ by 40 kHz. The amplitude and the phase of the signals
are simultaneously monitored. The amplitude collected is proportional to the
amplitude of the probe pulse with respect to the reference, and the phase of
the beatings corresponds to the phase shift produced by the pump to the probe
pulse, considering the reference pulse as unaffected by the pump, and thus using
it as a reference for the phase measurement.

4.3.2 All-optical switching

The setup for the all-optical switching experiment is shown in Fig. [AIl A
tunable laser was modulated with a LiNbO3z modulator and amplified through
Er-doped fiber amplifiers (EDFAs). The pulse train was generated with a
40 Gb/s bit pattern generator, where pulses had 45 ps duration and 6.4 ns pe-
riod. The peak power coupled into the waveguide was estimated to be 85 mW.
A continuous-wave (cw) probe signal was mixed with the pump with a 3 dB
coupler and sent to the waveguide through the same fiber with an estimated
coupled power of 0.5 mW. Wavelengths of pump and probe signals were respec-
tively 1564 and 1554 nm, chosen to match with two resonances of the micro-ring
resonator. The output signal was filtered to remove the pump component and
amplified before sending the signal to a 50 GHz photodiode and collecting the
data with a 40 GHz sampling scope.

Signal ~1550nm P.C.
000 , .
Signal + pum Signal onl

Sample|—| Filter W

Pump ~1559nm

Bit pattern generator|

Figure 4.3: All-optical switching characterization setup. (Triangles represent
EDFAs with ASE filters, PC: polarization controllers, DCA: Digital
communication analyzer)

4.4 Results

4.4.1 Heterodyne experiment

In Fig. 4.6l we can see observe both Kerr and carriers effect. They produce oppo-
site phase shifts because Kerr produces an increase in refractive index (An > 0)
and carriers decrease it (An < 0).
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Figure 4.5: Transmission spectrum of the ring resonator sample (TM
polarization). Wavelengths of pump and probe signals were respectively 1564
and 1554 nm.

The dynamics of each of these processes is also very different. During the
pump pulse, we can see an instantaneous phase change due to Kerr effect, to-
gether with an amplitude decrease. This decrease is due to cross-absorption
modulation (XAM), which consists of a two-photon absorption (TPA) process
where one of the photons comes from the pump and the other comes from the
probe. Once the pump pulse is gone, there is a phase response with opposite
sign that remains for more than 100 ps. This is due to the carrier plasma effect,
also known as free-carrier dispersion (FCD).

Fitting the carriers decay time to a double exponential, we can clearly ob-
serve two tendencies with different recombination times. One of them is very fast
(8ps time constant) whereas the other is much slower (123 ps). (See Fig. E.T]).
Carrier recombination time in Si waveguides is usually reported to be in the ns
range [6/7], so we attribute this fast response to surface defects in the waveguide.
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Figure 4.6: Sample response for different pump peak powers in the waveguide.
Top: phase shift produced in probe pulse versus pump delay time (FCD:
Free-carrier dispersion). Bottom: amplitude variation in the probe (XAM:
cross absorption modulation).

4.4.2 Switching experiment

Figure [£.8 shows the result of the second experiment, which is the demonstra-
tion of all-optical switching [2].The carrier dispersion effect produces a phase
response, which is converted into intensity modulation by using a micro-ring
resonator. As the resonance position blue-shifts when the carriers are excited,
and the probe is tuned to the resonance, this shift produces an intensity mod-
ulation which is measured with the photo-diode. Using only 85 mW of pump
peak power, the extinction ratio is 10.2 dB and the 1/e recovery time is 150 ps,
which is close to the decay time observed in the phase-sensitive experiment.
Depending on which point of the resonances we tune our CW laser we obtain
positive (laser in the minimum of the resonance) or negative pulses (CW laser
next to the resonance).

4.5 Conclusion

We have characterized the dynamics of the nonlinear response of a Si waveguide
with a time-resolved phase-sensitive pump and probe technique. The Kerr and
XAM effects are clearly distinguished from the carrier dispersion effect. The
carrier decay follows a double exponential decay with constants 8 ps and 122 ps,
which is faster than values reported elsewhere. This fast decay time has allowed
the fabrication of an all-optical switch with 10 dB extinction ratio and 150 ps
recovery time, by using only 85 mW of pump peak power.
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Chapter 5

Paper: Ultrafast all-optical
logic gates with
Si-nanocrystal slot

What prevented us from using more power or presenting an Eye pattern in high
speed switches and logic gates is the generation of free-carriers in Silicon waveg-
uides, which alters the level of zero when several pulses arrive. To solve this
problem, there are several strategies. The most common is to create a reverse
polarized PN junction to sweep carriers [I], but it complicates the fabrication
and increases the power consumption.

We proposed to enhance the Kerr response by introducing silicon nanocrys-
tals, with very high x3, in a horizontal slot configuration. Using this structure we
demonstrated an all-optical logic gate with ultrafast switching time (< 40 ps).
In this paper I participated in the experimental measurements and data anal-
ysis together with C. Oton. The paper was presented in the IEEE Group IV
Photonics, and the reference is the following:

C. J. Oton, J. Matres, A. Martinez, P. Sanchis, J. P. Colonna, C. Ratin, J. M.
Fedeli, and J. Marti, “Ultrafast all-optical logic gates with silicon nanocrystal-
based slot waveguides”, in Group IV Photonics (GFP), 2010 7th IEEE Interna-
tional Conference, 2010, pp. 171-173.
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Abstract
We report an ultrafast (< 40 ps) all-optical XOR logic gate based on a silicon
nanocrystal-based horizontal slot waveguide. The device consists of a Mach-
Zehnder interferometer with three input ports, and is driven by ~ 200 mW
peak power.

5.1 Introduction

Silicon photonics has recently become a subject of intense research, particularly
during the last years, when industries have started to develop devices which are
now becoming competitive with other technologies. During the last few years,
there have been significant advances in nonlinear devices such as all-optical
switches, routers, and logic gates. These devices usually take advantage of the
free carrier dispersion (FCD) effect produced by carriers generated through two-
photon absorption (TPA) mechanisms. The main issue with these devices is the
speed, dominated by a carrier recombination time which is usually in the order of
1 ns. Different approaches have been proposed to increase the speed, the most
successful one being carrier depletion through a p-i-n junction, [I] although
it still has a bandwidth limitation. On the other hand, the nonlinear Kerr
effect is more appealing than the carrier-related nonlinearities, as the former
is instantaneous thus there is no intrinsic bandwidth limitation. However, in
standard silicon waveguides, the carrier-related effects take place at lower powers
than the Kerr effect, so the ultrafast Kerr response gets masked. Therefore,
other materials have to be combined with silicon to attain a more intense Kerr
response. Polymers have been proposed as suitable candidates, [2] but these
materials involve non-CMOS processes and impose a temperature limitation too.
Silicon nanocrystal-based waveguides only require CMOS processes and have a
very high nonlinear coefficient [3]. In this paper we show experimental results of
an ultrafast all-optical XOR logic gate in a Mach-Zehnder interferometer (MZI)
based on this approach.

5.2 Fabrication

The layer responsible for the nonlinear Kerr effect is PECVD-grown silicon-rich
silica (SiOx), which is annealed at 1200°C for 1 h so that it can form silicon
nanoclusters. However, in the sample presented here, the amount of silicon
excess is too low to measure it with precision (probably less than 1%). In order
to enhance the nonlinear effect, this layer was sandwiched between two silicon
channels in a horizontal slot configuration [4]. To fabricate such a geometry, a
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100 nm layer of SiOx followed by a 220 nm polysilicon layer were deposited on
top of a standard SOI wafer with 220 nm Si layer. The waveguides were dry-
etched to form 500 nm-wide channels, and inverted tapers as in Ref. [5] were
added to the facets to facilitate the coupling. The whole layout was covered
with silica. More details of the fabrication and material properties can be found
in Ref. [6].

5.3 Characterization

Figure [B.1] sketches the setup employed for the nonlinear characterization. A
low-power cw probe laser was launched into the central branch of an asymmetric
MZI, while two different high power pulse patterns were coupled to each branch
of the MZI. A standard 250 pm-separated flat fiber array was used to couple to
the 3-input-port MZI. The XOR behavior of the device comes from the fact that
equal inputs in the branches keep the MZI balanced, thus there is no response,
while different inputs unbalance the interferometer, generating a response in the
probe signal. The MZI also had microring resonators in each branch, although
in this experiment their effect is not observable because the wavelengths were
chosen to be far from the resonances. Propagation losses were less than 5 dB/cm.

Data A
JUL I
Pump
H Probe
cwlaser Modulator }—|>— Coupler
| cwlaser
Bit pattern
generator
40Gb/s DataB
Delay $
line

Figure 5.1: Experimental setup for the characterization of the optical logic
gate. Triangles represent Er-doped fiber amplifiers with an ASE filter. A fiber
array was used to simultaneously couple the light to the three inputs of the
MZI.

The wavelength of the pump was set to 1560 nm, although it does not
particularly matter in the performance of the device, as there are no interference
fringes on that input, as shown in Fig. The wavelength of the probe signal
does matter, as the intentional asymmetry of the branches produces fringes
which allow us to set the initial working point at any point of the fringe. The
wavelength chosen was 1546.27 nm, where the slope of that particular fringe was
maximum, in order to get the maximum response. This working point produces
positive (negative) pulses in the probe signal when pulses are coupled to the
branch A (B), as shown in Fig. 533l As branch A is shorter than branch B, this
means that the effective index increases in presence of the pump, which means
that the Kerr coefficient is positive, and rules out the generation of carriers as the
cause of the fast nonlinearity. When both branches are simultaneously excited,
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the phase change is identical in both branches, thus no response is observed.
Peak powers in the coupling fiber was only 500 mW, which becomes 200 mW
after 4 dB estimated coupling loss, and produced =~1dB modulation depth,
as shown in Fig. 5.3l Although the ultrafast response is produced by a Kerr
effect, which is instantaneous, there were also carriers generated by TPA which
introduced a much slower response too (> 1 ns). This effect is negligible when
short trains of pulses are sent, but when a realistic telecom signal is launched, it
generates a fluctuating baseline which prevents an error-free performance. This
is a well-known issue in any silicon waveguide where carriers are generated, and
can be overcome for example by introducing a carrier depletion mechanism [I].
This would also allow coupling higher powers to the device, thus achieving a
higher modulation extinction ratio.

-15 - Probe Pump 1
20 /’F ‘.‘ ,N\‘ J{rl \H / ( ~1 T ¢W R
_ ‘[ \“ Y[ \‘ | ‘ \\‘ ’[ | H ‘ H y
S 25 "[ | } | f H J/ H ]
B | U]
on 30 ! “ ' ‘ ‘ || —— Central branch
” | 0[ ‘\ Top branch
-35 y r ‘V \] Bottom branch
40 - ‘ ‘ ]
1545 1550 1555 1560

Wawelength (nm)

Figure 5.2: Spectrum of the asymmetric MZI of 15 mm length and 350 pm
path difference, for the three input branches. Pump and probe wavelengths
are indicated with arrows.

5.4 Conclusions

We report the experimental characterization of an all-optical XOR logic gate
on a silicon-nanocrystal slot waveguide. This geometry provides an enhanced
Kerr effect, enabling ultrafast (< 40 ps) switching times. The device is a Mach-
Zehnder interferometer with 3 input ports, and achieves ~ 1 dB modulation
depth by using optical peak powers of ~ 200 mW.
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Figure 5.3: Ultrafast probe signal when a train of two bits separated 100 ps is
sent through branches A and B (top, blue), just A (middle, green) and just B
(bottom, red).
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Chapter 6

Paper: Low TPA and
free-carrier effects in
Si-nanocrystal slot

In the previous chapter, ultrafast Si-nanocrystal-based optical logic gates were
demonstrated. However, a proper quantification of the carrier effects and TPA
was missing. In order to characterize separately all these nonlinear effects,
we set up an advanced experiment capable of measuring the ultrafast non-
linear response in phase and amplitude. We performed measurements on a
Si-nanocrystal slot sample and compared it to standard Si strip waveguides,
where we were able to quantitatively conclude the better performance of the
silicon-nanocrystal slot through its nonlinear figure-of-merit.

