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Introduction

ABSTRACT: In this chapter we describe the two different waveg-
uiding platforms and strategies employed in this thesis to achieve
an integration of nonlinear optical effects on chip. First, we de-
scribe the importance of light in optical communication systems.
Thereafter, we introduce the concept of nonlinear optics and its
potential for all-optical signal processing. In specific, we discuss
the nonlinear optical effects, which will play an important role in
this thesis, and how to improve their inherent low efficiency to
enable an integration on chip. Finally, we describe the two ap-
proaches to enhance nonlinear optics, which are investigated in
this thesis.



Chapter 1. Introduction

1.1 Light in the telecommunication era

Light plays a crucial role in the information era, since the intercontinen-
tal data traffic in the internet is based on optical communication systems
[1]. Here, light pulses are used as information carriers and sent through
optical fibers lying on the ground of the oceans. Optical communication is
beneficial and widely used since it offers the largest bandwidth and allows
for the prevention of power dissipation caused by ohmic losses in copper
cables. At the moment, however, most signal processing is still performed
using electronics, where the conversion between optical and electrical sig-
nals is one of the bottlenecks of optical communication systems. There
is the possibility to increase the bandwidth of optical communication net-
works and lower their power dissipation by executing the signal processing
all optically. The most promising approach to process optical communica-
tion signals all optically is by using nonlinear optical effects. As a result,
thriving research effort exists to exploit nonlinear effects in waveguides to
integrate all-optical signal-processing schemes on chip.

1.2 Light propagation in materials and nonlinear
optics

When light enters a medium its electric field will polarize the material’s
atomic constituents. The response of the material, i.e., its polarization,
will be a function of the applied electric field. Mathematically, this can be
stated as the following [2]:

P(w)= eo[x" (w1)E(w1) +x? (w1, wa)E(w1)E(ws)
—|—x(3)(w1, wa, w3)E(wq)E(w)E(ws) + .. ] (1.1)

where P(w) is the polarization of the matter, i.e., its dipole moment per
volume, €y the permittivity of vacuum and E(w) the applied electric field.
The quantity x™ is called the susceptibility of order n and describes the
response of the matter. The regime in which only the term containing the
first-order susceptibility is of importance is that of linear optics. Here, the
refractive index ng of the material can be related to x:
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no = Ve = /1+x0, (1.2)

where we have assumed that the material is non-magnetic and €, is the
material’s relative permittivity or dielectric constant.

The case in which higher terms in Eq. (1.1) are required is the nonlinear
optical regime. This happens when the electric field strength is so strong
that the deflection of the electron from its unperturbed position in the atom
cannot be modeled as a harmonic oscillator [3]. Consequently, the material
polarization is no longer a linear function of the applied electric field.

The second-order susceptibility x(2) causes second-harmonic generation
and sum- and difference-frequency generation [4]. These are all processes
where the nonlinear response of the matter induces a new electric field,
which has a different frequency content than that of the applied electric
field. The third-order susceptibility x) is responsible for effects like third-
harmonic generation, optical parametric amplification, four-wave mixing
and an intensity-dependent refractive index [4].

Nonlinear optical effect are used today in a variety of different applica-
tions ranging from creating new light sources to new microscopy techniques,
for example, for the investigation of biological samples [5]. Nonlinear optics
also offers a promising route towards ultrafast all-optical communication
[6], i.e., the control of light with light.

1.2.1 Nonlinear optical effects in waveguides

Only a few nonlinear optical effects are important in the scope of this the-
sis and will be discussed in this section. We confine ourselves to one pulse
and the lowest order nonlinear effects which alter the pulse itself during
its propagation. In practice, these effects stem from the third-order sus-
ceptibility x(®, since the second-order susceptibility is zero in most cases
due to symmetry constraints, i.e., x?) is only nonvanishing in structures
which lack inversion symmetry. We will consider self-phase modulation
(SPM) and two-photon absorption (2PA), which are both third-order non-
linear effects. Since 2PA is negligible in large band gap semiconductors, we
also discuss three-photon absorption (3PA), the next higher order nonlinear
absorption process after 2PA. In addition, we consider free-carrier effects,
which are linear in themselves but a result of the nonlinear absorption pro-
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cesses. Finally, we discuss the interaction of the various effects, which lead
to temporal solitons and soliton fission events.

The most important nonlinear optical process that occurs virtually in
every case of high intensity pulse propagation is SPM which deserves its
name from the fact that the effect causes a pulse to modulate its own
phase. SPM originates from the optical Kerr effect, which results from the
real part of the third-order susceptibility. The optical Kerr effect is very
often the lowest order nonlinear process and therefore the most dominant
nonlinear effect which has to be considered. The Kerr effect causes an
intensity-dependent refractive index [7]:

n(I) = np + ny-1, (1.3)

where ng is the refractive index valid for linear optics and I is the intensity
applied to the nonlinear material. The Kerr coefficient ns is a function of
the third-order nonlinear susceptibility x®:

3 X(B)

= & 1.4
QH%G()C’ ( )

ng
where c is the speed of light in vacuum.

In the case of the optical Kerr effect the intensity, which causes the
change in the refractive index, is the intensity of the optical signal itself.
Since the intensity of a pulse is a function of time, the refractive index will
also become a function of time. As a consequence, the pulse experiences
an additional time-dependent phase during propagation which alters its
spectral density.

The reason for the change in the spectral density is easiest understood
by using the concept of the instantaneous frequency, which is the temporal
derivative of the phase experienced by the pulse [8]. Mathematically it
holds that:

do(t) d(wo -t — %n(t) - 2) 27tz dn(t)
= = = wyp— — (1.5)
dt dt Ao dt
where w(t) is the instantaneous frequency, wy is the carrier frequency and
Ao is the central wavelength of the pulse. Therefore, any time-dependent

refractive index will create new frequencies.

w(t)
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Figure 1.1: Effect of SPM on a pulse. a) Temporal envelope of a Gaussian
shaped pulse with a FWHM of Ty. b) Resulting time-varying instantaneous
frequency, which shows a dip in frequency at the trailing edge of the pulse
and a peak at the rising edge.

Figure 1.1 illustrates the effect of SPM on the instantaneous frequency
w(t) of a Gaussian shaped pulse with a full width at half maximum (FWHM)
of Ty. Since the pulse features a symmetric envelope, the changes in the
instantaneous frequency will be symmetric around the center frequency wy.
This symmetric broadening of the spectral density is a typical observation
for SPM. As can be seen in Fig. 1.1b at the trailing pulse edge SPM causes
a dip in frequency of w(t), whereas at the rising edge SPM leads to a peak
[9]. The exact amount of the spectral broadening, i.e., the change in fre-
quency of Awpayx at the peak and the dip in w(t), depends on a variety of
variables, including the Kerr coefficient, the peak intensity and the pulse
width.

The Kerr effect is not the only nonlinear optical effect which is caused
by the third-order susceptibility. Two-photon absorption (2PA) is caused
by the imaginary part of x(®. As a result of the absorption the propagating
light will lose intensity which can be described with:

dI(t,z)

= —&pPA * In(za t)a (16)
dz

where o,pa is the n-photon absorption coefficient. In the case that n is 2
we are talking about 2PA which scales quadratically with intensity. If n is
3 this equation describes three-photon absorption (3PA), which is based on
the imaginary part of the fifth-order susceptibility.
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Figure 1.2: Schematic of multi-photon absorption processes in the energy
diagram of a semiconductor. Here, electrons are excited from the valence
to the conduction band. In the case of linear absorption only one photon
is involved. For 2PA and 8PA two or three photons are simultaneously ab-
sorbed, respectively. Due to the different number of photons involved in the
absorption, there is a different maximum wavelength for which absorption
can occur.

In an absorption process the absorbed photons must have enough energy
to raise an electron to an available free state. This typically means for a
semiconductor that the electronic band gap has to be bridged (see Fig. 1.2)
to raise an electron from the valence to the conduction band. In this case we
speak about interband absorption. Thus, there is a maximum wavelength
of light required before 2PA and 3PA can occur inside a medium. With the
extra photon that is absorbed in 3PA compared to 2PA, 3PA can have an
impact on pulse propagation in materials of larger bandgap energy, where
the effect of 2PA is negligible at the considered wavelength.

Multi-photon absorption limits the peak intensity of a pulse that can be
used since the decay increases with intensity. Hence, a nonlinear absorption
process often restricts the impact of other nonlinear effects.

However, absorption processes are not only obstructive for nonlinear
pulse propagation. They can also be used beneficially. Any absorption pro-
cess generates free carriers, which in their turn alter the optical properties
of the underlying material. In detail, there are two different free-carrier
effects, the free-carrier absorption (FCA) and the free-carrier dispersion
(FCD). FCA describes the fact that free electrons are able to absorb pho-
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tons, whereas FCD represents a change of the refractive index due to free
carriers [10]. It has been shown that free-carrier effects, besides offering
rich interesting physics, can also be useful to implement optical devices like
optical modulators [11, 12, 13] or optical delay lines [14, 15, 16].

In FCA there is no bandgap to bridge since the free electrons already
occupy a partially empty band. Absorption of light leading to excitations
within this band is called intraband absorption. Since in FCA a photon
and a free electron interact the absorption process will be proportional to
both the free-carrier density and the light intensity, leading to a decrease
in light intensity as:

dI(t, z)
dz

= —oN:(t)I(z, 1), (1.7)

where N¢(t) is the free-carrier density and o the FCA cross-section.
FCD describes the process that the refractive index of the underlying
material changes due to the presence of free carriers for which holds [17]:

n(t) = no + keNe(t), (18)

where k. is the so-called FCD coefficient. In the case of pulse propagation
there will be temporal dynamics in the free-carrier density. Free carriers
will be generated by absorption processes, which might depend on the time-
varying intensity. Further, the free-carrier density will decay with a lifetime
Trec Specific for the material due to recombination. This means that in the
presence of 2PA and 3PA the time evolution of N.(t) can be described by
a rate equation:

dN(z,t)  oopa
dt N 2hw0

X3PA 3 NC(Za t)
I t) — 1.9
Shewy (2, t) F—— (1.9)

I*(z,t) +

where h is the Planck constant divided by 2m. Here, we have specifically
assumed that linear absorption is negligible, as will typically be the case
in dielectric waveguides. Moreover, free-carrier diffusion is neglected since
it occurs on a much longer time scale than the duration of an ultrashort
pulse.
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1.2.2 Dispersion effects in waveguides

The strength of nonlinear optical effects in a waveguide depends on the
peak intensity of the pulse propagating in it. The peak intensity of a pulse
is related to its temporal length. If a pulse broadens temporally, the peak
intensity decreases. Consequently, dispersion in a waveguide is of crucial
importance, since it governs the temporal reshaping of the pulse.