The paper was the result of a collaboration between my group in UPV, the
group of Dr. I. Cristiani, in Uniersity of Pavia, and CEA LETI in Grenoble,
France, who fabricated the samples. My personal contribution to the work is
the following: I made the experimental measurements, together with C. Lacava;
I analyzed the data and drafted the paper. Simulations of the waveguides were
done by Guillem Ballesteros and Paolo Minzioni independently, reaching the
same results. The paper was published in Optics Express, and the reference is
the following:

J Matres, C Lacava, G C Ballesteros, P Minzioni, I Cristiani, J Marti, J M
Fedeli, and C J Oton. Low TPA and free-carrier effects in silicon nanocrystal-
based horizontal slot waveguides. Opt. Express, 20(21):23838-23845, October
2012
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Abstract
We present the characterization of the ultrafast nonlinear dynamics of a CMOS-
compatible horizontal-slot waveguide with silicon nanocrystals. Results are com-
pared to strip silicon waveguides, and modeled with nonlinear split-step calcu-
lations. The extracted parameters show that the slot waveguide has weaker
carrier effects and better nonlinear figure-of-merit than the strip waveguides.

(190.0190) Nonlinear optics; (130.0130) Integrated optics; (320.0320) Ultrafast
optics; (160.4330) Nonlinear optical materials.

6.1 Introduction

Nonlinear silicon-based photonic devices can introduce key functionalities for
on-chip optical signal processing and routing. In the last years, many different
nonlinear silicon devices have been reported, such as all-optical modulators [I],
wavelength converters [213], demultiplexers [4], format converters [5], etc. These
nonlinear devices can be based either on free carriers or on the bound-electron
Kerr coefficient. In pure silicon waveguides, the Kerr effect is usually hindered
by more intense and longer-lasting free-carrier dispersion (FCD) [6[7]. However,
it is often desirable to exploit the Kerr effect, as its temporal response is instanta-
neous (thus allowing high-speed operation) and it enables parametric conversion
and amplification. In order to increase the Kerr coefficient and reduce carrier
effects in silicon waveguides, a slot-type geometry [8] was proposed [0H12], where
a thin layer of a low-index material material with high nonlinear coeflicient is
sandwiched between two silicon channels. A vertical slot geometry was also
demonstrated to allow the introduction of an organic polymer, and this device
showed optical 160 Gb/s demultiplexing capabilities [4]; however, these mate-
rials involve non-CMOS processes and impose strict temperature limitations.
On the other hand, silicon-nanocrystal-based horizontal slot waveguides only
require CMOS processes, and have recently demonstrated ultrafast all-optical
modulation capabilities and good nonlinear properties [I3HI6]. In this paper,
we study the nonlinear ultrafast dynamics of this type of waveguide, where we
show that the effect of carriers is greatly reduced as compared to silicon channel
waveguides. We also report quantitative measurements of nonlinear absorption
of these waveguides. Finally we show simulation results which fit the experi-
mental data and provide estimations of the nonlinear parameters and figures of
merit of the waveguides.
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6.2 Fabrication

Slot samples were fabricated starting from silicon-on-insulator (SOI) wafers
with 220 nm Si thickness. On top of the Si layer, a 100 nm—thick layer of silicon—
rich silica (SiOx) was grown by plasma-enhanced chemical vapor deposition
(PECVD) using a gas ratio of [N2O/SiH4] = 180/20 subsequently annealed
at 1000° in Ny ambient for 210 s. The nominal amount of silicon excess was
16% and Silicon-nanocrystals had an average size of 4 nm. The value of Si-
excess was determined by using the X-ray photoelectron spectroscopy (XPS)
and the average size of formed Si-nc was determined by means of the Energy
Filtered Transmission Electron Microscopy EFTEM. Both these techniques are
well described in [I7]. The top layer of the slot structure was fabricated using
an hydrogenated amorphous silicon layer. Annealing temperature was set to
400° C to avoid the silicon crystallization process. The nano-slot fabrication
process was previously optimized in order to obtain a low-loss and high nonlinear
performance as described in [I§]. Waveguides were patterned with deep-UV
lithography and etched down to the buried oxide to form channels as the ones
reported in [I4[16]. The whole layout was covered with silica after the etching
process as shown in Fig. On the other hand, two Si strip waveguides were
fabricated for comparison, always starting from SOI wafers patterned with deep-
UV lithography. Their dimensions were 445 x 220 nm for transverse-electric (TE)
polarization and 485 x 220 nm for transverse-magnetic (TM) polarization, both
with a length of 25 mm. The slot waveguide, where the TM-polarized mode was
excited to exploit the E-field magnification effect in the slot region, was 7 mm
long.

Sio,

Figure 6.1: Silicon-nanocrystals (Si-nc) slot waveguide schema. Top made of
amorphous silicon (a-Si) and bottom of crystalline silicon (c-Si). Refractive
index of the Si-nc layer was measured from a thick Si-nc sample using the

m-lines technique.

6.3 Nonlinear loss measurements: Im(7)

First, we characterized the nonlinear loss in all the samples under test. Two-
photon absorption (TPA) is a well-known process in silicon waveguides, and
can be considered as the imaginary part of the gamma coefficient using the
differential equation derived in [19]:

dP
= = —aP() — 2AIm(y)|P(2)? (6.1)
where P is the signal power through the waveguide, « is the linear loss of

the waveguide, and Im(v) is the imaginary part of the 7 coefficient (we use the
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absolute value because we want to stress its loss character in the equation with
a negative sign). The solution of the differential equation shown in Eq. [61] after
a distance L is given by:

e—aoL
L+ 2[Im(y)|LessPo

where Py is the input power in the waveguide and L.ss the effective length:

P(L) (6.2)

1 — e @l
Lyjrf=—— 6.3
eff o (6.3)
Therefore the impact of nonlinear losses (T ) on the overall transmission
can be calculated as the ratio between the transmission at low power (Tp =
e~@L) and the transmission at high power (I'gp = P(L)/P,). In particular
the inverse of T, turns out to be a linear function of Py:

T8 = 1 o Tm ()| ey o (6.4)
HP

As a consequence, if we plot this ratio as a function of Py, the slope of
the curve can give us the two-photon absorption coefficient of the waveguide
as in [20]. However, this equation is only valid for instantaneous transmission
values. We find that when a pulsed signal Py(¢) is launched into the waveguide,
the measured transmission is time averaged, so defining T as the integrated
transmission along the duration of the pulse, the equivalent nonlinear loss T&i
can be expressed as:

-1
TNL -

-, T [ Po(t)dt

1 dp 0

Tyh= == = o - (6.5)
LS I I eI a0

If the pulsed signal has a rectangular shape, one can use Eq. [6.4] but if the
shape is different, the integral in Eq. must be solved, as the result differs
significantly. The reason for this variation is the fact that the flanks of the pulse
are not affected as hardly by TPA as the peak. Therefore, the overall energy
transmission is higher than for the case of cw excitation. For the particular case
of a sech? shape, which corresponds to the output of our laser, emitting 1-ps
pulses with a repetition rate of 20 MHz and a central wavelength of 1539 nm,
the time dependent power can be expressed by:

t
Py(t) = Popearsech? () (6.6)
T
and substituting Eq. in Eq. and solving the integral, one obtains:

Trp B 5(6+1)
THP sech? shape ln(\/g+ \% o+ 1)

1\_& where ¢ = 2|Im(v)|LessPopeak
(6.7)
We measured the Ty p and Ty p parameters by putting a variable attenuator
at the laser output and using a power-meter. The experimental results are
shown in Fig. 2, together with the fitting curves obtained using Eq. [6.7]in order
to extract the Im(v) parameter shown in Table It is worth noting that
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the Im(y) of slot waveguides is much lower than that of TE strip waveguides.
This can be easily explained considering that in the slot structure the main part
of the optical field is confined within the region containing silicon oxide doped
with silicon nanocrystals, which have a band-gap higher than that of crystalline
Silicon as theoretically and experimentally demonstrated by several authors in
the past years [2IH23]. The low value of Im(7) measured in TM strip waveguide
is due to the fact that the mode largely extends in the SiO2 cladding.

a) TM horizontal slot b) TM strip c) TE strip

PO peak W)
Figure 6.2: Transmission versus waveguide peak power (note the difference in
the y-scale among the three plots). Solid line shows the fit for sech? pulses
using Eq.

6.4 Time-resolved measurements

Time resolved measurements were performed in order to distinguish Kerr and
TPA from carrier effects, using the technique described in [24]. The set-up is
shown in Fig. We split the 1 ps pulse into three pulses: the most intense
acts as a pump, while the two weaker pulses (reference and probe) are frequency
shifted by two acousto-optic modulators (respectively by 80 MHz and 80.04 MHz
) and recombined with a fixed probe-to-reference delay of 10 ns. All the pulses
are then coupled inside the waveguide under test and the time-delay between
probe pulse and pump pulse is changed by means of a variable delay line. At the
output, the probe and reference pulses are re-synchronized by a 10 ns delay-line
and their beating signal is recovered by a lock-in amplifier.

In Fig. we observe the impact on transmission through the considered
structures of both Kerr and carrier effect. The two effects produce opposite
phase shifts because Kerr-effect increases the refractive index (An > 0) and
carriers decrease it (An < 0). The dynamics of these processes are also very
different. During the pump pulse, an instantaneous phase change is due to Kerr
effect; conversely after the pump pulse is gone, there is a phase response due to
the carrier plasma effect (generally indicated as free-carrier dispersion - FCD)
with positive sign that decays only on a much longer nanosecond time-scale. In
order to investigate any degradation effects we exposed the waveguide to a high
optical power for 1h and we did not observe any changes of the nonlinear optical
performance.
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Figure 6.3: Time resolved characterization setup. PD: photodiode, PC:
polarization controller, AOM: acousto-optic modulator.

6.5 Time-resolved simulations

In order to evaluate the propagation of pump and probe pulses in the optical
waveguides and to fit Re() we applied the split-step simulation method to the
nonlinear Schrodinger equation (NLSE), considering the attenuation, disper-
sion, TPA, Kerr nonlinearity and the FCD effect. Using this method the overall
propagation-length is divided in a series of steps significantly smaller than both
the pulse dispersive length and the nonlinear length [25126]. In the simula-
tion program we inserted the experimentally measured waveguide losses, group
velocity dispersion (measured using the technique reported in [27]) and TPA co-
efficients obtained in section 3. Raman, pulse self-steepening, and higher-order
dispersion terms terms have been neglected. The effect of free carriers has been
taken into account as in [20], where a carrier density averaged through the
waveguide section is assigned to each simulation step. Carrier generation rate
is governed by the TPA coeflicient, while carrier decay time is assumed to be
much longer than the pulse duration. Finally the FCA and FCD coefficients
dictate the effect of the carriers on the instantaneous absorption and refractive
index of the waveguide respectively. We have considered the FCA and FCD
parameter definitions shown in Ref. [26]. In Table 1 we show all the parameters
used in the simulation, except for the FCA coefficient, as from the experiment
the effect of FCA was too weak to get a reliable estimation. By means of nu-
merical simulations we obtain the envelope and the phase of the pump, probe
and reference pulses at the waveguide output. The output of the lock-in ampli-
fier is the amplitude and the phase of the beatings produced by the heterodyne
signal. This magnitude is the Fourier component at 40 kHz of the sum of the
reference and probe signals. As the central frequencies of these two pulses differ
in 40 kHz, this is equal to the overlap integral of their complex envelopes Eief
and Eprobe, obtaining:

fEref(T)E;robe(T) dr
J | Eret(7)|? dr
where T4 and ¢ are the amplitude and phase measured by the lock—in am-

plifier. To evaluate Re(7y) from the experimental data we performed numerical
simulations (using a routine based on the split-step propagation method) in

Tale?® = (6.8)
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Figure 6.4: Time resolved measurements (blue dotted curves) and simulations
(red continuous curves). Samples (a)TM-slot (0.75 and 1.5 W peak power)
(b)TM-strip (1 and 3 W peak power) (c¢)TE-strip (0.75 and 1.5 W peak
power).

order to identify the Re(y) value yielding the best fit of the phase curve for
each structure. In order to check for the results consistency we performed the
experiments at two different power levels, obtaining two slightly different Re(+y)-
values for each structure. In Table we report for each waveguide the average
Re(y)-value and its mean absolute deviation. The obtained results confirm that
the slot-TM waveguide exhibits a higher nonlinear efficiency with respect to
strip waveguides, that can be attributed to the high field confinement and to
the interaction with silicon nanocrystals.

Table 6.1: Extracted linear and nonlinear parameters from the experiment for
the three samples: the horizontal slot, the 485x220 nm TM strip and the
445%220 nm TE strip waveguide. Dispersion values obtained with the
technique shown in paper [27].

Sample TM slot TM strip TE strip
Coupling loss (dB) 8 6 6
Propagation loss (dB/cm) 12 1.9 4.9
Lesy (mm) 3.1 15.2 8.3
Dispersion (ps/(km-nm)) -1110 -19800 -1200
Im(y) (W-m)~! -11.8 -5.4 -68.1
Re(y) (W -m)~! 428+8  30+£3 235+ 30
FOM = - ft, 2.9 £0.06 0.4 £0.05 0.27+0.05
effective FCD o= (1071° m) <2 21 28
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6.6 Results and conclusion

The first significant result is that phase measurements clearly show that the slot
waveguide not only has a low TPA but also that free carriers have a negligible
role. This is clear from Fig. where the phase-curve is only slightly affected
by the free-carrier contribution. On the contrary the response of strip waveg-
uides shows a long tail with An < 0 for delay times longer than 1 ns. This is
confirmed by the FCD parameter, defined in [26] and shown in Table (we
have considered the effective FCD, which is normalized with the effective area,
making it a device parameter like v, rather than a material parameter). This
feature considerably reduces the undesired patterning effects when modulating
a real bit pattern. On the other hand, the figure of merit (FOM) given by
the ratio between Kerr effect and TPA is also significantly higher in the slot
waveguide than in the strip waveguides: 2.9 4 0.06 for the slot, 0.44 £+ 0.05 and
0.27 £ 0.05 respectively for the TM and TE strip waveguides, as reported in
Table It is worth underlining that the FOM obtained by the TE and TM
waveguides well agree with the values reported by state of the art all-silicon
waveguides [10].

All these findings can be explained by the fact that in the slot waveguide,
a considerable amount of energy travels through the slot layer, which provides
a very efficient Kerr effect [16] and a weak TPA. Nevertheless we note that the
optical performance of such waveguides depends on their structure as well as
on the conditions of deposition of both the silicon nanocrystals layer and the
Si top layer. It is interesting to highlight that considering different waveguide
diameters it is possible, according to [12], to greatly reduce the effective area
and increase the amount of energy traveling through the slot region in compar-
ison to the current waveguide design. That would allow increasing the beam
intensity in the structure thus boosting the nonlinear effects, provided that the
increase of coupling losses do not completely overtake the advantages given by
the optimized structure. On the other hand, comparing the TM and TE strips,
we find that the TM has a higher FOM but lower + than the TE. This is ex-
pected, as the TM mode is weakly confined in the vertical direction, therefore
more energy travels through the cladding, which has lower Kerr coefficient and
negligible TPA. Finally, the performance of the device is similar to the one
shown in Ref. [24] for a polymer-filled vertical slot; however, our system, being
made of inorganic materials and only requiring CMOS processes, is expected to
provide more robust and stable devices with less temperature constraints.

In conclusion, ultrafast nonlinear measurements show that silicon-nanocrystal-
based horizontal slot waveguides show weaker carrier effects and better FOM
than Si strip waveguides. This makes the slot structure better suited for CMOS-
compatible high-speed all-optical processing than simple Si strip waveguides.
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Chapter 7

Paper: High nonlinear
figure-of-merit amorphous
silicon

In this work we propose using amorphous silicon for all-optical switching. Its
higher band-gap, lower carrier generation and carrier lifetime makes amorphous
silicon, an ideal candidate for all-optical switching. Using amorphous silicon we
measured a very high nonlinear figure of merit. My contribution to the paper
was the following: I made the experimental measurements, analyzed the data
and drafted the paper. For the simulations, I used a split-step Fourier method
which was coded by G. Ballesteros. The paper was published in Optics Express,
and the reference is the following:

J Matres, G C Ballesteros, P. Gautier, J M Fedeli, J Marti and C J Oton.
High nonlinear figure-of-merit amorphous silicon waveguides. Opt. Express,
21(4):1164-1170, 2013
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Abstract
The nonlinear response of amorphous silicon waveguides is reported and com-
pared to silicon-on-insulator (SOI) samples. The real part of the nonlinear
coeflicient 7 is measured by four-wave-mixing and the imaginary part of 7 is
characterized by measuring the nonlinear loss at different peak powers. The
combination of both results yields a two-photon-absorption figure of merit of
4.9, which is more than 7 times higher than for the SOI samples. Time-resolved
measurements and simulations confirm the measured nonlinear coefficient v and
show the absence of slow free-carrier effects versus ns free-carrier lifetimes in the
SOI samples.

(190.0190) Nonlinear optics; (130.0130) Integrated optics; (190.4380)
Nonlinear optics, four-wave mixing; (160.4330) Nonlinear optical materials.

7.1 Introduction

Silicon photonics technology is becoming increasingly competitive with respect
to alternative platforms, in particular because devices can be mass-produced
using CMOS technology at a very low cost per unit. Implementing nonlinear
functions in silicon photonics, e.g. all-optical switching or routing, has attracted
significant interest since they allow much higher speeds compared to electrically-
controlled switches. Many different nonlinear devices have been reported in the
last years, such as all-optical modulators, [I] wavelength converters, [2] and
parametric amplifiers [3]. Moreover, all of them can be easily integrated to
generate more complex devices within a small area thanks to the high refractive
index of silicon.

The main drawback of silicon for realizing nonlinear functionalities at tele-
com wavelength (around 1550 nm) is two-photon absorption (TPA) effect, not
only because of the lost photons in the process but also because the generated
carriers subsequently produce usually undesired free carrier absorption (FCA)
and dispersion (FCD). As the Kerr response of the device is determined by
Re{~} and TPA is given by Im{~}, a TPA figure-of-merit (FOM) can be defined
as Re{y}/(4w|Im{~}|) []. This provides a useful dimensionless measurement
of the suitability of the material for nonlinear switching, where it is usually
considered as suitable if this number is greater than two. This is the reason
why a material different from crystalline silicon is needed. Amorphous silicon
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(a-Si) has been demonstrated to have a high nonlinear coefficient [5] and low
TPA thanks to its wider band-gap [6]. Furthermore, it is a material that can
be easily grown in CMOS compatible processes. As a-Si does not need high
annealing temperatures, it is a good candidate for all-optical interconnects in
between different chips and it could be grown on a top layer not affecting circuits
already integrated on the chip.

On the other hand, a-Si does not always have the same optical properties,
as its composition (i.e. hydrogen content) or atomic arrangement can vary
depending on the fabrication conditions. In Ref. [5] a Re{y} ~ 2000 (W - m)~!
nonlinear coefficient was presented, but TPA was also high, leading to a figure of
merit of 0.66. However, in Ref. [7], a FOM larger than two was reported. In that
work, a degradation of the material within minutes of light exposure was also
reported. Here, we report the characterization of the real and imaginary parts
of v of a-Si samples with a FOM of 4.9 and no observed material degradation.

7.2 Fabrication

Starting with Si bulk wafers oxidized with 3 pm thickness, a hydrogenated
amorphous silicon layer of 253 nm was deposited by Plasma-enhanced chemical
vapor deposition (PECVD) at 350 °. Waveguides were patterned using DUV
lithography and HBr Reactive-ion etching, then covered with 1.5 pym m thick
silica. Waveguides of 475 nm width and 20 mm length were fabricated and light
was coupled horizontally using lensed fibers.

On the other hand, SOI waveguides were also fabricated for comparison.
These were processed from SOI wafers with 220 nm Si thickness, patterned
with deep-UV lithography and covered with silica after the etching process.
Their dimensions were 445x220 nm for transverse-electric (TE) polarization
and 485x220 nm for transverse-magnetic (TM) polarization. Total length was
25 mm and light was coupled through grating couplers.

Figure shows scanning electron microscopy (SEM) micrographs of the
facets. Propagation and coupling loss were measured by characterizing waveg-
uides of different lengths (results are shown in Table [T.1]).

ga.Bky  x1@0Kk | ‘SaEnm

Figure 7.1: SEM images of the amorphous silicon (a), TM SOI (b) and TE
SOI (c). Air bubbles visible in the SOI samples were generated during facet
preparation with HF to increase SEM contrast.
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7.3 Four-wave-mixing: Re{v}

Two continuous wave (cw) lasers were coupled to the waveguides, a pump beam
with power Pp(0) and a weaker signal beam with power Ps(0), generating an
idler signal at the waveguide output P;(L). We measured the conversion effi-
ciency as a function of the wavelength separation between pump and signal by
using an optical spectrum analyzer (OSA) as shown in Fig. Assuming that
at these power levels (below 15 dBm) TPA is negligible, we can use Eq. ([Z]) as
in Ref. [g].

Py(L) = e~ (nRe{y}Pp(0)Les5)* Ps(0) (7.1)

where g is the propagation loss, L the waveguide total length, and Ly
the effective length, defined as [1 — exp(—aoL)]/
Finally, the conversion efficiency 7 is given by [9}[10]:

2 9
9 of —anp SIN*(LAB/2)

= - —(14+4e 0V —~—— 2
K at+Ap? ( e 1—e @l (72)

where the phase mismatch for a detuning AX = A, — A is

27TCD)\
A = =5 AN (7.3)
p

where D) is the chromatic dispersion parameter. One can relate the idler
output to the signal output by rearranging Eq. (ZI]) obtaining

Pi(L)
P(L)

which is the equation used for the calculation of Re{v} and dispersion D)
from the OSA spectra. Results are shown in Fig. [[3] and parameters of the fit
are shown in Table[.Jl The sign of the dispersion cannot be extracted from this
method, but knowing the waveguide geometry, we calculated the dispersion of
the waveguides using Finite Elements simulations. We found a good fit with the
numeric results shown in Table[Z. Il within a 10% error, so this gave us the sign of
dispersion. Dispersion of the SOI samples was also experimentally characterized
with an interferometric setup obtaining a good agreement too [I1].

= (nRe{v} Pp(0)Lesy)? (7.4)

pump

Pid\er/Psigna\

Power (dBm)

signal idler

~19%62 1564 1566 1568
Wavelenath (nm)

Figure 7.2: With 13 dBm pump power in waveguide a signal to idler
conversion efficiency of -29.5 dB was measured in the FWM experiment.
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Figure 7.3: Four wave mixing conversion efficiency bandwidth. Pump power:
7.5 dBm (sample a), 14 dBm (sample b), 9 dBm (sample c). Dots are
experimental points and the solid line is the fit to Eq. (A2)).

We also show in Fig. [[4] the conversion efficiency for different input pump
powers, where a slope very close to 2 was observed in all cases, confirming that
the parametric conversion depends quadratically on the pump power.

a) TM amorphous silicon b) TM SOI c) TE SOI
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Figure 7.4: Four wave conversion efficiency versus pump power. Dots:
experimental points, solid line: linear fit. The slope of the linear fit in dB
represents the power of the conversion efficiency versus pump power, which is
close to 2 in all cases.

7.4 Nonlinear loss measurements: Im{~}

Two-photon absorption is a well-known process in silicon waveguides. In a
waveguide, we can consider it as the imaginary part of the gamma coefficient of
the waveguide by using this differential equation:

dP

- (7.5)

where P is the signal power through the waveguide, « is the linear loss of
the waveguide, and I'm(7) is the imaginary part of the v coefficient (we use the
absolute value because we want to stress its loss character in the equation with
a negative sign).

The solution of the differential equation shown in Eq. (ZH) after a distance
L is given by:

— —aoP(2) - 2Im(y)|P(2)?

e—ozoL

P(L) =
) = T im() ey P

P (7.6)
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where Py is the input power in the waveguide. Therefore the ratio between
the transmission at low power (Trp = e~*L) and the transmission at high
power (Trp = P(L)/P,) represents only the nonlinear loss Ty :

T 1 2l Tm() Ly Po (7.7)
HP

which is a linear function on Py. The slope of the curve can give us the two-
photon absorption coefficient of our waveguide as in [8]. However, this equation
is only valid for instantaneous transmission values. When a pulsed signal is sent,
and the transmission is averaged over time, the measured transmission would
be the integral of the output, which we can define as:

-1 _
TNL -

7 J P(t,L)dt
J Po(t)dt
where T represent the averaged transmission of a pulsed signal with an input

shape given by Py(t). With this definition, the ratio with the transmission at
low power would be given by:

(7.8)

-1 _ TLP - fPO(t)dt
NL = 7 - Po(t)
Tup f 1+2|Im(’yo)\chfP0(t)

- (7.9)

which depends on the actual pulse shape Py(t) that is introduced. If the
pulsed signal has a rectangular shape, one can use Eq. ([C7), but if the shape
is different, the integral in Eq. (Z9]) must be solved, as the result differs sig-
nificantly. The reason for this variation is the fact that the flanks of the pulse
are not affected as hardly by TPA as the peak. Therefore, the overall energy
transmission is higher than for the case of cw excitation. For the particular case
of a sech? shape, which corresponds to the output of our laser, the result of

Eq. [@3) is given by:

Trp VoV + 1

—1
= = where § = 2|/Im(vy)|Lesf Popeak
NL THP sech? shape hl(\/g T v 4 + 1) e

(7.10)

We measured this parameter with a power meter using a picosecond laser

at a wavelength of 1539 nm and a variable attenuator. The results are shown

in Fig. [[8 where the curves were fitted to Eq. (ZI0) in order to extract the
Im(~) parameter shown in Table [[11

7.5 Time-resolved measurements and simulations

We characterize the samples with a time-resolved phase-sensitive technique simi-
lar to the one described in [I2]. The setup is shown in Fig. In this technique,
we divide a 1 ps laser pulse into three pulses, one of them intense (pump) and
two identical weak ones (a reference and a probe). Then we combine the pump
very close to the probe, changing their separation with a variable delay line.
Finally the amplitude and phase of the probe is monitored as a function this
delay by using a lock—in amplifier.