Temporal reshaping will occur if the dispersion relation k(w) of the
mode in a waveguide is not simply proportional to w, which is usually the
case. To identify and describe the different effects which cause a change in
the temporal shape of the pulse, the dispersion relation is expanded in a
Taylor series:

k(w) = PBo+ P1(w — wp) + %(w — w0)2 + %(w — w0)3 + ... (1.10)

The different expansion coefficients B, = d"k(w)/dw"|y=w, describe
different contributions related to the temporal evolution of the pulse. f¢
is inversely proportional to the phase velocity v¢ (Bo = wo/ve). A com-
mon way to describe the phase advance is the use of a refractive index or
effective mode index n.g in the case of waveguide. neg is defined as the
ratio of the speed of light in vacuum to v¢ (neg = ¢/v¢). At the same time,
the effective mode index describes the increase of the wavevector keg of the
mode in comparison to the one of light in vacuum given by ko = w/c, i.e.,
Nef = ke /ko. The inverse of the group velocity vy, where v, determines
the speed of the pulse envelope, is given by 31 (B1 = 1/vg). An alternative
way to characterize the group velocity is the group index ng, which is de-
fined as the ratio of the speed of light in vacuum to vy (ng =c/vy). The
term B9 is related to group-velocity dispersion (GVD) that causes a sym-
metric temporal broadening of the pulse envelope. Third-order dispersion
(TOD) is determined by 3 and leads to an asymmetric broadening of the
pulse. Higher terms in the Taylor expansion are usually much smaller and
therefore neglected.

1.2.3 Modeling nonlinear pulse propagation

In a waveguide the described effects will not occur separately but at the
same time. The common way to model the resulting complex interplay
during nonlinear pulse propagation is by using the generalized nonlinear
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Schrodinger equation (NLSE). This method semi-analytically describes how
the envelope of a pulse changes as it experience a variety of effects during
propagation. In general, there are three different categories of effects which
might occur. The pulse may experience loss, it might change in phase or it
might reshape. In the context of this thesis, the NLSE will take linear loss,
dispersion, nonlinear effects and free-carrier effects into account. However,
the NLSE could easily be expanded to include even more effects such as
Raman or Brillouin scattering into the equation which are not considered
here for the sake of simplicity. Thus, the NLSE takes the following form:

OA Koff Bo O?A B3 OPA . 2 KoPA eff 2

9F _ oty (P20 A PsOTA b CIAPA - SRS g2y

9z 2 S oe v o TivenlAl 5 A
_7063?’63 |AJ*A + (ikoke off — GSH)NcAv (111)

where A(z,t) is the slowly-varying envelope of the pulse, which is a complex
quantity featuring an amplitude and a phase. We have omitted the spatial
and temporal dependence of A(z,t) for the sake of brevity. Further, this
equation is formulated in the moving reference frame, i.e., the time frame
moves with the same group velocity as the pulse. This is done to eliminate
the time shift caused by the group velocity and to focus on the reshaping
of the envelope instead. A moving reference frame will be used in all NLSE
calculations presented in this thesis.

Equation (1.11) consists of several terms, which describe different ef-
fects. There are three terms, which represent loss mechanisms leading to
a decay of the amplitude of A(z,t). These are the linear loss term —o/2A
and the two multi-photon absorption processes 2PA and 3PA, that are
taken into account by the terms —oopa ofr/2|A|*A and —OCgPA’eH/QyA’LlA,
respectively. The effective 2PA and 3PA coefficients are given by their bulk
values divided by an effective mode area characteristic for a third- and fifth-
order nonlinear process, respectively, i.e.: Xopa ff = X2PA bulk/Ager and
O3PA off = (X3PA7bu1k/Ag,eﬂ. The term iyeg|A|?A describes the effect of SPM.
Included here is the effective nonlinear parameter yqg, which consists out
of the following terms 27t/Aj cgn2. The dispersion terms —ifa/20%A /02
and B3/603A/0t3 describe the effect of GVD and TOD, respectively. Fi-
nally, there are two terms given by (ikokcef — Oef/2)NcA and related to
free-carrier effects, namely FCA and FCA, which scale with the free-carrier
density N.. FCA leads to a decay with propagation, whereas FCD causes

11
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an additional phase experienced by the pulse, as discussed in the previous
section.

In addition to the NSLE an auxiliary equation has to be solved, which
considers the temporal evolution of the free-carrier density. For this, Eq. (1.9)
is rewritten in terms of the pulse amplitude:

dN(z,t)  opAeff

e Ne(z,
— MM(Z,’G)P ~ Ne(z t)‘
dt 2hw0A3,eﬂc

3hw0A57eﬁf Trec
(1.12)

Az t)* +

The NLSE is a nonlinear partial differential equation and can only be
analytically solved in a limited number of cases. One example, where ana-
lytic solutions are available, is the description of soliton propagation. Here,
the NLSE consists only of two terms, which consider GVD and SPM. In
the general case, the NLSE has to be solved numerically. There are sev-
eral possible approaches, the most common one is the split-step Fourier
method (SSFM) [18]. Here, the NLSE gets separated in two pieces: a part
that takes the nonlinear effects into account (including the linear losses)
and a part that considers the dispersion effects. The solving of the NLSE
gets split into two steps. First, the terms that take the nonlinear effects into
account are solved in the time domain. Second, the dispersion effects are
considered in the spectral domain. In this simplified approach the nonlinear
effects and the dispersion are taken not to occur at the same time. Thus, it
is assumed that the complete propagation distance can be stitched together
out of periodically recurring pieces with length Az, where only nonlinear
or dispersion effects have to be taken into account. This approach has the
advantage that easy solutions exist for the two separate steps of the algo-
rithm. Moreover, the error of the SSFM can be made arbitrarily small by
choosing an appropriate step size Az. Finally, since the free-carrier density
is coupled to the NLSE, the rate equation describing the evolution of N,
has to be solved concurrently, which can be achieved by, for example, a
finite difference scheme.

1.2.4 Influence of free carriers during pulse propagation

It has been shown that free carriers can have a significant effect on pulse
propagation in semiconductor waveguides. To illustrate this we consider
and reproduce here an example from literature [19], where it is calculated
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Figure 1.3: Evolution of the spectral density of a 10ps pulse propagat-
ing through a waveguide. The original Gaussian shaped spectrum before
propagation is shown as a red curve (scaled down by a factor of 0.02). If
free-carrier effects are neglected SPM leads to a spectral density after prop-
agation which is branched into four peaks despite the occurrence of 2PA
(blue curve). Taking additionally FCA into account leads to an asymmet-
ric spectrum (green curve). If FCD is also considered, the spectral density
shows a shift to shorter wavelengths (purple curve).

how the spectral density of a 10 ps Gaussian shaped pulse changes after
propagation through a 10cm long silicon-on-insulator waveguide due to
the generation of free carriers. Three different scenarios are considered and
solved by using the NLSE. In the first scenario only GVD, linear loss, 2PA
and SPM have an effect on the pulse evolution. For the next scenarios, first
FCA is included and then finally also FCD is taken into account.

In the first case where only SPM is considered and no FC effects are in-
cluded, the original Gaussian shaped spectrum (red curved) can be observed
to broaden symmetrically leading to four peaks in the spectral density (blue
curve) (cf. Fig.1.3). In the second scenario, where FCD is additionally
taken into account, less broadening than in the prior case can be observed
(green curve). Further, the spectral density is broadened asymmetrically
rather than symmetrically. The asymmetry of the spectral density is due
to the fact that the free-carrier density, created by 2PA, builds up dur-

13
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ing the pulse envelope and therefore different spectral components, which
are propagating at different temporal positions inside the pulse envelope
due to GVD, experience a FCA contribution with a different strength. In
the last scenario, where FCD is also included, the spectral density of the
pulse shows additionally a blueshift (purple curve). This wavelength shift
is a signature of the FCD effect, where the refractive index gets temporally
changed due to the time evolution of the free-carrier density.

1.2.5 Temporal soliton

A rich interplay of the various aforementioned effects can happen. Inter-
estingly, for example, SPM and GVD can counteract and balance each
other. A delicate interplay of both effects can lead to a class of nonlinear
waves which show peculiar propagation behavior. These waves are called
temporal solitons, or for the sake of simplicity just solitons [20]. Their prop-
agation behavior is peculiar, because they do not temporally broaden with
propagation, but instead remain unchanged or show a periodic evolution,
sometimes called breathing.

There is a variety of solitons which are usually classified by an increas-
ing ordering number. It can be shown that to create and sustain a certain
soliton, so that GVD and SPM compensate each other, a defined peak in-
tensity is required. The ordering number determines the intensity required
to generate a soliton and describes its propagation behavior. The higher
the order of a soliton is the more complex is its periodic evolution in the
time and the frequency domain.

The order of a soliton is quantized to integer numbers and can be cal-
culated by the following equation:

LD 27’[112POT%
N= /-2 =, [T127000 1.13
Lni AoAsz e |B2] (1.13)

where Py is the peak intensity of the pulse, Ty the temporal pulse length
and {32 is the GVD coefficient. The effective mode area Ag.q describes
the spatial confinement of the soliton, for example by guiding it inside a
waveguide or optical fiber. The dispersion length Lp = T3/|B2| determines
the length after which GVD becomes significant. For a Gaussian pulse Lp
equals the propagation distance after which the amplitude of the pulse has
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broadened by a factor of /2 due to GVD. Analogously, a nonlinear length
Ly = (AAger)/(2maPy) is defined which describes the strength of SPM
[8]. To generate a fundamental soliton (i.e. N=1) the dispersion length
has to equal the nonlinear length. In the case of higher order solitons the
nonlinear length has to be much smaller than the dispersion length. A
fundamental soliton (N=1) is described by the following equation [20]:

Ax,t) = \/f’»gsech(;‘o)exp(iﬁj) (1.14)
where P = AAjz efr|B2|/(27maT3) is the peak intensity to create a funda-
mental soliton of wavelength Ag and temporal width Tq for a given GVD
and Kerr coefficient. It can be seen that the fundamental soliton has a
hyperbolic secant shape in time and exhibits a harmonic phase evolution
with propagation. Interestingly, the shape of the soliton does not change
with propagation, which means that the wave packet does not suffer from
temporal broadening although it propagates through a dispersive medium
(see Fig.1.4a). At the same time, also the spectrum of the pulse does not
change as shown in Fig. 1.4b, in contrast to what will happen if only SPM
occurs. That is, the dispersion and the optical Kerr effect exactly balance
each other.