56



a) TM amorphous silicon b} TM SOI c) TE SOI
5 " " 20 -
<
4 15
3 10
2 J—
odata] 5 o datal
B —fit . —fit
0 10 20 30 40 0 10 20 30
PO peak (W)

Figure 7.5: Transmission versus waveguide peak power (note the difference in
the y-scale among the three plots). Solid line shows the fit for sech? pulses

using Eq. (CI0).
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Figure 7.6: Time resolved characterization setup. PD: photodiode, PC:
polarization controller, AOM: acousto-optic modulator.

40 KHz

In Fig. [C71 we observe both Kerr and carrier effect in the TM amorphous
silicon compared to SOI TM and TE strip waveguides. They produce opposite
phase shifts because Kerr produces an increase in refractive index (An > 0)
and carriers decrease it (An < 0). The dynamics of each of these processes is
also very different. During the pump pulse, an instantaneous phase change is
due to Kerr effect, together with an amplitude decrease. his decrease is due to
cross-absorption modulation (XAM), which consists of a two-photon absorption
(TPA) process where one of the photons comes from the pump and the other one
comes from the probe. Once the pump pulse is gone, in the SOI samples there is
a phase response with opposite sign that remains for all the measurement range.
This is due to the carrier plasma effect, also known as free-carrier dispersion
(FCD).

The measurement of the amplitude attenuation due to XAM is affected by
the artifact reported in [8], where the abrupt phase changes create a frequency
shift in the probe signal modifying the signal detected in the lock-in amplifier.

We used the nonlinear Schrodinger equation to simulate the propagation
of pump and probe pulses in optical waveguides, neglecting the Raman term,
the self-steepening term and considering dispersion up to the second order [I3].
Solving the equation with the symmetrized split-step Fourier method as in [14]
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Figure 7.7: Time resolved measurements for different peak powers in
waveguide. (sample a) 0.8W (—), 0.4W (- -), 0.2W (- -) (sample b) 6W (—),
3W (- -), L.5W (- -) (sample ¢) 3W (—), 1.5W (- -), 0.75W (- -)

15], we cross-check simulations with experimental measurements in Figure
The output of the simulation is the envelope of the pump, probe and reference
pulses, so in order to extract the output of the lock-in amplifier we calculated
the overlap integral of the probe and reference pulses:

[ Eret(T)EZope(T) AT

probe
f ‘Eref(7)|2 dr

where T4 and ¢ are respectively the transmitted amplitude and phase mea-
sured in the lock—in amplifier.

‘TA|ej¢ —

(7.11)

7.6 Results

Table [[T] shows all the numeric results of this work. First, it is worth noting
that the TM SOI sample is weakly confined in the vertical direction because the
thickness is 220 nm, while confinement of the TM a-Si sample was considerably
better, as the thickness was 250 nm. This is the reason why both real and
imaginary parts of v are much higher for TE SOI than for the TM SOI. A
similar behavior was reported in Ref. [§]. The FOM of the TM SOI (0.69) is also
higher than the TE SOI (0.43) and higher than bulk silicon FOM (0.32) because
there is more energy going through the silica cladding than for the TE SOI. On
the other hand, the TM a-Si sample has a similar Re{~} than the TE SOI, but
much lower I'm{v}, making the FOM several times higher. The explanation
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a) TM amorphous silicon b) TM SOI c) TE SOI
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Figure 7.8: Time resolved measurements (- -) and simulations (—) for 0.4W
(sample a), 3W (sample b) and 1.5W (sample c) peak power in waveguide.

of this, as claimed in the literature [5L[7], is the fact that a-Si has a higher
band-gap, which makes TPA lower while keeping a similar Kerr coefficient. The
measured nonlinear coefficient ng in a-Si was 17.5 - 107°cm? /GW which is 4.6
times higher than in the TM crystalline silicon SOI sample (3.8-1075cm?/GW)
while the Srpa was 1.5 times lower (0.23 in the a-Si versus 0.35 cm/GW).
Regarding the stability, we did not observe any degradation neither in the FWM
conversion efficiency nor any change in the losses when using the pulsed laser
at maximum power after one hour of operation, which means that the material
is more stable than the one reported in Ref. [7], which degraded significantly
after few minutes of exposure. The reason for this is probably differences in
the fabrication conditions, and this is a topic under investigation but out of the
scope of this work.

Time-resolved measurements show that the a-Si waveguide not only has a
low TPA but also that free carriers have a negligible role. This is clear from
Fig. [l where the phase curve does not have any slow component associated to
the free carrier contribution. On the contrary, the response of strip waveguides
shows a long tail with An < 0 for delay times longer than 1 ns. This is confirmed
by the FCD parameter (0,), defined in [I4] and shown in Table[TIl This feature
would considerably reduce the undesired patterning effects when modulating a
real bit pattern.

Finally, the FOM reported in this work is also higher than the one shown
in Refs. [8I[I8] which was based on a hybrid waveguide with a nonlinear organic
polymer in a slot configuration, yielding a FOM of 2.19. It is worth pointing out
that amorphous Si is a more suitable material because it is CMOS compatible
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Table 7.1: Properties of the amorphous silicon waveguide compared with
445220 nm and 485x220 nm (TE and TM) SOI waveguides. The dispersion
value was obtained through the fit of the FWM conversion bandwidth and its
sign simulating the dispersion of the structure. Figure of merit is defined as in

paper [16] and A.¢s as in [17].

Sample TM a-Si TM SOI TE SOI
Coupling loss (dB) 7.5 6 6
Propagation loss (dB/cm) 4 1.9 4.9
Lesy (mm) 9.14 15.2 8.34
Dy (ps/(km- nm)) 6500 -19800  -1200
—on (102 cm®) <1 10.7 13.8
Acry (pm?) 0.21 0.33 0.13
Re{y} (W-m)~! 332 47 361
\Im{y}| (W-m)~! 5.43 544 68.08
1 Re
FOM = L7l 4.9 0.69 0.43

and less sensitive to temperature variations than organic materials.

7.7 Conclusions

We report nonlinear characterization of the real and imaginary parts of v of
a-Si samples, and a comparison with SOI waveguides. The measured FOM is
4.9, which is more than 7 times higher than for the SOI samples. On the other
hand, time-resolved experiments did not show any slow response associated with
carriers. This material has the additional advantage that it can be grown at
the back-end of CMOS line, unlike SOI. These features make a-Si a suitable
candidate for nonlinear all-optical switching applications.
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Chapter 8

Conclusions and future lines

In this thesis we study different materials and structures for developing inte-
grated all optical switches. Some of the achievements are:

e A 150 ps response all optical switch with 10 dB extinction ratio [I]. The
switch is based on a ring resonator whose resonances shift through free-
carrier dispersion effect. The generated carriers have very short recombi-
nation times in comparison with other silicon waveguides.

e In order to enhance the Kerr effect, we use a silicon-nanocrystal-based slot
waveguide, with which we demonstrate an ultrafast optical logic gate [2].

e We perform a detailed characterization of the nonlinear dynamics of silicon-
nanocrystal-based slot waveguides. We manage to distinguish all nonlinear
processes and establish a quantitative comparison between those waveg-
uides and standard Silicon strip waveguides. A higher nonlinear figure-of-
merit is observed, together with very weak carrier effects [3L4].

e Finally, we demonstrate that amorphous Silicon waveguides can show a
figure of merit 7 times higher than regular SOI waveguides thanks to its
higher band-gap energy, and therefore lower carrier generation. Moreover,
its negligible carrier associated effects, makes amorphous silicon an ideal
candidate for developing high speed all-optical switches [5].

The nonlinear figure of merit observed using amorphous silicon waveguides
was higher than silicon-nanocrystal-based slot waveguides. This fact, together
with lower loss and fewer fabrication steps makes amorphous silicon a more
suitable candidate for all-optical switching and logic gating.

To enable mass manufacturing in standard CMOS foundries, all the materials
considered are CMOS compatible. This will allow to produce high volumes of
optical devices at low cost.

In conclusion, the good results obtained suggest that all optical switching
will be achievable in the near future and with good prospects in terms of impact,
not only in the field of research, but also from an industrial point of view.

It is also worth mentioning that it is possible to implement an all-optical
switch beyond the use of elementary waveguides, using for example, structures
such as semiconductor optical amplifiers or highly nonlinear fibers and glasses.
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Apart from the main topic of the thesis, we also obtain very interesting
experimental results (See Appendices [Al Bl [C):

We develop an experimental technique for measuring backscattering in
silicon microring resonators together with an analytical model that repro-
duces the experimental results and extracts the parameters of the rings
from the resonances [6].

We present a modification of the ultrafast nonlinear setup, which is capa-
ble of measuring the phase response of an arbitrary photonic component.
Examples of characterization of ring resonators and a corrugated waveg-
uide are presented [7].

There are several future lines after this dissertation:

Demonstrate all-optical switching using amorphous silicon waveguides, af-
ter the promising results obtained in Ref. [5].

Reduce waveguide loss to increase the quality factor of ring resonators, as
narrowing the resonances reduces the amount of phase shift necessary for
switching and decreases its Energy per bit.

Use a coupling-ratio-variable coupler, which is composed of a symmetrical
Mach-Zehnder interferometer and thermo-optic phase shifters. [§]. Having
the ring in one of the arms of the MZI, we can control the coupling co-
efficient of the ring and ensure to work in the critical coupling condition,
with maximum depth of the resonances, and improve the extinction ratio
of the devices.

Study the temperature drift of the ring resonances. One could compensate
thermal variations with a heater or using a cladding material with opposite
thermo-refractive coefficient than silicon [9HIT].
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Appendix A

Experimental measurement
techniques

In this thesis we used several experimental techniques:

e An optical switching experiment based on controlling a low-power signal
(probe) through high power pulses (pump).

e Phase and amplitude measurements of Kerr, TPA and carrier response
with high temporal resolution, using phase-sensitive time resolved mea-
surements.

e Four wave mixing experiment to measure the nonlinear coefficient (Re{~}).

e TPA estimation from pulsed transmission to measure the nonlinear loss
coefficient (Im{v}). From the nonlinear coefficient (Re{7y}) and loss
(Im{~}) we can calculate the nonlinear figure of merit.

e Phase sensitive measurements to obtain dispersion, group index and phase
spectrum.

e Optical vector analyzer to measure amplitude and phase response.

A.1 All optical switching

Fig. [A.J] shows the setup for the all-optical switching experiment. We use a
40 Gb/s bit pattern generator to generate short and low repetition pulses that
drive an external LINbO3 modulator. After modulating the signal of the tunable
laser we amplify the pump pulses using Er-doped fiber amplifiers (EDFAs).
Then, the pump is mixed with a continuous-wave (CW) probe signal using
a 3 dB coupler and sent to the sample through the same fiber. We choose
pump and probe wavelengths to match with two resonances of a micro-ring
resonator. Finally, the output signal is filtered to remove the pump component
and amplified before sending the signal to the photodiode of a sampling scope
that collects the data.
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A. Experimental measurement techniques

Signal ~1550nm P.C.
- 006! Signal + pump Signal only

DCA
Sample |—| Filter

Bit pattern generator|

Figure A.1: All-optical switching characterization setup. (Triangles represent
EDFAs with ASE filters, PC: polarization controllers, DCA: Digital
communication analyzer)

A.2 Phase-sensitive nonlinear time resolved mea-
surements

In order to study in with great detail the nonlinear effects dynamics, both in
phase and module, we used an heterodyne characterization setup. The set up
(Fig. [A22) consists of a series of probe pulses that are affected by a high power
pulses (pump). Varying the pump pulses with respect to the probe ones we
can see the module and phase response of nonlinear effects such as Kerr, cross
absorption modulation, Free-carrier absorption and Free-carrier dispersion.

delay
Motorized optical delay line : delay
ref prébe 3
| delay _PC ‘ r‘ef probe
pump
€ > probe&ref
40 KHz Signal

Figure A.2: The lock-in detects the phase and the amplitude of the 40 kHz
probe and reference beatings. Measuring the changes of the pump in the probe
for different delays between them. PC: polarization controller.

The initial pulse is divided into three pulses: two weak ones (a reference and
probe separated 10 ns), and one pump pulse, situated close to the probe pulse,
and whose temporal position with respect to the probe can be varied. The ref-
erence and probe pulses are recombined after passing through the sample, and
the beatings they produce are collected in the lock-in. The 40 KHz beatings
are produced because the wavelengths of probe and reference signals are slightly
different, as both are shifted with acousto-optic modulators which work at fre-
quencies that only differ by 40 kHz. The amplitude and the phase of the signals
are simultaneously monitored. The amplitude collected is proportional to the
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A. Experimental measurement techniques

amplitude of the probe pulse with respect to the reference, and the phase of
the beatings corresponds to the phase shift produced by the pump to the probe
pulse, considering the reference pulse as unaffected by the pump, and thus using
it as a reference for the phase measurement.

The phase drift observed required a special way of acquiring the data, ref-
erencing every time at a fixed delay, in order to compensate for the phase drift.

A.3 Four wave mixing

Four wave mixing measurements are very useful to extract the nonlinear co-
efficient (v) and dispersion (D) of integrated waveguides. We boost two laser
signals and filter the ASE from the EDFAs using bandpass filters. To inject the
correct polarization into the chip we use independent polarization controllers
(Fig. [A3). Finally, we fix the wavelength of a high power Pump and measure
the conversion efficiency for different Signal wavelengths.

Power Meter

s

Fixed laser

Tunable laser .'. OSA

sample

Figure A.3: Four Wave Mixing characterization setup. PC: polarization
controllers, OSA: optical spectrum analyzer.

FWM conversion efficiency is defined as the power ratio between generated
idler and signal (P;/Ps). The bandwidth of the conversion efficiency (1) is
limited by the phase mismatch between pump and signal, which depends on the
dispersion (D) and pump-signal detuning (AX) (nax—o,p—0 = 1) [3].

Pi(L) = e " (nRe{y} Pp(0)Lesy)*Ps(0) (A1)
Pi(L) 2
=R Pp(0)L A2
B(D) = (M0} Pe(O)Legy) (42)
where L.sy is the effective waveguide length
1— e oLl
Lejy = ——— (A.3)
and the FWM efficiency n:
2 ;2
2 X —aor 8in*(LAB/2)
=——(1+4e " ———Mm——= A4
K al +Ap? ( e 1— e ol (A-4)
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A. Experimental measurement techniques

where the phase mismatch for a detuning AX = A\, — Ay is:

AN? (A.5)

A.4 TPA estimation from pulsed transmission

Two-photon absorption is a well-known process in silicon waveguides. In a
waveguide, we can consider it as the imaginary part of the gamma coefficient:

dpP
= —aP(z) - 2m()|P()? (A.6)

z
where o and I'm(7) are the linear and nonlinear loss and P is the power of
the signal through the waveguide. This equation has an analytic solution [4[5],

which can be written as:

67aL
P(L)= P A7
B = TG (A1)
where Py is the input power in the waveguide and L.y is defined as:
1 _ e—Oé()L
Lyjr=—— A8
ff o (A.8)

This means that the inverse of the transmission has the contribution of the
nonlinear loss in the numerator and linear loss in the denominator:
_ B 1+ 21Im(y)|Less Py

P(L) el

(A.9)

Therefore the relationship between the low power transmission (Tpp =

e~ L) and high power transmission (Typ = P(L)/Py) is the nonlinear loss

(TyL):

T 12T Ly Po (A.10)
HP

Which is a linear function on Py. The slope of the curve can give us the non-
linear loss coefficient (I'm(7)) of the waveguide as in [3]. However, this equation
is only valid for instantaneous transmission values. With pulsed signals, the
equation is still correct for every instantaneous moment, but not for the overall
transmission energy of the pulse. If we define the averaged energy transmission
of a pulse T as the amount read by a power meter, one has to integrate the
power along the whole pulse duration:

-1 _
j}VL‘_

g1 Eo J Po(t)dt
E(L) [ P(t,L)dt
where the integral covers the whole duration of the pump and E denotes the
energy of the pulse. With this definition, we have:

(A.11)

Fo1 _ J Po(t)dt [ Py(t)dt (A12)
P = = NG .
fP(t7L)dt € Lf 1+2‘Im(’)’%?ll)effp0(t)dt
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A. Experimental measurement techniques

And the ratio with the transmission at low power (T p = e~“F) gives the

averaged nonlinear loss (Ty1):

Trp _ J Po(t)dt _ J Po(t)dt
Typ [ P(t,L)dt Po () dt

J 1+2[Im(v)|Les s Po(t)
which depends on the actual pulse shape P(t). Physically, the reason for
this variation is the fact that the flanks of the pulse are not affected as hardly
by TPA as the peak of the pulse. Therefore, the overall energy transmission
is higher than for the case of CW excitation (Eq. [AI0). One can calculate
analytically how much this transmission is for different typical pulse shapes:

[y, (A.13)

e Lorentzian

P ea
Py(t) = 1017; (A.14)

The result of Eq. [A.13| for the Lorentzian pulse shape is:

NL —

. T
T*l Lp = \/1+2|Im(’7)|LeffPOpeak (A15)

Lorentzian

Tup
where the square root of the equation contrasts with its absence in Eq.[A.10

e Gaussian

Po(t) = Popear cxp( — (5)2) (A.16)

The solution of Eq. [A T3] is:

THl TLP 1

~ —Lii(-0)

NL —

(A.17)

THP Gaussian

where § = 2|Im(vy)|LesrPopear and Lig(z) is the so-called polylogarithm
function defined as:

e

Lis(z) =Y = (A.18)

@

e Finally, we assume a Hyperbolic secant pulse, typical for solitons, which
is the shape of our femtosecond fiber laser:

t
Py(t) = Popeak sechz; (A.19)

Solving Eq. for the hyperbolic secant is not trivial. After some
algebraic manipulation and using some properties of inverse hyperbolic
trigonometric functions, one can extract the analytical result, which is:

- T oV +1
-1 _ ILP VoVE+1 where 6 = 2|Im()|LeyfPopeak

NE THP sech? shape B ln(\/g+ \% 9 + ]-)
(A.20)
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Figure A.4: Absorption simulation for the same averaged power assuming
different pulse shapes. As we increase the input power (FPp) the transmission
can be 5 times smaller than the linear loss.

As we can see in Figure [A4] the CW case, which is equivalent to a pulse
with a rectangular shape, has a linear dependence with the peak power, while
the other shapes are all sub-linear, being the Lorentzian case the most sub-
linear. The Gaussian and hyperbolic secant are quite similar. Instead of using
the exact equations shown here, some of which are a bit complicated, one can
do an approximation for small §:

~ 1
TJG;/ Lorentzian — 1+ 55 + 0(62) (A21)

Ty

1
L Gaussian

=1+ ;5 + 0(6%) (A.22)

~ 1

T];i Hyp. secant — 1+ ﬁ(s + 0(62) <A23)

where 6 = 2|Im(7y)|LesPopeak- It is worth noting that the slopes are signif-
icantly different.

We measure the nonlinear loss coefficient (|[Im(v)]) using a 1 picosecond
laser, a power meter and a variable attenuator (Fig. [A5). As the shape of
the pulses was sech?, we extract [Im(y)| from the fit to equation [A20 after
measuring the transmission for different input powers.

Power meter

- 1%
Polarization
controller P r meter
Pulsed laser attenuator m ower mete
99%
| ¥ I g ° | sample

Figure A.5: We can extract the nonlinear loss coefficient (|[Im(v)|) from the
transmission at different input powers. As we increase the input power, the
nonlinear TPA absorption lowers the transmission.
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A.5 Phase characterization

One of the key parameters in the performance of highly nonlinear devices is
group index and chromatic dispersion. Needless to say that if we want an in-
teraction between two signals with different wavelengths, waveguides should
have low dispersion in order to keep this interaction during the longest possi-
ble effective length. Dispersion can be extracted from the phase measurements
modifying slightly the phase sensitive setup that we used for time resolved mea-
surements Phase measurements can also be useful when characterizing the
scattering parameters of other optical devices, such as ring resonators, and mea-
suring the group index in slow light structures such as corrugated waveguides.

The phase sensitive experimental setup is a fiber-based MZI, where acousto-
optic modulators (AOM) act as frequency shifters (Fig. [Cd)). Each branch
applies a slightly different frequency shift (40 kHz in our experiment) and the
lock-in amplifier measures the 40 kHz beating pattern. The phase of these
beatings with respect to the RF generators provides the phase of the system,
but they are affected by thermal phase noise as high as several radians per
second. This noise would make unfeasible a phase characterization using a laser
with few nm/s tuning speed. To cancel the phase noise, we introduce from
the opposite end a reference counter-propagating beam at a fixed wavelength.
This signal produces another beating pattern used as a reference for the lock-in
amplifier. As thermal fluctuations equally affect both beams, they cancel out,
measuring only the wavelength-dependent phase variations.

optical delay line
Lair
Tunablelaser ~  ————( Y Y ) 42 R S

A
@ 80.04 MHz
@ 80 MHz
A4
(XX

Fixed laser

40 KHz Signal

amplitude
phase

Figure A.6: The lock-in monitors the 40 KHz-beatings using a
counter-propagating beam as a reference signal to compensate thermal
fluctuations. AOM: acousto-optic modulator, PC: polarization controller.

To balance the interferometer for different device lengths there is an optical
delay line in the branch without sample. Before each sweep is launched, the MZI
must be balanced in order to avoid too steep slopes in the w phase dependence.
In addition, it is convenient to set the wavelength of the counter-propagating
reference beam, wy, approximately in the middle of the sweep in order to get
small phase noise. If the building block to characterize is in series with other
elements, (couplers, connecting waveguides, tapers, etc.) the measurement re-
quires a reference sample with the same elements, but without the component
under test (e.g. the corrugated waveguide). The reference sweep provides the
system response, which must be subtracted from the measurement with the
component under test. Mathematically, the phase dependence obtained with
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the lock-in, after subtracting the system response, becomes:

(b(b.)) = 66-[’0 — BairALgir = (bc(w) - % (A24)

c

where ¢ is the measured phase, ¢. the phase introduced by the component
under test, AL,;,. the extra length introduced in the optical delay line to balance
the MZI with respect to the reference measurement, . and (. the propagation
constants of the component and of air respectively, and ¢ the speed of light in
vacuum. In Ref. [6] we demonstrated that if the component under test has a
length L., then the the group index of the component is:

ALair
L.

Minimizing the phase versus wavelength slope balances the MZI. A slope
equal to zero at a certain wavelength corresponds to perfect balancing, so one
can extract the group index of the component under test. Finally, from the group
index slope variation we extract its wavelength dependence (Section[C.3.2). Tt is
worth mentioning that the lock-in simultaneously characterizes phase and am-
plitude in one single sweep. Moreover, noise due to gradual slight misalignment
cancels out normalizing with the amplitude of the reference signal.

Dispersion measurements using setup shown in Fig. were demonstrated
in paper [6]. In one branch of the Interferometer we have the propagation
constant of the sample f;:

(A.25)

ngz

A 1
bs(Aw) = LyB,(Aw) = Lsneff(Aw)T‘” = Ly(fo + Brdw + 52w’ + )
' (A.26)
Whereas, in the other branch, we have L, air propagation in the delay line
(ODL) for balancing the interferometer at wy :

Aw
da(Aw) = B, (Aw)L, = TLQ (A.27)

To do so we canceled the slope at wg in the Aw term of the phase evolution:

—_—N—
L L
Ap=¢s — o = Lsfo + (Lsf1 — Ta)Aw +2—'862Aw2 +...) (A.28)
From this equalization (Ls8; = %) we can extract the group index from

the f1 = ngy/c coefficient as:

Lq
ng = cpr = . (A.29)
Being able to extract the dispersion coefficients as:
d'p
= — A.30
b= (A.30)
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A. Experimental measurement techniques

Where f; is related to the group delay and 2 defined as the group velocity
dispersion (GVD).