In contrast, higher-order solitons (i.e. N>1) behave differently. In
general, they feature a periodic evolution of both the temporal envelope
and the spectrum with propagation distance. Figurel.4c shows that in
the case of a higher-order soliton the wave packet broadens and narrows
periodically in time as it propagates. At the same time, the spectrum also
shows periodic oscillations (cf. Fig.1.4d). When the soliton is temporally
compressed its spectrum is broadened and vice versa. It can be shown that
the periodicity xg of a higher-order soliton is given by:

Xp = gLD. (1.15)

In general, the periodic behavior of higher-order solitons becomes more
complex with increasing order. As can be seen by comparing Fig. 1.4c-f this
means they exhibit more features during one period.

Interestingly, solitons are quite robust to changes in the initial condi-
tions. If, for example, the injected pulse has more energy than required for

15



Chapter 1. Introduction

16

Normalized intensity Normalized spectral density
0.0 0.5 1.0 0.0 0.5 1.0
a L — ] H ~ T

Figure 1.4: Temporal and spectral evolution of the three lowest order soli-
tons propagating in a waveguide. A fundamental soliton (N = 1) does not
show a change in the temporal (a) as well as the spectral domain (b). The
second-order soliton (N = 2) shows a periodic behavior with propagation.
In the time domain the pulse compresses and broadens (c), whereas the
spectral density shows a concurrent broadening and narrowing (d). The be-
havior of the third-order soliton (N = 3) is also periodic with propagation
in the time (e) and the spectral (f) domain, but features a more complex
evolution during one period. All plots are normalized to their respective
mazxima amplitude to allow a better comparison of the temporal and spec-
tral evolution.
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the generation of a soliton, the wave packet will lose energy, by emitting
dispersive radiation, until the soliton condition is fulfilled. If the injected
pulse has a wrong shape, i.e., not a hyperbolic secant shape, the wave
packet will reshape until a soliton is formed. Important to note is that
other effects that affect pulse propagation, beside GVD and SPM, can per-
turb soliton propagation. In the case of a higher-order soliton this means
that a soliton fission event can occur in which wave packets break apart into
several other wave packets. In contrast, the fundamental soliton is robust
against other effects and will not undergo fission. Physical effects, which
have proven to cause a soliton fission event, are higher-order dispersion [21]
and Raman scattering [22]. In chapter 4, we show that free-carrier effects
in semiconductor waveguides can also cause a fission. It can be shown that
the propagation distance, the fission length, after which such a fission event
typically happens, is given by:

Lp

Lﬁssion == W (]_].6)
Soliton fission events are instrumental in supercontinuum generation
where spatially coherent “white” light sources are created [23], which fea-
ture extremely broad spectra. These light sources are used in a variety
of different applications ranging from optical coherence tomography [24],

frequency metrology [25], optical communications [26] and gas sensing [27].

1.3 Enhancing nonlinear optical effects

Generally, nonlinear optical effects are weak. However, they scale with
powers of the intensity and propagation length. Thus, straightforward ways
to improve their influence is to extend either the propagation distance,
which prohibits compact optical devices, or increase the laser power, which
represents a higher energy consumption. Thus, more clever approaches to
increase the influence of the nonlinearities, so that they can be beneficially
exploited in applications, are required.

One approach is to choose the right material, which features a strong
nonlinear optical response. Different materials exhibit a different electroni-
cal configuration, which also governs the susceptibilities (™. Consequently,
choosing the proper material can enhance a nonlinear effect tremendously.
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In photonics, the nonlinear properties of semiconductors are usually ex-
ploited, since mature fabrication techniques exist for these materials to
create integrated photonic circuits.

At the same time absorption processes need to be minimized as they
obstruct the efficient use of nonlinear effects. There are two ways to achieve
this: a material is used, which either has a high electronic band gap so that
photons are not absorbed, or, which has a low absorption coefficient. An
example for the first case is the use of indium gallium phosphide (InGaP)
instead of silicon (Si) for application at telecommunication wavelengths (i.e.
Ao ~ 1.55 pm) [28].

An approach, which enhances every nonlinear optical process, is to use
higher intensities. That is the reason why nonlinear optics is usually in-
vestigated using a pulsed laser, where a high intensity over a short period
of time can be achieved, while keeping the required time-averaged energy
limited. Another common way to increase the intensity is to confine the
light spatially, for example, by focusing or using waveguiding structures.

The two waveguiding platforms, which will be used in this thesis to
enhance nonlinear effects, are photonic crystal and plasmonic waveguides.
Plasmonic waveguides are interesting because light can be confined in this
structure to arbitrarily small cross-sections [29, 30]. In photonic crystal
waveguides light can be significantly slowed down resulting in slow-light
enhancement effects [31, 32].

1.4 Subwavelength spatial confinement using plas-
monics

1.4.1 Light at a metal-dielectric interface

A metal-dielectric interface supports a surface wave, which is called sur-
face plasmon polariton (SPP). This surface wave is a hybrid wave, which
combines an oscillation of the electron density in the metal with an electro-
magnetic field propagating along the interface of the metal. By solving the
Maxwell’s equations it can be shown that the SPP is a transverse-magnetic
(TM) wave of which the amplitude peaks at the metal surface and decays
exponentially away from the interface. A snapshot of the corresponding
electric field lines is given in Fig. 1.5. Since the SPP is a TM wave, it pos-
sesses one magnetic component Hy transversal to the propagation direction
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X

Figure 1.5: Schematic of the electromagnetic field lines of a SPP propa-
gating on a metal-dielectric interface. A SPP is a TM wave, which fea-
tures one magnetic component Hy transversal to the propagation direction
x. This component Hy has mazimum amplitude at the interface and decays
exponentially in the normal direction. The electric field E is predominantly
oscillating in the direction normal to the interface, but also features a com-
ponent in the direction along the propagation direction. Additionally, in a
SPP the electron density inside the metal oscillates.

(here the x direction). The electric field E oscillates predominantly normal
to the interface, but also has a component along the propagation direction.
For a flat metal-dielectric interface it can be shown that the SPP dispersion

relation is [33]:
€d€m
k = koy/—— 1.17
SPP N eqten (1.17)

where kgpp is the propagation constant of the SPP and €4 and €y, are the
dielectric constants of the dielectric and the metal, respectively.

The dispersion relation of the SPP is of course tightly bound to the
dispersion of the material dielectric constants. Thus, to understand the
behavior of the wavevector of the SPP with varying frequency, it is neces-
sary to discuss the material properties. Relative permittivities of dielectrics
can be usually considered as constants, at least far away from absorption
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Figure 1.6: Dispersion relation for a SPP propagating along a metal di-
electric interface. Here, the dielectric constant of the metal €y, is described
by a Drude model without losses. For low frequencies, the dispersion rela-
tion of the SPP wgpp (Ted line) follows closely the light line wq (blue line),
i.e., the dispersion relation of the light propagating in the dielectric. By
increasing the frequency towards the plasmon frequency (gray dashed line)
the wavevector of the SPP diverges. There is also a branch of the dispersion
relation above the plasma frequency, which we do not consider here, since
it does mot describe a wave guided along the metal interface.

peaks, whereas metals are commonly very dispersive. A good model for
the dielectric constant €y, of a metal is the Drude model [34]. Inserting the
Drude model in Eq. (1.17) allows to plot the dispersion relation and to gain
basic understanding of the behavior of SPPs.

Figure 1.6 illustrates the dispersion relation of a SPP for a Drude metal-
air interface. For simplicity, damping was taken to be negligible. Two
branches of the dispersion relation can be observed, one below and one
above the plasma frequency wj,. We will consider here only the lower
branch, which describes a SPP confined to the metal interface. In contrast,
the metal becomes transparent for frequencies above wy, and features there-
fore no guided surface mode anymore. For low frequencies SPPs exhibit a
wavevector that is close to the light line in the dielectric, which is described
by w =c-k/\/€q. Thus, in this regime, the SPP behaves very similar to
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light propagating in the bulk dielectric. However, for frequencies close to
the surface plasmon resonance frequency wg, = wp/v/1+ €4 the wavevec-
tor diverges. Further, the wavevector of the SPP always lies below the
light line. The resulting momentum mismatch for a given frequency there-
fore precludes excitation of a SPP with free space light on a smooth metal
surface. However, defects, which scatter light, can allow to excite a SPP.
Periodic grating structures can also provide the missing the momentum
[35]. Alternatively, a prism in combination with frustrated total internal
reflection can be used to excite SPPs [36].

In general, metals feature losses and the wavevector of a SPP becomes
a complex number, since the dielectric constant of a metal will also contain
an imaginary part. As a consequence, the electromagnetic field of a SPP
decays exponentially along its propagating direction x. The amplitude
decay is related to ohmic losses in the metal, i.e., the electrons dissipating
energy into heat. The amplitude decay of a SPP is usually described by
the propagation length l,.o,, which equals the propagation distance after
which the intensity has decayed by a factor of e~!. The propagation length
is given by the following equation:

Loy = —— (1.18)
prop- QIm{kspp}. '

In essence, SPPs are surface waves, which allow a very good spatial
confinement of light due to their large wavevector. The downside of using
metal structures as waveguides is the inherent ohmic losses, which cause
absorption of light.