2
wo ng(wo) -
= —n w 1= ——= f[y=—D), A.31
Bo = ~—"ness(wo) B o = (A.31)
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Figure A.7: From the phase evolution we can extract the Dispersion of TE and
TM strip waveguides with 450 x 220 and 500 x 220 nm.

A.6 Optical vector analyzer

Using a setup similar to the one described in [7] and [§] we can also sweep
very fast the amplitude and phase spectra of the devices, as the ones shown
in chapter 2l The setup is shown in Fig. [A.§ and uses swept-wavelength inter-
ferometry (SWI) to measure the complex Jones Matrix of a device. A tunable
laser source is in mode-hop free operation capable of sweeping at 1200 nm/s
from 1520 to 1620 nm. The sample is in one branch of a Mach-Zehnder inter-
ferometer. The output of the interferometer is sent to a 2 x 2 coupler, so in one
of the photodiodes we receive:

|H(w) + je‘jwt|2 (A.32)

while in the other:

|jH (w) 4 e 7792 (A.33)

As it is balance detected the common part of the modulus |H(w)[* + 1
cancels and the remaining is 25 H (w)e’*t + 25 H (w)e ™7t where H (w) is shifted
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in frequency in one direction and its conjugated H(w) shifted in the opposite.
Finally bandpass filtering the response around w we obtain H (w).

|H(w) + je 7“2 — |jH(w) + e 7%? = 2j H(w)el*! + 2jH(w)e ™" (A.34)

sample

Mode-hop free H(w) $
swept laser

%

exp(-jwt) ~

Figure A.8: Optical vector network analyzer schematic.

The optical vector analyzer obtains in real time (1200 nm/s sweeps) impulse
responses and amplitude-phase transfer functions. As the sweeps are so fast it
can be used for chip alignment and the measurements are immune to thermal
fluctuations, time misalignments and other noise sources. It can measure polar-
ization mode dispersion, chromatic dispersion, group delay, insertion losses and
amplitude-phase transfer functions for wavelengths from 1520 to 1620 nm. The
impulse response in the time domain can be derived form the transfer function
and complements perfectly the spectral response of the devices. I used this
setup during my stay at the University of California Davis but not in Valencia,
so in order to measure the phase response we developed an alternative setup
that does not require a very fast sweeping laser (paper [Cl and section [A5]). The
commercial version of the setup is the Optical Vector Analyzer of Luna Inc
Technologies ™.
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Appendix B

Paper: Characterizing and
modeling backscattering in
Si rings

In this work we present an experimental technique to model backscattering ef-
fects in ring resonators. This effects are very important when working with very
high quality factor rings and have to be considered when designing all-optical
switches. The model was developed by Guillem Ballesteros and I participated
in the experimental measurements and data analysis.

G. C. Ballesteros, J. Matres, J. Marti, and C. Oton, “Characterizing and
modeling backscattering in silicon microring resonators,” Optics Express, vol.
1005, no. 1997, 2011.
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Abstract

We present an experimental technique to characterize backscattering in silicon
microring resonators, together with a simple analytical model that reproduces
the experimental results. The model can extract all the key parameters of
an add-drop-type resonator, which are the loss, both coupling coefficients and
backscattering. We show that the backscattering effect strongly affects the
resonance shape, and that consecutive resonances of the same ring can have
very different backscattering parameters.

(220.0220) Optical design and fabrication; (230.5750) Resonators; (230.3990)
Microstructure devices; (250.5300) Photonic Integrated Circuits.

B.1 Introduction

Silicon photonics has recently emerged as a viable technology for integrated pho-
tonic devices. Microring resonators are elements which are simple to fabricate
and are used for devices such as optical filters, [1] sensors, [2] modulators, [3]
etc. The quality factor is usually the parameter that determines the perfor-
mance of the device; however, in this technology the limiting factor is in most
cases not the propagation loss, which can reach values below 2.4 dB/cm [4],
but the backscattering effect due to sidewall roughness [5]. Backscattering in a
resonator cannot be accounted for as a loss mechanism because in a cavity it
grows coherently in each loop. Backscattering is a well known cause of resonance
splitting [6L[7]; but even before splitting occurs, it can dramatically modify the
depth of the resonance; this can sometimes be useful to improve the extinction
ratio of the peak [8]. If this effect is not taken into account and one extracts
the parameters of the ring from a fit, it can produce a good curve agreement
but with wrong results. In this paper, we propose a characterization technique
and a fully analytical fitting procedure that allows a complete characterization
of all the parameters of the ring including backscattering, without the need of
a coherent backscattering measuring system as in [5,9].

B.2 Experiment

Silicon waveguides were fabricated through the ePIXfab service at CEA-LETI,
France, using silicon-on-insulator wafers with 220nm Si thickness and 2 pum
buried oxide thickness. Waveguides are fully-etched 220x450nm channels which
are covered with a 2 pm SiOs layer, and shallow-etched grating couplers were
used for coupling the light vertically from standard single-mode fibers at 10°
angle. Waveguides and gratings were both patterned with deep-UV lithography.
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Figure B.1: (Color online) Schematic view of the layout of add-drop rings with
drop (D), counter-drop (C) and through (T) ports. The back reflected port
represents the backreflected signal that returns to the input port

Transverse-electric (TE) polarization was used in all the experiments. Trans-
mission spectra were collected with a tunable laser with 1 pm resolution and
2 dBm input power in fiber. The rings had a 20 um radius and two coupling
points, providing a through and a drop port. However, in this experiment we
also collected the signal from the counter-propagating drop port, which we will
call counter-drop port (as shown in Fig. [B)). Measuring this port is crucial
to fully characterize the ring, as it directly provides the information about the
backscattering inside the cavity. The gap of the through and drop couplers was
275nm and 300nm respectively.

Figure shows the measured transmission extracted from all three ports
of one microring. It is worth noting that the shape of the resonances is very
variable, even though one would expect the loss and the coupling coefficients
to be approximately the same in all cases. The reason for this behavior is the
backscattering parameter, which is intrinsically noisy, thus producing an ap-
parently random response in their resonances. It is noisy because reflections
are produced by sidewall roughness along the ring, so they are randomly dis-
tributed along its length, and the overall reflection coefficient results from the
interference of all the components, giving rise to sharp spectral variations. In
order to extract the parameters of the ring, one must take into account back-
reflection, otherwise the estimation of the loss and coupling coefficients would
depend on which resonance we select, which is unphysical and would produce
wrong results. Therefore, a procedure to extract all the parameters including
backreflection is needed in order to understand the behavior of our microring
resonator. Next section provides an analytical treatment and a recipe to extract
all the parameters from any given resonance.

B.3 Theory

To study this problem we use the time-domain model of two resonators coupled
through a coupling constant [I0], and we apply it for the ring resonator problem
as in Ref. [8]. Typically time-domain analyses take the photon lifetimes as
parameters, but these can be readily related to the more frequently used energy
coupling coefficient, K, and energy propagation loss constant, a, of space-
domain analyses [11] as in [12]. The reflection coefficient R represents the energy
exchanged between the propagating and counter-propagating modes in a single
pass through the ring. The coupling constants were assumed to be the same
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for both the propagating and counter-propagating modes (this is a neccesary
condition of a symmetric coupler). The resulting expressions are as follow:

wolL Wo wolL
K; Oor = O VR 20, (B.1)
Qe1, Qe2, Qi and @, are the Q-factors associated to: the coupling with the
bottom and top waveguides, the intrinsic losses and the reflection coefficient;
vg is the group velocity of the fundamental mode of the waveguide and can be
obtained from the free spectral range (FSR) of the ring. The coupling points
are assumed to be lossless, but if there is any excess loss, it can be accounted
for as an intrinsic loss in @;. The model does not require to specify where
along the ring the reflection takes place, as the behavior is not affected by the
phase of the reflection parameter. However, the fact that reflections occur at
randomly localized points has the consequence of introducing a strong depen-
dence of the reflection parameter versus wavelength. The statistical variations
of that parameter have been studied in Ref. [I3]. Q-factors can be related to
the 7 constants of the different processes through Q; = w,7;/2. Defining the
total quality factor of the ring as:

1 1 1 1
— + 4+ — B.2
Q0w Q@ (B2
and following the guidelines in [8,[10,12], one can obtain the analytical ex-
pressions for the output in each port as a function of all the Q-factors previously
defined:

|| i -0+

B.3a
2 =)+ 35+ 5= (B.32)
1

2 o
D_ N A

(i =) +5)+ o

(B.3b)

2
C— Qry/Qe1Qec,2
@@ -0+ &

(B.3c)

where w’ = w/wy is the normalized angular frequency of the resonance under
study, and T, D and C' are respectively the energy transmission coefficients of
the through, drop and counter-drop ports as defined in Fig.[BIl Also, Eq. (B:3d)
would yield the back reflected energy by multiplying it by K;/Ks. This means
that the counter-drop port can be used as an indirect measurement of the latter;
which can be useful because measuring it directly is not straightfoward as other
sources of backscattering (e.g. reflection in the input grating) can hinder the
measurement, thus coherent methods as in [5] are needed.

One way to extract the ring parameters from the experiment would be to
find the parameters that produce the best fit to the experimental curves; how-
ever fitting three curves simultaneously is not straightforward. For this reason,
we have calculated all the Q-factors of the ring as a function of specific values
which are easily extracted from the experimental curves, which are the central
values of the three ports (Tp, Do and Cp, all measured at wp), and the param-
eter Aw’, defined as the normalized frequency width between the points where
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C = Cy/2. When the peak has not yet split, this corresponds to the full-width
at half maximum (FWHM) of the counter-drop resonance peak. However, if the
peak is split in two, the maximum is not located at Cp, thus Aw’ would not be
the FWHM anymore, although the expressions are still valid using its mathe-
matical definition. After some algebraic manipulation, the equations that allow
extracting all the parameters from the experimental curves are the following:

1/2
1 {c, [(C\?
Q=% D—0—1+\/§ (Do> +1 (B.4a)
1 /D,
QT:@ CT (B-4b)
2

Qe TQQ Q1 VT) (B.4c)
Qe2 201+ V) (B.4d)

TQD(Q Q)

Once all the Q-factors are calculated, one can relate them to the loss, cou-
pling coefficients and backreflection by using Eqs. (B.) and (B.2). The sign
ambiguity in Egs. (B.4d) and (B.4d) is a byproduct of the existence of two de-
generate operation regimes in the ring with different parameters but the same
resonance shape. This ambiguity is well known in cases without any backreflec-
tion effect, and it is due to the fact that in some cases one cannot distiguish
between the intrinsic and the extrinsic loss. Some possible solutions to overcome
this problem are proposed in [I4], and consist in looking at the dependence on
wavelength or measuring rings with different geometrical parameters. In our
case, the ambiguity only occurs for the peak with lowest reflection coefficient,
as in the other two cases it would give rise to a negative loss coefficient, which
is unphysical, because it requires gain from the medium. As the sign has to be
the same in all the peaks of the same ring, this provides an additional way to
decide the correct sign in the expressions by analyzing more than one peak and
looking for non-physical solutions.

Looking at Eqgs. (B.3)), one can identify 3 main regimes of operations in which
the ring can work. They are distinguished by how strong the backreflection is
in relation to the total Q-factor, that is, how large @, is in comparison with Q.
In the case where @, > @, the coupling can be considered to be negligible and
the parameters can be extracted with already existing methods like in [I4], or
by making 1/Q, = 0 in Eq. (B3al) and solving for Q.1 and @ as a function of
the extinction ratio and the full-width at half depth (FWHD). In this situation
all resonances tend to have approximately the same shape and they do not split
up. When the intention is to achieve high quality factors, then @ can start
to approach to (), and the expressions described in this paper should be used.
Nevertheless, it may not be obvious from a measurement of a single resonance of
the through port that the latter is the actual mode of operation since resonances
do not always split; under these circumstances one should look at different
peaks and see if they vary in an apparently random fashion, and where possible,
measure the counter-drop port response. In the case where the coupling is so
strong that @, < @, which may happen if the rings are intentionally designed
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for this purpose, then simplified expressions can be found as well, which are
more practial than Eqs. (B4). If this is the case then splitting is very evident
showing two clearly defined peaks around each resonance frequency. Table [B.1]
summarizes the three operation regimes and the expressions to use in each case.

B.4 Results

From the experimental data shown in Fig. [B.2] we have chosen three consecu-
tive resonances which show quite different behavior in terms of extinction ratio
and degree of splitting. The results obtained from the method described in sec-
tion for each resonance are also shown in Fig. [B:2] and the corresponding
theoretical curves are shown in the insets, where a good agreement is observed.
It is worth noting that the coupling constants and the loss show small variations
among resonances, being R the one showing much higher variability (reaching
one order of magnitude). This is expected from the nature of backscattering,
and is a demonstration of the validity of our model. The asymmetry of the shape
of peaks 1 and 3, which is not reproduced in the theory, can be explained by
sudden variations in the reflection coefficient along the width of the resonance,
which was not considered in the model.

The maximum reflection coefficient measured is 0.18%, which corresponds to
@, ~ 25 000. This means that for this waveguide section and quasi-TE polar-
ization, resonances with Q-factors higher than 10* will be affected by backscat-
tering. If one requires pure resonances with higher Q-factors, waveguides with
weaker backscattering are needed, which can be achieved by using quasi-TM
polarization or by widening the channel. [9]

Table B.1: Summary of expressions for calculating Q-factors of ring-resonators
working under different backscattering regimes

Weak coupling Intermediate coupling Strong coupling
(Qr > Q) (Qr ~ Q) (Qr < Q)
Q= 1/AW%WHM,D1 Q (Eq. (B.4a) Q = 1/Awpwiu

Qr (Eq. (B4D)) Qr (Eq. (B40) Q, = 1/Asplitting ?

0

20 /\ 20 20

I Full-width at half maximum of the drop port

2Peak to peak distance
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B.5 Conclusion

We have described an analytical model and a fitting procedure that allows ex-
traction of all the key parameters of a silicon microring resonator with two
coupling points. These parameters are the two coupling constants, propagation
loss and the backscattering coefficient. With this method, we demonstrate that
variations of the backscattering parameter are the cause of the strong variations
in the shape of different resonances of the same microring. All these parame-
ters can be extracted from simple measurements using a standard transmission
characterization setup, and the experimental results from a ring resonator are
succesfully fitted to the analytical model.
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Figure B.2: (Color online)Top panel: Transmission spectrum of each port of
the microring: the through (red, solid), the drop (blue, dashed), and the
counter-drop (green, dash-dot). Bottom panels: Detail of 3 resonances
corresponding to the peaks at 1549, 1553 and 1558 nm, where transmission
has been normalized. Solid curves are the experimental data and dashed lines
are the analytical curves using the parameters extracted from the fitting
procedure and shown on top of each subplot.
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Appendix C

Paper: Optical phase of
photonic integrated devices

When working with photonic integrated circuits we need to measure disper-
sion, group index and phase response of some devices such as ring resonators,
waveguides, etc. However, optical phase measurements are not straightforward.
Here, we propose a heterodyne interferometric technique that uses a counter-
propagating beam to cancel thermal fluctuations and measures the phase re-
sponse of ring resonators and corrugated waveguides. In this work I prepared the
setup, made the measurements, analyzed the data and drafted the paper. The
corrugated waveguide design was made by Antoine Brimont to have a flattened
group index passband in a wide range of wavelengths (from 1560 to 1610 nm).

J. Matres, G. C. Ballesteros, S. Mas, A. Brimont, P. Sanchis, J. Marti and C. J. Oton,
“Optical phase characterization of photonic integrated devices” IEEE Journal
of Selected Topics in Quantum Electronics, 2014 (in press).
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Abstract
We propose a relatively simple experimental setup, capable of accurately char-
acterizing the optical phase response of an integrated photonic circuit. The
setup is based on a phase-noise reduction scheme using an external hetero-
dyne Mach—Zehnder interferometer. In particular, we characterize the phase
response of different silicon photonic components: under- and over-coupled ring
resonators, and a slow-light corrugated waveguide.

C.1 Introduction

In the last years, integrated optics has experimented a remarkable development
thanks to technological advances but also because its recent trend towards stan-
dardization. The main advantage of photonic integrated circuits is that one can
build extremely complex systems with hundreds of components on a very small
footprint and at a very low cost per device. The phase response of an element
is a key parameter that is required for the design of a system which includes it.
However, measuring the phase response is not straightforward, as under normal
circumstances, phase noise complicates interferometric measurements using for
example an external Mach-Zehnder interferometer (MZI).

Optical vector network analyzers (OVNA) are commercial instruments sensi-
tive to phase [1l2]. They employ specific techniques to alleviate phase noise prob-
lems in their measurement, requiring complex synchronous receiving schemes
with fringe monitoring and very fast laser tuning speeds (usually higher than
100 nm/s). Fast laser sweeping reduces phase noise, as thermally-induced noise
usually has a 1/f spectral dependence.

In this work, we present an alternative technique for measuring the phase
response of a photonic component, using an ordinary laser with a tuning speed
below 1 nm/s, without needing thermal control or isolation. To achieve this,
we cancel the phase noise employing a counter-propagating reference beam at
fixed wavelength. The concept of heterodyne measurement with two different
wavelengths simultaneously is called superheterodyne detection [3]. The fixed
wavelength is used as a reference to cancel thermal phase fluctuations, while the
tunable beam scans the desired spectrum. In Ref. [4] we applied the same idea
to characterize chromatic dispersion in waveguides with different geometries.
In this paper we show that the technique can be used as a general tool to
characterize any photonic component. In particular, we characterized a silicon
microring resonator and a slow-light corrugated waveguide. In the former, we
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distinguish under- from over-coupling conditions and extract the parameters of
the ring. In the latter, we plot the group index of the corrugation from a single
segment of waveguide without the need of integrated MZIs and fringe spacing
calculations. The results show that the proposed technique provides an accurate
measurement of the phase, being particularly useful for the characterization of
slow-light photonic structures and other phase sensitive components. Its main
limitation is that it requires the compensation of the component delay with an
external optical delay line.

C.2 Experimental setup

The experimental setup is a fiber-based MZI, where acousto-optic modulators
(AOM) act as frequency shifters (Fig. [C)). Each branch applies a slightly
different frequency shift (40 kHz in our experiment) and the lock-in amplifier
measures the 40 kHz beating pattern (spectra are acquired in discrete tuning
steps, therefore the beating frequency is not affected by the tuning speed). The
phase of these beatings with respect to the RF generators provides the phase
of the system, but they are affected by thermal phase noise as high as several
radians per second. This noise would make a phase characterization unfeasible
using a laser with few nm/s tuning speed. To cancel the phase noise, we in-
troduce from the opposite end a reference counter-propagating beam at a fixed
wavelength. This signal produces another beating pattern used as a reference
for the lock-in amplifier. As thermal fluctuations equally affect both beams,
they cancel out, measuring only the wavelength-dependent phase variations.

optical delay line
Lair
Tunable laser N e

@ 80.04 MHz
@ 80 MHz

Fixed laser

40 KHz Signal

amplitude
phase

Figure C.1: Schematic of the experimental setup (the black lines represent
standard single-mode fiber). The lock-in monitors the 40 KHz-beatings using a
counter-propagating beam as a reference signal to compensate thermal
fluctuations. AOM: acousto-optic modulator, PC: polarization controller.

To balance the interferometer for different device lengths there is an optical
delay line in the branch without sample. Before each sweep is launched, the MZI
must be balanced in order to avoid too steep slopes in the w phase dependence
which could complicate the phase unwrapping. In addition, it is convenient
to set the wavelength of the counter-propagating reference beam, wg, approxi-
mately in the middle of the sweep in order to minimize the phase noise. If the
building block to characterize is in series with other elements, (couplers, con-
necting waveguides, tapers, etc.)7 the measurement requires a reference sample
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with the same elements, but without the component under test (e.g. the corru-
gated waveguide). If the sample is entirely homogeneous, for example a straight
waveguide, the reference measurement would be the trace with no sample. The
reference sweep provides the system response, which must be subtracted from
the measurement with the component under test. Mathematically, the phase
dependence obtained with the lock-in, after subtracting the system response,
becomes:

¢<w> = BCLC - BairALair = ¢C(W) - %

where ¢ is the measured phase, ¢. the phase introduced by the component

under test, the extra length introduced in the optical delay line to balance the

MZI with respect to the reference measurement is ALy, Be and g are the

propagation constants of the component and of air respectively, and ¢ the speed

of light in vacuum. In Ref. [4] we showed that if the component under test has
a length L., then the group index of the component is:

(C.1)

(C.2)

Minimizing the phase versus wavelength slope balances the MZI. A slope
equal to zero at a certain wavelength corresponds to perfect balancing, so one
can extract the group index of the component under test. Finally, we extract
its wavelength dependence from the group index slope variation (Section [C.3.2]).
It is worth mentioning that the lock-in characterizes phase and amplitude si-
multaneously in a single sweep. Moreover, intensity noise due to gradual slight
misalignment can also be canceled out if the amplitude is normalized with the
amplitude of the reference sweep.

C.3 Results

Samples were fabricated using the ePIXfab platform, processed from 220 nm
Si thickness SOI wafers, patterned with deep-UV lithography and covered with
silica after the etching process. They included 20 pm radius ring resonators and
corrugated waveguides (Figs. [C2] [C3). In both cases we coupled transverse-
electric (TE) light using grating couplers.

C.3.1 Ring resonators parameter extraction

Ring resonators are common building blocks, as they can be used as filters, mul-
tiplexers, modulators, etc [6]. Their spectrum consist of a series of resonances,
whose separation is called free spectral range (FSR), which is related to the
length and group index of the cavity:

2

FSR(nm) = % (C.3)
9

where ng is the group index and L is the round trip length.
The transmission equation of a ring can be easily obtained [7]:

t — AeiPL

Eout / Em - m

(C.4)
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Figure C.2: SEM micrograph of the 20pum-radius silicon microring resonator.

Figure C.3: SEM micrograph of the corrugated waveguide with a broadband
flattened group index profile (from 1560 to 1610 nm), achievable by patterning
circular holes onto the wide section of the waveguide as in [5].

where A is the single-pass amplitude transmission and the self (¢) and cross-
coupling (k) coefficients of the coupler satisfy k2 + ¢2 = 1.

Depending on the relation between the coupling coefficients and the losses
(A =e%"), a ring resonator can be:

e Under-coupled (¢ > A): The coupling is lower than the attenuation
through the ring. With zero phase at the resonances, each resonance
produces a phase fluctuation.

e Critically coupled (¢t = A): The output light coming from the ring and
from the input port cancel out, so there is zero transmission at resonance.

e Over-coupled (¢ < A): The resonance becomes wider (smaller Q-factor)
and accumulates an extra 27 phase shift, because at the output more
energy comes from the ring than from the input port, generating an extra
phase delay. Therefore the phase at the resonance is 7.

The procedure for extracting the parameters of a ring resonator usually
starts by measuring the FSR to extract the group index, and then focus on
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Figure C.4: Simulated transmission and phase spectra of a ring resonator
under different coupling regimes. A = 0.99 in all cases, and ¢ is 0.999,0.99,0.9
in a, b and ¢ panels respectively. Distinguishing over- from under-coupling
regimes requires the phase response.

a single resonance to extract the loss and the coupling coefficient from a fit.
However, with this method, the under- and over-coupled regimes are indistin-
guishable, as swapping the loss and coupling parameters generates exactly the
same transmission spectrum. This problem is addressed in Ref. [7], where they
propose different strategies to disentangle the parameters by looking at many
resonances and how they depend on the wavelength. However, their approach
requires some assumptions and measuring a very wide spectral range.

With the setup that we propose in this paper, the phase response is also
measured, therefore we only need one resonance to determine all the parameters
of the ring. From the phase spectrum, it is straightforward to distinguish the
under- from the over-coupled regime as shown in Fig.

Fig. [C.Hl shows measured and fitted transmission and phase spectra of two
different ring resonators using our technique. The only difference between both
rings is the gap between the bus and the ring, which is expected to result in
a different coupling coefficient, but similar loss and index. The phase response
allowed us to clearly distinguish the regime, thus the parameters can be easily
extracted. The coupling coefficients obtained (0.350 for the 200 nm gap and
0.217 for the 275 nm gap) follow the expected trend, while the absorption and
group index coefficients are very similar. This, together with the good agreement
between experiment and fit, allows us to conclude that the technique successfully
provided a complete characterization of the component.
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C.3.2 Group index in slow light corrugated waveguides

Corrugated waveguides can be employed for dispersion engineering or slow light
applications. In these cases, the group index dependence on wavelength is the
key parameter. Common techniques to measure it are fringe separation [8HIT]
and path balancing [I2HI4] of an integrated Mach-Zehnder interferometer. If
one branch has the corrugated waveguide and the other one has a reference
waveguide with known index, from the wavelength fringe separation (A —
Amaz) One can obtain the variation of the group index with respect to the
photonic wire ng s [9]:

A7ninA7naw
i ay7v e w I (©5)
where ng ror is the group index of the reference branch.