1.4.2 Plasmonic waveguides

So far, we have only discussed SPPs which propagate on a single metal-
dielectric interface and are therefore only confined in one direction. How-
ever, it has been shown that SPPs can also be confined in two dimensions
by using a plasmonic waveguide, which is usually based on a patterned
metal film. Examples for plasmonic waveguides are metal stripes on dielec-
tric substrates [37], wedges [38] and grooves [39] in metal films, dielectric
stripes on metal films [40] or metallic rods and tapers [41] and combinations
of all those structures. Some of these geometries are illustrated in Fig. 1.7.
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Figure 1.7: Plasmonic waveguide geometries. There are variety of possibili-
ties to confine an SPP in two dimensions, which always involves a metallic
and a dielectric material. Shown here as examples are a) a metal stripe
located on a dielectric substrate and b) the inverse situation. c¢) A wedge
on a metallic surface or d) a groove in a metallic surface.

For most of the plasmonic waveguides a deep subwavelength confine-
ment can be achieved. Guiding of SPPs in waveguides with cross-sections
as small as 50 nm x 60 nm have easily been reached [42]. Consequently, a
large field enhancement and a high intensity of the guided mode is possi-
ble, which is useful for exploiting nonlinear optical effects more efficiently,
as mentioned above. Examples of an enhanced nonlinear response due to
confining light with a SPP are enhanced photoluminescence [43, 44] and
higher harmonic generation [45] in tapered plasmonic waveguides.

1.5 Slowing light down in photonic crystal wave-
guides

1.5.1 Light in periodic dielectric structures

Photonic crystals (PhC) are usually man-made dielectric structures where
the dielectric constant is periodically modulated [46, 47]. The idea behind
a PhC is to control the properties of light by shaping the geometry of the
materials instead of relying only on the material properties. For the sake
of simplicity we will explain the optical properties of a PhC by considering
a one-dimensional periodic stack of alternating layers (see Fig.1.8a) [48].
This simple structure is very often used as a high reflecting mirror and is
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Figure 1.8: Band structure of a one-dimensional photonic crystal. a) A
stack of periodic alternating layers with different refractive indices forms a
one-dimensional photonic crystal. Light that impinges on the structure will
reflect at every interface. If all partial reflections add up constructively, the
layer stack will act as a high reflective mirror. b) Due to the periodicity
of the layer stack and the contrast in the refractive indices of the layers
avoided crossings appear in the bands of the dispersion relation. As a con-
sequence, stop gaps are formed. For any frequency in one of the continua
of bands, there are an infinite number of wavevectors. For a frequency in
one of the stop gaps no modes exist and light of those frequencies is not
allowed to propagate inside the structure. In this case the layer stack acts
as a mirror. The dark gray line represents the dispersion relation for a
continuous material, whereas the light gray lines illustrate the extra bands
created by a hypothetical periodicity.
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called a Distributed Bragg Reflector (DBR).

Light propagation in the DBR is best understood by examining its dis-
persion relation for an electromagnetic wave. In a periodic structure the
dispersion relation consists of an infinite number of bands, which are sep-
arated by an integer amount of the reciprocal lattice vector. In the case
of a vanishing contrast of the dielectric constants of the alternating lay-
ers of the DBR, the bands of the dispersion relation ky(w) will be simply
given by two straight lines, as depicted by the dark gray lines in Fig. 1.8b.
This resembles the propagation of light through a continuous material with
constant dielectric constant. The light gray lines illustrate the creation of
extra bands in the case of a hypothetical periodicity. Due to a refractive
index contrast, avoided crossings between the different bands of the disper-
sion relation occur [49, 50]. As a consequence, there will be a frequency
range where no propagating mode exists, which is called a stop gap. Such
a stop gap can be explained by the interference between the multiple light
reflections at the interfaces of the multilayer stack. In a certain wavelength
range, all reflections will interfere constructively and the DBR will work as
a perfect mirror in the direction of the periodicity. The size of the stop gap
Aw is related to the amount of reflection at the interfaces, which depends
on the contrast of the dielectric constants. A larger contrast will lead to a
larger stop gap.

All considerations made here for a one-dimensional periodic structure
can be extended to structures with two- or three-dimensional periodicity.

1.5.2 Controlled slowdown of light

It is possible to guide light using PhCs by creating defects in otherwise peri-
odic structures. It has been shown that a 2D PhC waveguide (PhCW) in a
thin membrane can be used to achieve high spatial confinement transversal
to a propagation direction [51]. Here, a thin dielectric membrane, usually
about 220 nm thick, and consisting of a high refractive index material like
Si or InGaP, is periodically perforated by air holes (see Fig. 1.9). The actual
waveguide is formed by creating a line defect, i.e., leaving the dielectric un-
perforated, in an otherwise two-dimensional periodic crystal. The spatial
confinement in the line defect is created by a combination of total internal
reflection for the z direction and a photonic band gap of the PhC in the
(x,y) plane [52]. Consequently, light can theoretically propagate along the
created line defect without losses [53].
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Figure 1.9: Schematic of a photonic crystal waveguide. Here, a thin dielec-
tric membrane is perforated by periodically arranged air holes. A line defect,
which acts as the actual waveguide for guiding light along the x direction,
is created by leaving the dielectric unperforated. The spatial confinement is
achieved by total internal reflection in the z direction, and a photonic band
gap in the (z,y) plane.

The achievable high spatial confinement is one reason why PhCWs are
interesting for exploiting nonlinear optical effects. PhCWs with a cross-
section of 730nm x 220nm are readily fabricated nowadays. This means
that the confinement is weaker than for plasmonic waveguides but still much
better than in optical fibers.

The dispersion relation of the guided mode in the PhCW depends on
the width of the line defect and the geometry of the surrounding crystal. A
typical dispersion relation for a PhCW is presented in Fig. 1.10. It is com-
mon to plot only half of the first Brillouin zone, which due to symmetry
contains all necessary information about the dispersion of the modes. Fur-
ther, the diagram is usually plotted with normalized wavevectors in units
of 27/a and normalized frequency in units of 27tc/a. We are interested in
the frequency region where the surrounding PhC has a 2D photonic band
gap. Therefore, we first examine the dispersion relation of a PhC without a
line defect (see Fig. 1.10a-b). In this case two continua of bands are formed
that lie below and above a photonic band gap. We create a PhCW by
inserting a line defect of certain width, here v/3a, to generate two bands
in the dispersion relation, which lie in the band gap (cf. 1.10c-d). These
two new bands describe modes that are confined to the line defect. These
modes have a different in-plane symmetry, e.g., the even mode has an even
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H, distribution, while for the odd mode this component exhibits an odd
symmetry [54]. The band, which stays nearly constant in frequency with
varying wavevector, represents the odd symmetric mode, whereas the other
band characterizes the even symmetric mode.

In Fig. 1.10 we also show the light line, which represents the dispersion
relation of light in free space. If the dispersion relation of the waveguide
mode lies above this light line, light in the defect can couple to free space.
Thus, we are interested only in the part of the dispersion relation, which
lies below the light line.

We confine our discussion here to the even symmetric mode. The
band of this mode decreases in frequencies with increasing wavevector (cf.
Fig.1.10d). This negative slope indicates that the mode features a negative
group velocity. However, this dispersion relation is the back folded version,
i.e., mirrored at ky = 0, of a similar band in the other half of the first Bril-
louin zone, which exhibits the same but positive v,. This curve therefore
also represents the dispersion properties for a similar mode propagating in
the positive x direction, but with inverted sign of the dispersion properties
(e.g. GVD and TOD coefficient). In general, this guided mode will slow
down with decreasing frequencies. For large frequencies, the group veloc-
ity in a typical PhCW tends to a value close to roughly the speed of light
divided by the refractive index of the background material. For example,
for a PhCW fabricated in a silicon membrane, v, reaches a value of ¢/5 for
large w. At small frequencies the group velocity converges to zero.

It has been shown that certain linear and nonlinear effects can be ef-
fectively enhanced in PhCW by slowing the guided mode down [55]. This
enhancement originates from two reasons [56]: (I) a slower pulse has more
time to interact with matter, and (II) the pulse is spatially compressed
upon entering from a fast light into a slow light waveguide, leading to an
increase in its intensity. The second reasoning is based on a simplified
view which takes the energy flux conservation across the interface between
waveguide sections of different group velocities into account. In essence,
the deceleration of the mode leads to an enhancement with the slowdown
factor S, which is defined as S = ng) /ng) when the mode experiences a
change in the group index from ng) to néz). In the case that the mode en-
ters the waveguide from a bulk material the slowdown factor is defined by
S = ng/n, where ng is the group index in the waveguide and n the refrac-
tive index of the material. It has been shown that nonlinear effects, which
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Figure 1.10: Creation of waveguide modes in a line defect in a two-
dimensional PhC. a) Topview of a PhC created by perforating a thin di-
electric membrane with periodical arrangement of air holes. b) Dispersion
relation of the modes that propagate inside the PhC. In detail, two contin-
uum frequency ranges are formed, where many modes are supported. These
bands are separated by the photonic band gap, a frequency range where no
mode is available. ¢) Topview of the PhCW generated by leaving one row of
air holes out of the otherwise periodic arrangement. d) Dispersion relation
of the modes in the PhC, which also contains a line defect. Due to the line
defect two bands in the band diagram appear (blue lines), which are situated
wn the band gap. These two bands represent modes, which propagate and
are spatially confined to the line defect. Additionally, the light line is shown
in red in b) and d).
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Parameter Name Slow-light enhancement
o Linear absorption coefficient S
XopA 2PA coefficient S?
Ny Kerr coefficient S?
X3PA 3PA coefficient S3
o FCA cross-section S
ke FCD coefficient S

Table 1.1: Enhancement of different effects due to the slowdown of light.

scale with intensity, scale also with a power of S [55, 57]. In detail, 2PA and
SPM are enhanced by S2. Further, 3PA scales cubic with S. In contrast, ef-
fects that do not depend on the intensity are linearly enhanced by S. Thus,
linear absorption, FCA and FCD scale linearly with S. A summary of the
slow-light enhancement for the processes considered in this thesis is given
in table 1.1.