One problem of this technique is that an integrated MZI is necessary; in
addition, the group index can only be calculated in discrete points which cor-
respond to the fringe maxima and minima. On the other hand, the technique
proposed in this paper can be applied for the characterization of these devices,
providing a continuous phase dependence from which we can extract group in-
dex with high resolution, only limited by the laser step size (Fig.[C.6]). Moreover
it does not require to integrate an interferometer.

Our experimental results show the characterization of a corrugated waveg-
uide using both techniques, the fringe counting and the heterodyne setup shown
in Fig. The sample is the corrugated waveguide shown in Fig. [C.3 which
was designed to have a flattened slow light band [5]. For the fringe counting
technique we used an integrated MZI, one of the branches having a corrugated
length of 450 pm. For the heterodyne characterization, we measured two cor-
rugated waveguides with different lengths, one being 450 um and the other
one 27 pm. The subtraction of their responses cancels the coupling elements
and system response, only leaving the response of a 423 pum-long corrugated
waveguide. To balance the interferometer from the short (27 pm) to the long
waveguide (450 pm), we increased the optical delay line by 11 ps. This means
that an equivalent L. = 423 pm-long corrugated waveguide has a group de-
lay T, = 11 ps, which corresponds to a group index ny4(wp) = 7.8 (Eq. [C.2).
Then, with the interferometer balanced, we extracted the group index variations
around ny(wp) from the phase evolution slope using this equation:

ng(w) = ng(wo) + %% (C.6)

Figure [C.7 shows a comparison between the group index curve obtained with
our technique using Eq. [C.6] and the points obtained from the fringes of the
MZI applying Eq. The results agree in trend, but the fringe method shows
more fluctuations. These fluctuations are due to the noise and baseline variation
of the amplitude measurements shown in Fig. [C.7h, while the heterodyne curve
provides a much cleaner measurement. In addition, the heterodyne technique
provides a continuous curve, as opposed to the fringe method which can only
provide values in specific points. For these reasons, we consider that the tech-
nique proposed in this paper is well suited for the the accurate characterization
of this kind of structures.
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C.4 Conclusion

We have shown an experimental technique to characterize the phase response
of integrated photonic components. The technique cancels out phase noise by
using a counter-propagating reference beam, avoiding the need of extremely
fast tuning rates or cumbersome temperature control schemes. As examples of
application, we characterized a microring resonator and a corrugated waveguide.
From the ring resonator phase response, we clearly distinguished over- from
under-coupling regimes, observing an excellent agreement with simulations. For
the corrugated waveguide, we measured the group index profile in the slow-light
band with more precision and less noise than using a traditional fringe-spacing
method.
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Figure C.5: Experimental and fitted spectra of two silicon microring
resonators. We clearly see that the over-coupled ring (top) accumulates 27
phase shifts while the under-coupled ring have phase fluctuations in each
resonance. The ripples are due to Fabry Perot fringes.

96



(a)

(D)

O - .
— data
- - = ﬂt

(C)

Phase (rad) Transmission (dB)

)
° 9r R
£
Q
=}
s 7t -
G]

1 1
1570 1595
Wavelength (nm)

Figure C.6: 450 pm corrugated waveguide transmission (a) and phase (b).
Near the band-gap, the transmission falls abruptly, where we observe the
corrugated group index increase (c), that we obtain from the phase response
using eq. [C.6l The phase noise at the left of panel (b) is due to the low signal
transmission near the band-gap.

(a)

~ -30 ]
om
z
C
=
[}
XU
€
(%]
C
@©
=
-50
(b)
T
x 9 — Heterodyne| |
2 e e fringes
Q.
>
o
G] 7 ) h
® o © e ®
1 1
1570 1595

Figure C.7: (a) Fringe pattern of an integrated MZI containing the corrugated
waveguide on one branch. (b) Group index results extracted from the fringes
(dots) and the heterodyne technique (dashed line).

97



Bibliography

[1]

G. D. VanWiggeren, A. R. Motamedi, and D. M. Barley, “Single-
scan interferometric component analyzer,” Photonics Technology Letters,
IEEE, vol. 15, mno. 2, pp. 263-265, 2003. [Online]. Available:
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1174140

D. K. Gifford, B. J. Soller, M. S. Wolfe, and M. E. Froggatt, “Optical
vector network analyzer for single-scan measurements of loss, group delay,
and polarization mode dispersion,” Applied optics, vol. 44, no. 34, pp. 7282—
7286, 2005.

R. Daéndliker, R. Thalmann, and D. Prongué, “Two-wavelength
laser interferometry using superheterodyne detection.” Optics let-
ters, vol. 13, mno. 5, pp. 339-41, May 1988. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed /19745891

S. Mas, J. Matres, C. J. Oton, and J. Marti, “Accurate chromatic dispersion
characterization of photonic integrated circuits,” Photonics Journal, IEEE,
vol. 4, no. 3, pp. 825-831, Jun. 2012.

A. Brimont, J. V. Galan, J. M. Escalante, J. Marti, and P. Sanchis,
“Group-index engineering in silicon corrugated waveguides.” Optics
Letters, vol. 35, no. 16, pp. 2708-10, Aug. 2010. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed /20717431

W. Bogaerts, P. De Heyn, T. Van Vaerenbergh, K. De Vos,
S. Kumar Selvaraja, T. Claes, P. Dumon, P. Bienstman, D. Van
Thourhout, and R. Baets, “Silicon microring resonators,” Laser &
Photonics Reviews, vol. 6, no. 1, pp. 47-73, 2012. [Online]. Available:
http://dx.doi.org/10.1002/Ipor.201100017

W. R. McKinnon, D. X. Xu, C. Storey, E. Post, a. Densmore,
a. Delage, P. Waldron, J. H. Schmid, and S. Janz, “Extracting
coupling and loss coefficients from a ring resonator.” Optics Ezpress,
vol. 17, mo. 21, pp. 18971-82, Oct. 2009. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed /20372631

H.-T. Shang, “Chromatic dispersion measurement by white-light interfer-
ometry on metre-length single-mode optical fibres,” FElectronics Letters,
vol. 17, no. 17, pp. 603-605, 1981.

98


http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1174140
http://www.ncbi.nlm.nih.gov/pubmed/19745891
http://www.ncbi.nlm.nih.gov/pubmed/20717431
http://dx.doi.org/10.1002/lpor.201100017
http://www.ncbi.nlm.nih.gov/pubmed/20372631

[9]

[10]

[12]

[13]

Y. A. Vlasov, M. O’'Boyle, H. F. Hamann, and S. J. McNab, “Active control
of slow light on a chip with photonic crystal waveguides,” Nature, vol. 438,
no. 7064, pp. 65-69, 2005.

X. S. Yao and J. Feinberg, “Simple in-line method to measure the dispersion
of an optical system,” Applied Physics Letters, vol. 62, no. 8, pp. 811-813,
1993. [Online]. Available: http://link.aip.org/link/?APL/62/811/1

E. Dulkeith, F. Xia, L. Schares, W. M. J. Green, L. Sekaric, and Y. A.
Vlasov, “Group index and group velocity dispersion in silicon-on-insulator
photonic wires.” Optics Express, vol. 14, no. 13, p. 6372, Jun. 2006.
[Online]. Available: http://www.ncbi.nlm.nih.gov/pubmed/19516814

L. G. Cohen and J. Stone, “Interferometric measurements of minimum dis-
persion spectra in short lengths of single-mode fibre,” Electronics Letters,
vol. 18, no. 13, pp. 564-566, 1982.

W. H. Knox, N. M. Pearson, K. D. Li, and C. A. Hirlimann,
“Interferometric measurements of femtosecond group delay in optical
components,” Opt. Lett., vol. 13, no. 7, pp. 574-576, Jul. 1988. [Online].
Available: http://ol.osa.org/abstract.cfm?URI=0l-13-7-574

Y. Liang and C. P. Grover, “Modified white-light Mach-Zehnder
interferometer for direct group-delay measurements,” Appl. Opt.,
vol. 37, mno. 19, pp. 41054111, Jul. 1998. [Online]. Available:
http://ao.0sa.org/abstract.cfim?URI=ao0-37-19-4105

99


http://link.aip.org/link/?APL/62/811/1
http://www.ncbi.nlm.nih.gov/pubmed/19516814
http://ol.osa.org/abstract.cfm?URI=ol-13-7-574
http://ao.osa.org/abstract.cfm?URI=ao-37-19-4105

Appendix D

Simulation algorithms

D.1 Modes in a waveguide

There are several methods to calculate the modes that can propagate in a waveg-
uide:

e Finite element method.
e Semi-analytical mode field representations [I].
e Finite difference method [2].

e The Effective index method method reduces the problem of a 3-
dimensional waveguide into calculating the propagation constant in two
slabs, which is more simple. To calculate the TE (TM) index modes and
propagation constant, first, we calculate the modes of a 2D slab waveg-
uide only limited in the one direction (height = h) and solve the TE
(TM) propagation constant and effective index, which for a 220 nm height
silicon-on-insulator corresponds to a slab effective index nefs s10p = 2.85
(2.05 for TM). Now we use nefs siap as the index of a second slab with
width = w (See Fig. [DJ)). Finally, calculating the TM modes of the sec-
ond slab, we obtain the modes and effective indices equivalent to the the
original TE 3D waveguide. The explanation of this method can be found

in [3LM].

calculate TM Nett .

——> calculate TE Neg
[ | => I =
0
Ny n,
n

0

Figure D.1: The effective index method divides a 3D waveguide into two slabs.
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D.2 Wave propagators

To design the different building blocks in chapter Bl we need to simulate the
propagation of the modes in different structures. For that we can use different
simulation algorithms:

¢ Finite-difference time-domain method is a time domain technique
that can cover a range of frequencies in a single simulation. It computes
light propagation and can include dispersion, conductivity, anisotropy and
nonlinear properties of each material. It divides the simulation region into
cubic grids where it solves Maxwell’s equations. First it solves the electric
field and in the next step the magnetic field, repeating over and over until
reaching a steady state. It is a very rigorous method but simulating large
structures requires a lot of computational time and memory.

e Beam-propagation method studies the evolution of electromagnetic
fields in arbitrary inhomogeneous medium. It is a frequency domain
method, so a single wavelength is solved at a given time. It is very fast
but not very accurate for high index contrast structures because it uses
the slow variation envelope approximation.

e Eigenmode Expansion (EME) is a linear frequency domain method
technique. So a single wavelength is solved at a given time. By solving
Maxwell’s equations a set of eigenmodes are found in each local cross-
section. These equations provide a rigorous solution of Maxwell’s equa-
tions in a linear medium, so the only limitation is the finite number of
modes. When there is a change in the structure along the z-direction, the
coupling between the different input and output modes can be obtained
in the form of a scattering matrix. The scattering matrix of a discrete
step can be obtained rigorously by applying the boundary conditions of
Maxwell’s equations at the interface; this requires to calculate the modes
on both sides of the interface and their overlaps. For continuously vary-
ing structures (e.g. tapers), the scattering matrix can be obtained by
discretising the structure along the z-axis. The boundary conditions for
electromagnetic waves provide the equations required to solve for the ay
and by coefficients in front of the forward and backwards traveling eigen-
functions.

e Applying the Split-step method to the nonlinear Schrédinger equation
we can simulate the propagation of pulses in optical waveguides, consider-
ing attenuation, dispersion, TPA, Kerr nonlinearity and the free-carrier-
dispersion effect. Using this method the overall propagation-length is
divided in a series of steps significantly smaller than both the pulse dis-
persive length and the nonlinear length [5/6]. Each simulation step assigns
to each section of the waveguide an averaged carrier density as in [6]. Car-
rier generation rate is governed by the TPA coefficient, while carrier decay
time is assumed to be much longer than the pulse duration. Finally the
FCA and FCD coefficients dictate the effect of the carriers on the instan-
taneous absorption and refractive index of the waveguide respectively [6].
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