The fact that a PhCW is highly dispersive can be used for implement-
ing various interesting devices [58]. However, it also means that a pulse
propagating inside the waveguide will temporally broaden, which is detri-
mental for the use of nonlinear optical effects since the peak intensity will
consequently decrease. It would therefore be beneficial to achieve a low
group velocity or a high group index, respectively, which is constant over a
broad frequency range. Interestingly, it is possible to design the dispersion
relation of a PhCW by changing the geometry of the crystal, for example
by adjusting the position of the air holes adjacent to the line defect [59].
Thus, a slow-light enhancement for nonlinear optical effects is possible in
combination with pulses in the pico- and femtosecond regime, while avoid-
ing strong temporal reshaping. It has been experimentally shown that the
slow-light enhancement of the intensity together with dispersion engineer-
ing can be beneficially used for enhancing third-harmonic generation [60],
SPM and free-carrier effects [57] or enabling soliton propagation on much
shorter length scales than in optical fibers [61].

1.6 Outline thesis

This thesis describes experiments and calculations of pulse propagation in
nanoscale waveguides, where nonlinear optical effects and free carriers play
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a significant role. In detail, the different concepts and the waveguiding
structures discussed in this chapter will be employed.

Chapter 2 will introduce the experimental setup, a near-field microscope
that we use to investigate pulse propagation directly in a waveguide. We
discuss and illustrate the different operation modes of this setup. We show
how it is possible to track the temporal pulse envelope in-situ. Further,
we demonstrate that the spectral density of propagating pulses can be
measured.

In chapter 3 we show experimentally how by means of point-to-point
measurements we can extract the nonlinear optical characteristic of single
devices in an integrated photonic chip. In detail, we demonstrate that local
measurements of the spectral density allow us to understand and model the
propagation of a pulse in a single component without the need to take the
other components into account.

Chapter 4 presents the first direct observation of a soliton fission event.
We illustrate how a higher-order soliton splits into several wave packets
by propagating through a PhCW. We report a record short fission length
of 166 um and show for the first time that free carriers can perturb the
propagation of a higher-order soliton.

In Chapter 5 we investigate the potential of gold nanowires for guiding
ultrashort pulses. We compare the properties of this plasmonic waveguide
to the properties of a silicon nanowire. Especially, we show that the metal
structure features superior dispersion properties. Further, we demonstrate
that the dielectric waveguide suffers from a cut-off of the fundamental mode
if high spatial confinement is required. We show that if only the decay of
the peak intensity is of interest the gold nanowire can outperform their
silicon analogon in the ultrafast regime.

Chapter 6 contains future research directions and possible applications
of the results presented in this thesis. We propose to enhance the ca-
pabilities of the near-field microscope to characterize ultrashort pulses by
changing the detection scheme. Further, we suggest the implementation
of an on-chip white-light source by using supercontinuum generation in a
nanophotonic waveguide. Finally, we discuss the possibilities to create an
optical generator based on nonlinear pulse propagation in a gold nanowire.
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Near-field microscopy

ABSTRACT: In this chapter we describe the concept of phase-
and time-resolved near-field microscopy that is used throughout
the thesis for various experiments. We explain all features re-
quired of this technique to characterize ultrashort pulse propaga-
tion in waveguides. First, we illustrate how a collection aperture
near-field microscope can be used to investigate the properties, in-
cluding the phase, of light propagating in a waveguiding structure.
Further, we explain the spectroscopic mode of our setup, which al-
lows local investigation of the spectral density. Time resolution is
achieved by using an optical delay line and a pulsed laser source.
To illustrate the features of the near-field microscope we present
various measurements on a PhCW.
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2.1 Introduction

Near-field microscopy [62, 63] allows the investigation of electromagnetic
fields with a resolution beyond the diffraction limit. The general principle
of this measurement technique is that a scanning nano-probe is employed
to act as a point source of light or to locally collect the electromagnetic
field. There are two inherent benefits of a near-field microscope. First, its
optical resolution is not limited by diffraction, but given by properties of
the near-field probe [64, 65, 66]. This feature is increasingly important since
more optical structures are scaled down to the nanoscale. Second, by using
a near-field microscope it is straightforward to investigate guided modes
[67, 68, 69, 70, 71]. Nowadays, in analogy to electronics, more and more
complex photonic circuits are implemented by integrating an increasing
number of optical devices on chip. As a consequence, the ability to measure
the separate components of integrated photonic circuits in a nondestructive
fashion is important.

To investigate ultrashort pulse propagation, featuring a pulse width
of a few tens to a few hundreds of femtoseconds, a near-field microscope
with ultrafast time resolution is required. Optical measurement techniques,
where ultrashort pulses can be measured, have in common that their time
resolution is achieved by cross-correlating two ultrashort optical pulses.
Time-resolved near-field microscopes have been implemented with an in-
terferometric correlation approach. It has been shown that integrating a
near-field probe and an optical delay line in an interferometer allows to
track ultrashort pulse propagation in waveguides [72, 73].

Spectral information can be also obtained in a near-field microscope.
Spectrally analyzing the light picked up by a near-field probe provides the
possibility to locally investigate the spectral density of the guided light.
Especially important for this thesis is that it is possible to track the evolu-
tion of the spectral density of a propagating pulse [74]. Nonlinear optical
effects often change the spectral content of a pulse during propagation, e.g.,
self-phase modulation broadens the spectrum. Commonly, there is also not
just one nonlinear effect occurring, rather several occur simultaneously. As
a consequence, to understand the spectral evolution of a pulse experiencing
various nonlinear optical effects during propagation is a nontrivial prob-
lem and usually requires a huge modeling effort. Thus, applying spectrally
resolved near-field microscopy can provide additional information which
helps to understand the various complex processes during nonlinear pulse
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propagation.

In this chapter, we explain how a phase-resolved near-field microscope
with a femtosecond time resolution is implemented. We start with the
most basic configuration of a near-field microscope, which measures the
intensity distribution of guided modes in section 2.2. In section 2.3, an
alternative measurement approach is introduced, where the spectral den-
sity of the guided mode is measured. Next, in section 2.4 we show how
phase resolution is achievable by integrating the near-field microscope into
an interferometric setup. The chapter is concluded in section 2.5, which
contains an explanation of the time resolution of our near-field microscope.

2.2 Intensity near-field microscopy

Near-field microscopes can be generally used in two different operation
modes: the collection and the illumination mode. In the collection mode,
light is locally picked up by a near-field probe. In contrast, in the illumina-
tion the near-field probe acts as a local electromagnetic point source. Nat-
urally, both modes have different application areas. The collection mode
is useful in the investigation of spatially confined light, e.g., imaging the
spatial distribution of an electromagnetic field profile. The illumination
mode is beneficial where local excitation is required, e.g., exciting single
molecules.

Another differentiation can be made by the specific near-field probe
used in the microscope. There are aperture and apertureless near-field
microscopes. Here, we limit ourselves to microscopes where a tapered op-
tical fiber is used as near-field probe in the collection mode. The optical
aperture nano-probe frustrates evanescently decaying waves and converts
a small fraction into propagating modes in a single-mode detection fiber
which can be detected in the far-field. An aperture probe is usually cov-
ered with an optically thick metal layer with a sub-wavelength well defined
opening at the tip where light can enter the probe, the aperture [75]. As a
consequence, the near-field probe detects the electromagnetic field only at
the location of the aperture. The typical aperture size applied in our exper-
iment ranges from 200 to 300 nm. In contrast, in the case of an apertureless
probe the metal layer is missing. To limit the scope of the discussion, we
will not further consider apertureless near-field microscopy, where, for ex-
ample, a nanoscopic scatterer is used as probe. Detailed information about
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Figure 2.1: Schematic of an aperture near-field microscope in collection
mode measuring intensity of a mode guided in the sample under investi-
gation. The setup consists of a near-field probe, a photodiode, the sample
and far-field optics to excite the guided mode in the sample. In this figure
a photonic crystal waveguide was chosen as example for the sample under
investigation. The inset shows a SEM micrograph of the tip of a typical
aperture near-field probe. Visible in the aluminum coating is the aperture
with a diameter of 200 nm.

this technique can be found in literature [76].

In this thesis, we will solely investigate light as it propagates through
waveguiding structures. For this purpose, an aperture near-field micro-
scope in collection mode is highly suitable [77]. In the experiments, light
is coupled into the sample under investigation by far-field optics and the
guided mode is investigated by a near-field probe. The tip is kept close (i.e.
20nm above) to the sample by means of a shear-force feedback mechanism
[78, 79]. The probe follows the topography of the sample by keeping the
resonance properties of an attached tuning fork constant by means of an
electronic feedback loop. As a consequence, we can measure the topography
of the sample at the same time as the optical signal [80].

In the simplest measurement mode of a near-field microscope the light
that is detected by the probe is directly measured by a photodiode as
shown in Fig.2.1. We first consider a continuous wave (CW) light field
which creates the following signal on the photodiode:
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Vpet (%, y) = Cpet CzTip |Es(x, Y)’27 (2.1)

where Cpe; describes the sensitivity of the photodiode and Crjp, stands for
the detection sensitivity of the aperture near-field probe for the electric
field. Further, the microscope detects the intensity, which is related to
squared amplitude of the electric field components Eg(x,y) in the plane of
the sample, at the coordinate (x,y). By scanning the near-field probe over
the sample a spatial map of the intensity distribution of the guided light is
created. Recently, it has been shown that an aperture near-field microscope
is not only sensitive to the in-plane electric fields but also the magnetic ones
[81]. However, for the sake of simplicity we will in the remainder of this
thesis only focus on the electric contribution. This simplification does not
invalidate any of the results presented further on.

2.2.1 Intensity map

Figure 2.2 presents a typical measurement of a spatial modal pattern in a
model system, a PhCW. Here, CW laser light of a wavelength of 1.55 pm
is coupled into the sample and the near-field probe is raster-scanned over
the surface. The waveguide is running along the x-direction and is centered
around y = 3 pm.

The left panel of the figure shows the topography gained by the shear-
force mechanism by scanning the near-field probe over an area of 6 x 6 pm?.
The periodically arranged air holes are clearly visible as is the waveguide
in the center of the scanned region. The right panel shows the voltage Vpet
measured simultaneously on the photodiode which is proportional to the
squared amplitude of the in-plane electric fields of the guided mode. The
detected light is clearly confined to the missing row of holes. Moreover,
the periodic pattern of the Bloch mode supported by the photonic crystal
waveguide is clearly visible in the measurement. The periodicity of the
measured intensity approximately equals the lattice constant of 420 nm. In
conclusion, this example shows that near-field microscopy allows us to map
the complex intensity of the mode guided in a PhCW on a subwavelength
scale.
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Figure 2.2: Spatial intensity near-field microscope measurement on a
PhCW with CW excitation of the guided mode at a wavelength of 1.55 pum.
In the measurement the near-field probe was scanned over a 6 x 6um?
large area. The actual wavegquide is created by the row of left out holes at
y = 3um running along the z-direction. a) The measured topography re-
vealing the periodic arranged air holes and the missing row of holes. b)
Normalized photodiode voltage which is proportional to the intensity of the
guided mode showing the periodic modulation expected for a Bloch mode.

2.3 Spectrally resolved detection of guided light

Collection near-field microscopy can be used to perform near-field spec-
troscopy. Combining the superior resolution of a near-field probe with a
spectroscopic measurement approach allows the spectral investigation of
light on the nanoscale, enabling a variety of new applications. For ex-
ample, spectrally resolved near-field microscopy was used to gain local in-
formation about photoluminescence from quantum wires [82] or quantum
wells [83]. Moreover, using an apertureless scattering near-field microscope
it was shown that Fourier-transform infrared (FTIR) spectroscopy can be
performed to, e.g., measure locally the free-carrier concentration in doped
silicon [84]. Further, it was demonstrated that spectrally resolved near-field
microscopy allows the extraction of the group velocity of a guided mode [85]
or the visualization of supercontinuum generation in a nonlinear waveguide
[74]. Thus, new information about pulse propagation can be gained which
cannot be extracted from simple transmission measurements.

To perform near-field spectroscopy on pulses propagating in waveguides,
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the light that is collected by the probe is spectrally analyzed by, for exam-
ple, a grating spectrometer. Nearly the same setup can be used as for the
intensity near-field microscope (see Fig.2.1), only a detector with spectral
resolution is required instead of a simple photodiode. As a consequence,
the near-field microscope measures the power spectral density of the inten-
sity at the local position of the probe, a quantity that contains information
about the spectral distribution of the optical power of the guided light.
Mathematically, we can define the quantity that is picked up by the near-
field probe as the spectral density of the detected in-plane electric field
Es(x,y) at coordinate (xg,yo):

P(w)syss = Cspoe 7 { / B o (1, 4, (t — 7)1, (2.2)

where .% denotes a temporal Fourier transform and Cgpec is the sensitivity
of the spectrometer.

By performing near-field spectroscopy at different locations the spec-
tral evolution with propagation can be extracted. It is even possible to
determine the spectral transfer function of a component of a more complex
integrated photonic circuit. For this purpose, spectrally resolved near-field
microscopy has to be performed before and after the device so that the
changes in the spectral density caused by only this device are measured.

The idea of near-field spectroscopy is to locally measure the spectral
density of light with maximal spectral bandwidth and the best possible
spatial and spectral resolution. To achieve the best spatial resolution in
the case of aperture near-field microscopy the aperture size has to be min-
imized. This approach has one downside since it decreases the detected
signal level. Consequently, the achievable signal-to-noise ratio, which de-
termines the minimum amount of light that can be detected, is of crucial
importance. The signal-to-noise ratio of near-field spectroscopy will de-
crease in comparison to intensity near-field microscopy, since the detected
light is spectrally split leading to a decreased signal at each detector, while
the electronic noise will not be reduced. The lowest measured signal levels,
where a decent signal-to-noise was reached, were in the tens pW /nm regime.
Potentially, smaller signals can be detected by switching to nitrogen-cooled
grating spectrometers, which feature a higher sensitivity and a lower noise
level.
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Figure 2.3: Near-field measurements of the spectral density of a 120 fs short
pulse propagating inside a PhCW. There are measurements at 2 different
propagation distances, tracking the way the spectrum changes as the pulse
propagates.

The spectral resolution is simply determined by the detector used. In
the case of a CCD grating spectrometer, a spectral resolution of well below
0.1nm can be reached. In contrast, the spectral regime, which is covered by
near-field spectroscopy, is not only based on the detector used, but the near-
field probe sets limitations on the wavelength range that can be measured.
Bethe-Bouwkamp theory predicts that the transmission of an aperture in
a metal film scales as 1/A%. Consequently, the near-field probe collects
light of shorter wavelength more easily. Finally, the optical properties of
the single mode fiber that we use to guide the light will also influence the
spectral sensitivity.

Figure 2.3 shows two typical measurements where the spectral density of
a propagating pulse is measured at different locations in a photonic crystal
waveguide. As light source used is a 120 fs pulsed laser system which fea-
tures a Gaussian-shaped spectrum centered around 1588 nm with a FWHM
of 24nm. The measured spectra indeed have maximum amplitude around
a wavelength of 1588 nm. However, the spectral densities are not Gaussian
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shaped, but asymmetric. This is attributed to the cut-off at 1590 nm of
the mode in the PhCW. The fact that both spectra measured at different
locations inside the PhCW are very similar shows the reproducibility of
this measurement approach. We do not expect any spectral changes since
the pulse features a low intensity and so nonlinear effects should not occur.
This example demonstrates that near-field spectroscopy is sensitive enough
to characterize the spectral density of a pulse propagating in a waveguide.

2.4 Phase-resolved detection

Measuring the phase of light is commonly achieved by an interferometric
approach [86, 87], which means that the interference of two beams is mea-
sured to extract the phase difference between them. Our setup is based
on a Mach-Zehnder interferometer [88, 89]. We use a laser as input light
source and its beam is split into branches by a beam splitter. The two gen-
erated branches we call ‘sample’ and ‘reference’ branch. The sample branch
contains the sample under investigation and the near-field probe plus fiber
which collects light from a known location on the sample. The reference
branch is just a free-space optical path. Both branches are recombined in
a fiber y-splitter and the interference signal is measured by a photodiode.
The detected signal can be described as follows:

VDet (X, }’) = CDet (’CTipEs (X) Y) + Er|2)
= Cpet (C%‘ip‘ES(X7 Y)‘Z + ‘EF,Q
+ CTip‘ES(X7 Y)HEr‘COS(Ad)(Xa Y)))a (23)

where E; is the electric field of the light propagating in the reference branch
and Ad(x,y) is the phase difference between the two branches of the inter-
ferometer.

In general, the interferometric approach also allows us to perform polari-
zation-resolved measurement [90]. However, for simplicity, we neglect any
effect of the light polarization in the following description.

To extract the phase evolution of the light propagating inside the sam-
ple, it is easiest to use a balanced interferometer. In this special case, the
interferometer branches are built in such a way that both optical paths
have exactly the same length, without the sample being present. Thus, the
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Figure 2.4: Schematic of the phase-resolved near-field microscope where
the near-field probe and the sample are inserted in one of the branches of a
Mach-Zehnder interferometer. The light in the other interferometer branch
gets frequency-shifted by two AOMs to enable heterodyne detection.

interference term in Eq. (2.3), consisting out of the product of the electric
fields in the two branches and the phase difference, is zero. By including
the sample into the interferometer a path length difference is created which
results in a Ad(x,y) and an interference term that directly represents the
phase retardation inside the sample.

The near-field probe picks up only a minute amount of light, usually in
the mV/m regime, so that Eg(x,y) is much smaller than E,. As a result,
the signal detected by the photodiode (Eq. (2.3)) is dominated by the term
caused by the intensity of the light in the reference branch. The interference
term, which contains the phase information, is hidden as a small modulation
on top of this huge background.

One approach, which can be used to detect the interference term in
Eq. (2.3), is called heterodyne detection. In this concept the frequency
of the light in one of the interferometer branches is shifted, so that the
interference term, containing the phase information, beats in time and can
therefore be filtered out, e.g., with a lock-in-amplifier (LIA) [91, 92].
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In our setup, which is schematically depicted in Fig. 2.4, the frequency
shift of the light is accomplished by including two traveling wave acoustic-
optical modulators (AOMs) in the reference branch. In an AOM an acous-
tic wave is created which acts as a diffraction grating for light [93]. The
diffracted light will be shifted in frequency due to the Doppler effect. To
achieve a frequency shift of 40kHz, which is easily detected by means of
electronics, two AOMs are arranged after each other in the reference branch.
First the +1 diffracted order is used, then the -1 order, where the AOMs
are driven with two different frequencies in the megahertz that differ by
the desired frequency shift. In detail, the first AOM will be operated at a
frequency of 80.04 MHz, whereas the second one is working at a frequency
of 80 MHz. As a consequence of this frequency-shift, the voltage delivered
by the photodiode will be modulated in time:

VDet(X7 Y) = Cpet (C%‘ip‘Es(X’ Y)P + ‘Er|2
+Cip[Es(x, y)[[Er[cos(Aw t + Ad(x,y))),  (24)

where Aw is the frequency shift caused by the AOMs.

A very convenient and efficient way to filter the time-modulated part
out of this signal is the use of a LIA. This acts basically as a very narrow
bandpass filter around a given frequency (with a bandwidth of a few Hz to
a few hundreds Hz) [94, 95], in our case the frequency shift of the AOMs.
Lock-in detection is beneficial since it is possible to detect harmonic time-
varying signals of small amplitude in a very noisy background. This can
be achieved since noise at frequencies outside the filter bandwidth gets
suppressed. In particular, the influence of the 1/f noise can be significantly
reduced by filtering out the spectral components around 0 Hz.

To detect the temporally varying part of Eq. (2.4) the lock-in amplifier
multiplies the voltage on the photodiode with two harmonic signals (a co-
sine and a sine signal) of desired frequency and phase and integrates the
product for a given time T. This results in the quadrature components X
and Y [49]:

41



Chapter 2. Near-field microscopy

42

T
X(x,¥) = Cs /0 By (35, ) [ Exr[cos(Aw t + Ad(x, y))cos(Aaw t + 0)dt

1 T
= Gl [Bil g [ cos(—Ad(x.y)

+cos(2Aw t + Ad(x,y) + 0)dt (2.5)

and

T
Yixy) = o /0 [Bu(x,¥)|[Exlcos(Aw t + A (x, y))sin(Aw t + 8)dt

1 T
= Gl y)Bil g [ sin@ — Ad(x.y)

+sin(2Aw t + Ad(x,y) + 0)dt, (2.6)

where O is the phase of the LIA and the proportional constant Cg con-
tains besides the amplification of the LIA Cpia also the prior proportional
coefficients, i.e., Cg = Cpr1A C1ipCpet -

Equations 2.5 and 2.6 can be further simplified in the case that the LIA
integration time T is much longer than the time period related to frequency
shift (ie. T >> ZX):

X(x,y) = o [Bs( y)l[Elcos(® — Ad(x,y)) (27)

and

V) = S By )[[E] sin(® — Ad(x.y)). (28)

This condition is always fulfilled in our experiments, since the time
related to a frequency shift of 40kHz is 25 us and therefore much shorter
than the LIA integration time of 3 ms that we typically use.

The quadrature components X and Y can be merged in one complex
quantity S:
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Cs _
S(x,y) = X(x,y) +¥(xy) = o [Es(x, y)[[E:] e AbG) (2.9)

where for the sake of simplicity the phase 0 of the LIA was set to zero. A
quantity is generated of which the amplitude is proportional to the electric
field amplitude inside the sample. In addition, the phase of S represents
the phase retardation caused by the sample. Further, the desired signal
picked up by the probe is amplified by the factor E;/Eq(x,y) which can be
seen by comparing Eq. (2.3) and Eq. (2.9). This amplification is called the
heterodyning gain and can be several orders of magnitude big [77], since
the optical power levels in the signal and reference branch are usually on
the order of pW-nW and uW, respectively.

2.4.1 Phase-resolved maps

Figure 2.5 presents a phase-resolved near-field microscope measurement on
the same PhCW shown in Fig. 2.2. As before, we see a periodic field pattern
which is confined to the missing row of holes and decays transversally in
the y-direction. However, since this time we detect a signal proportional
to the electric field, the detected signal oscillates around zero, where the
oscillations represent the phase evolution. Due to phase sensitivity, the
measured pattern shows the phase evolution of the Bloch mode which is
determined by its wavevector. Thus, the measured electric field shows a
periodicity which does not equal the lattice constant of the PhCW. Instead
an interference pattern, which features a period of ~ 1.5 pm, is visible. The
right panel depicts only the phase ¢(x,y) of the guided Bloch mode.

2.5 Time-resolved detection

Due to the interferometric approach the setup also allows time-resolved
measurements to track, for example, a pulse propagating through a wave-
guide. To achieve time resolution, we use a light source with a finite coher-
ence time T.on and include an optical delay line in one of the interferometer
branches. A finite coherence time indicates that there is a time delay after
which the light coming from the light source will not produce interference
anymore with light from the same source [96]. For the sake of simplicity,
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Figure 2.5: Phase-resolved near-field microscope measurements on a PhCW
under the same conditions as in Fig. 2.2. a) Real part X(z,y) of the complex
electric field. Clearly visible beside the light concentration in the wavequide
created by the row of left out holes is the spatial oscillation representing
the wavevector of the Bloch mode. b) Phase of the complez electric field
exhibiting the same periodicity.

in the remaining part of this thesis we will always talk about a pulsed laser
as an example for a light source with finite coherence time.

The optical delay line, which can extend the optical path length of one
of the interferometer arms, is used to set up a desired time delay between
pulses traveling in the different interferometer branches. Now there are
two ways to change the path length difference and therefore also the phase
difference in the interferometer: either moving the probe or the delay line.
Thus, in the case of our near-field microscopy setup shown in Fig. 2.6 there
are two different operation modes to visualize a pulse propagating inside a
waveguiding structure in time and space [97]:

e The optical delay line is scanned while keeping the near-field probe
at a fixed position during that time. As a consequence, we gain local
information about the temporal envelope of the pulse. By repeating
this procedure at different probe positions we can track changes of
the temporal envelope as the pulse advances in space.

e The probe is scanned over the sample at a fixed delay line position.
This creates a map of the two-dimensional electric field distribution
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Figure 2.6: Schematic of a time-resolved near-field microscope where addi-
tionally an optical delay is inserted in one of the interferometer branches.
To enable time resolution also a light source with finite coherence time is
required.

of the propagating pulse at a fixed time. By repeating this procedure
for different delay line positions, we can track the spatial evolution of
the modal field pattern in time.

The next two subsections will explain the differences of these two oper-
ation modes in more detail.

2.5.1 Measuring local temporal cross-correlations

In this mode the delay line is scanned while the probe stays at a defined
location. As a consequence, the electric field of the pulse gets delayed in one
of the interferometer branches in relation to the pulse in the other branch
(assuming negligible dispersion in air).

Inserting time-varying electric fields, which are also dependent on a
delay time, into the Eq. (2.5) and Eq. (2.6) leads to the following quadrature
components that are measured on the LIA [49, 98]:
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1 /T
X(1) = Cq T /0 |Es(t + 7)||E;(t)|cos(Aw t)cos(Aw t + Ad(T))dt

1 T
- Cscos(—Ad)(T))QT/O |Es(t + 7)|[Ex(t)]dt (2.10)

and

1 T
Y(r) = Cor /0 IBa(t 4+ 7)[|Ex(t)lsin(Aw t)cos(Aw t + Ad(t))dt

1 T
_ cssin(—Aq)(T))QT/O Byt + )| [Bx (t) dt, (2.11)

where the phase 0 of the LIA has been set to zero again and T is the time
delay generated by the optical delay line.

These two quadrature components can, of course, again be merged into
one complex quantity:

Cem L[
S(1) = X(1) +1Y(1) = Cse 2T/o Eu(t+ D||E(6)] dt (2.12)

As a result, we measure an interference signal that depends of the delay
time 7. In detail, the quantity S(t) is a cross-correlation of the electric
fields of the pulses propagating in both branches of the interferometer.

The spectral density of a cross-correlation in the time domain equals
a multiplication of the spectra of the temporal functions, which are cross-
correlated, in the frequency domain:

S(1) = % Wt ZTUE (W) - By (w)elYs(@)=vr(@)y (2.13)
where .# ! denotes an inverse Fourier transform. Further, wyq is the angular
carrier frequency, Eg(w) and E,(w) are the amplitudes and ys(w) and
Y:r(w) the phases of the frequency spectra of the pulses in the signal and
reference branch, respectively.

Equation 2.13 shows that the signal measured on the LIA is related to
the multiplication of the spectra of both pulses in the frequency domain.
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Consequently, the interference signal is sensitive to changes in the spec-
tral densities of the pulses. For example, if the spectrum of one of the
pulses changes in comparison to the other one, the cross-correlation will
be influenced since the spectral overlap changes. However, the measured
interference signal is not sensitive to changes in the spectral density, which
occur outside of the bandwidth of the spectra of both pulses. Due to the
fact that the pulse in the reference branch propagates just through air, we
do not expect any changes in its spectral density during propagation. Con-
sequently, the bandwidth of the reference pulse defines the spectral regime,
where the interference signal is sensitive to variations in the spectrum of
the pulse in the sample. For example, second harmonic generation cannot
be visualized by this interferometric approach as long as it happens only
in the sample and the change in the spectral density occurs outside of the
bandwidth of the pulse in the reference branch.

Since the cross-correlation depends on the spectral phase of both pulses
it can be used to extract information about dispersion. In a balanced inter-
ferometer, the only term that remains from the phase difference ys(w) —
vYr(w) in Eq. (2.13) is caused by the dispersion of the sample under inves-
tigation. Therefore, the spectral phase of the measured interference signal,
which can be extracted by Fourier transforming the time signal, is directly
related to the dispersion relation k(w) of the sample.

If a pulse travels through a dispersive medium the pulse envelope will
generally reshape and the spectrum will acquire a phase which is related to
the dispersion relation k(w) of the material. This can be mathematically
stated as

Ys(w) = k(w) -z, (2.14)

where z is the propagation distance. In case of a structure, for example
a waveguide, k(w) represents the dispersion relation of the guided mode.

Since, the cross-correlation depends on the spectral shape as shown in
Eq. (2.13) all the different coefficients of the dispersion relation (see section
1.2.2) will influence the interference signal. As a consequence, this opera-
tional mode of our near-field microscope is suited to investigate the impact
of dispersion on pulse propagation. Further, if the pulse in the reference is
known in amplitude and phase, by for example a separate measurement us-
ing frequency-resolved optical gating (FROG) [99], the pulse in the sample
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Figure 2.7: Ezemplary time-resolved mear-field microscope measurement
where the delay line is scanned and the probe is kept at a fized position.
a) Intensity and b) real part of the complex electric field of a 2ps pulse
propagating in a PhCW. The inset in b) shows a zoom to illustrate that we
resolve the interference fringes

can be uniquely reconstructed from the cross-correlation. In conclusion,
scanning the optical delay delivers local temporal information about the
pulse at the fixed position of the near-field probe.

From now on we will, for the sake of simplicity, assume that the mea-
sured quantity S(t) is synonymous with the phase-resolved electric field
related to the pulse propagating in the investigated waveguide. This is, as
the derivation above shows, only a simplification. The comparison would
be strictly true only if the reference pulse was an infinitely short pulse, i.e.,
a Dirac delta function, so that the cross-correlation would directly deliver
the electric field of the pulse in the signal branch.

A typical example of such a delay-line scan measurement is shown in
Fig.2.7. Here, the near-field probe was parked on a PhCW and light from a
pulsed laser with a pulsed length of 2 ps was coupled into the sample. The
left panel presents the measured intensity as a function of the delay time
between both interferometer branches. We define the point in time when
the pulses exactly overlap and therefore the cross-correlation is maximum as
zero point for the time axis. The intensity measured over time represents a
roughly Gaussian shaped pulse centered around t=0ps. This is expected as
the cross-correlation of two Gaussian pulses delivers also a Gaussian shaped
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wave packet. The pulse has been subject to dispersion in the waveguide
and as a consequence the FWHM width of the cross-correlation function is
larger than the 2 ps of the Fourier-transform limited pulse emitted by the
laser. The right panel presents the quadrature component X(T) extracted
by the LIA which equals the electric field amplitude multiplied by the cosine
of the phase difference. In detail, a curve can be seen which consists of an
envelope modulated by closely spaced fringes. Since the envelope resembles
the electric field amplitude, which is the square root of the intensity curve,
the wave packet shows a broader temporal width. The inset is a zoom in
in the graph around t=0ps, which illustrates the fringes created by the
multiplication of the envelope with the cosine of the phase. Between two
maxima, there is a phase difference of 27t which equals the time period
related to the carrier frequency of the pulse.

2.5.2 Measuring a snapshot of the spatial mode profile in
time

In this operation mode, which is described in detail in the literature [100],
the delay line is kept at a constant location and the probe is scanned over
the sample. As a result, we measure a snapshot of the spatial field distri-
bution of the in-plane electric field at one point in time. Since we change
the path length of the signal branch of the interferometer by moving the
probe, we only obtain an interference pattern at positions on the sample
where the path difference lies within the coherence length l.., of the laser,
which is proportional the coherence time T.,,. Consequently, a spatially
localized interference pattern is extracted, which spatial extension along
the propagation direction is given in first approximation by vg - Teon. This
statement is an approximation which holds in the case of negligible disper-
sion, otherwise the measured interference signal will spatially extend due to
the pulse envelope reshaping. By changing the optical delay line position,
the spatial position on the sample where the interference signal is visible
moves. That is, by adjusting the delay time we can track the evolution
of the spatial mode profile in time. The signal that is measured can be
expressed as:

1 T
S(x,y) = Coembtrm L / Eo(x,y,t 4+ 0)||[Ee(t)] dt,  (2.15)
0
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Figure 2.8: Two-dimensional field profile measurements of the intensity of a
2 ps pulse propagating in a PhC'W by scanning the probe over a 180 x 6 pm?
large area for three different delay line positions. Shown is the measured
intensity normalized for each frame separately. The wavequide is, as before,
located at y = 3 um running along the x-direction. It can be seen how the
pulse enters at t=0ps the scan range from the left. As time progresses the
measurement tracks how the wave packet moves to right while it shape stays
the same.

where ¢ is a fixed delay time. This equation looks very similar to Eq. (2.12)
presented for the other operational mode. For every spatial position (x,y)
we measure a cross-correlation between the pulses in the two interferom-
eter arms. Importantly, there is a difference to note. The phase of the
interference signal that we now measure depends on position as described
in section 2.4. Thus, the oscillations that are visible are related to the spa-
tial frequency spectrum, i.e., the wavevector components. In addition, the
effect of dispersion is less trivial to extract, since each spatial snapshot in
time is built up by scanning the near-field probe over the sample surface.
For every data point that the spatial snapshot consists of the pulse has
propagated a different distance and accumulated a different phase. Thus,
we can easily visualize the change of the pulse in space but not its evolution
in time.

A typical example of a series of two-dimensional mode profile measure-
ments is shown in Fig.2.8. This measurement series illustrates how it is
possible to track the spatial field profile of a 2ps pulse as it propagates
in a PhCW. The figure was produced by scanning the near-field probe
over a 6 x 180 um area for three different delay line positions while light
from a 2ps pulsed laser is coupled into the sample. The row of missing
holes is again located around y = 3 um. In the first measured frame, it
can be seen how the pulse enters the scan range from the left. The inter-
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ference pattern is maximum around x = 35 um and decays to shorter and
longer propagation distances. As a result, a wave packet with a FHWM
of 35 um is measured. This spatial extension resembles the expected value
for a 2 ps pulse propagating at a group index of 17. As the point in time,
that is investigated, is shifted to later times by moving the optical delay
line the measured interference pattern moves to the right. In the second
frame, the maximum of the wave packet has moved to x = 80 um, while
its shape remains unaltered. Finally, the interference pattern is centered
around x = 120 um in the last frame. In this example, the pulse length, as
observed in the snapshots, remains constant. The measurement shows how
the spatial field profile of a pulse propagates in space, as time progresses.
By tracking the maximum of the pulse over time it is possible to extract
the group velocity. The wave packet has moved by 85 pwm in a time of 5 ps.
This movement represents a group index of 17, which agrees with the de-
termination of the spatial extent of the interference pattern. The fact that
the pulse shape does not change significantly illustrates that dispersion is
negligible over a propagation distance of 100 um for the 2 ps pulse.

The decision about which mode of operation is used depends on the
information that is required for the experiment. In general, there is a three-
dimensional parameter space, one temporal and two spatial parameters,
for each measurement series. It is very time consuming to achieve a high
resolution in all these parameters. Usually, if there is an interest in the
spatial evolution of a propagating pulse the near-field probe will be scanned
for a few delay positions and therefore a high resolution in space is achieved.
In contrast, if the major interest lies in the temporal evolution and the
dispersion it is more useful to perform a series of delay line scans at a small
number of locations.

2.6 Conclusion

By means of an aperture near-field microscope operated in collection mode
it is possible to investigate light propagating in waveguiding structures.
Including the near-field probe in an interferometric setup allows for phase-
sensitive measurements of the guided mode. Temporal dynamics of pulse
propagation inside waveguides can be investigated by integrating an optical
delay line in the near-field microscope and using a light source with limited
coherence time. Alternatively, local spectral information will be gained by
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means of the near-field microscope, if the light detected up by the probe is
spectrally analyzed. The different features and characteristics of the setup
were illustrated by performing various measurements on a PhCW.
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a propagating pulse

ABSTRACT: In this chapter we demonstrate nanoscale photonic
point-to-point measurements to characterize a single component
inside a composite nonlinear device. We perform spectrally re-
solved near-field microscopy on ultrashort pulses propagating in-
side a slow-light PhCW, which is part of a larger sample. A power
study reveals a reshaping of the pulse’s spectral density, which we
model using the NLSE. With the model we are able to identify
the various physical processes governing the nonlinear pulse prop-
agation. Finally, we contrast the near-field measurements with
transmission measurements of the complete composite sample to
elucidate the importance of gaining local information about the
evolution of the spectral density.
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3.1 Introduction

The ever increasing demands for speed in telecommunication has led re-
searchers to develop a broad variety of all-optical signal-processing elements
such as switches [11], demultiplexers [101], buffer lines [102, 14], dispersion
compensators [103] or signal regenerators [104, 105]. Many of these devices
were demonstrated with PhCWs [51], which have emerged as a promising
platform for integrated photonic circuits [46], as described in section 1.5.

Nonlinear optical effects, which allow for the control of light with light
[7], are crucial for all-optical signal processing. Conventionally, nonlinear
optical properties of a device (e.g. a waveguide) are experimentally deter-
mined by analyzing the properties of a transmitted laser pulse for different
input powers [106, 107, 108, 109]. In contrast to the linear optics regime,
where only the characteristics of the different devices inside the circuit mat-
ter, in the nonlinear regime the order in which the different components are
arranged is also crucial. Thus, it is a challenging task to extract the char-
acteristics of individual components of an integrated photonic circuit from
a single transmission measurement. What is missing is a photonic analogue
to electronic point-to-point measurements [110], which would characterize
the performance of each component within a nanophotonic chip, instead of
measuring the effect of all processes accumulated in the sample.

Near-field microscopy has the potential to address this need. Various
operation modes of near-field microscopes have been implemented, as de-
scribed in chapter 2, that allow the investigation of pulses propagating
inside photonic structures. However, local spectral point-to-point mea-
surements on a single component on a photonic chip that, for example,
characterize a high intensity ultrashort pulse propagating in the nonlinear
regime are so far missing.

In this chapter, we demonstrate how a near-field microscopy technique
can be used to track the spectral evolution of such a pulse inside a single
component of a more complex photonic chip. We measure the changes
of the spectral density as the ultrashort pulse propagates through a slow-
light PhCW by monitoring the shape, peak amplitude, mean wavelength
and width of the pulse spectrum. Numerical calculations reveal that the
spectral reshaping is caused by the interplay between dispersion, nonlinear
and free-carrier effects. Finally, we show that the information gained by
near-field microscopy allow us to model the pulse propagation inside the
PhCW without the need to model the propagation in the rest of the sample,
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as is the case when only regular transmission spectra are available.

3.2 Sample and experimental setup

As a model system for our experiment we use a five component sample
(Fig.3.1a). There are two polymer access waveguides, one for each facet,
and the silicon PhCW that is connected to the access waveguides with
two silicon spot-size converters. The polymer waveguides consist of SU-8
photoresist, are a few millimeters long and have a large cross-section (a
width and a height of roughly 5um and 2 pm, respectively) to enhance
the efficiency of the light incoupling [111]. Each spot-size converter is a
50 um long inverse taper, whose purpose is to funnel the light from the
polymer access waveguides to the PhCW. The PhCW has a length of 80 pm
and is therefore at least 10 times shorter than each of the access polymer
waveguides.

The PhCW consists of a 220 nm thick silicon membrane which is perfo-
rated with air holes. The holes have a radius of 0.29a and are periodically
arranged in a triangular lattice (a =420nm). One row of holes is not
present in the I' — K crystal direction, creating the waveguide. The sam-
ple was fabricated by electron-beam lithography, subsequent dry etching
and sacrificial wet etching to release the membrane [112]. The two rows of
holes directly adjacent to the waveguide are shifted by -0.11a and 0.06a,
respectively, to create a spectral slow-light regime with low GVD [59]. A
negative shift is defined here as a displacement from the position dictated
by the triangular lattice towards the waveguide and a positive shift as a
displacement away from the waveguide. To enhance the coupling between
the spot-size converters and the slow-light PhCW the first and last ten
periods are stretched to a value of 440 nm.

We measure the group index ng characteristics by means of Fourier
transform spectral interferometry [113]. The result, presented in Fig. 3.1b,
indicates that there is a plateau of ng ~ 60 between 1577 and 1587 nm. The
group index diverges for longer wavelength as the cut-off is approached. For
wavelengths shorter than 1577 nm the group index tends to a value of 5.
We also calculate the dispersion relation of the slow-light PhCW using
MIT Photonics Band (MPB) package [114]. The extracted group index is
in good agreement with the MPB calculation (dashed and solid blue curve
in Fig. 3.1b, respectively).

95



Chapter 3. Tracking the spectral evolution of a propagating pulse

o6

E Spot size Photonic crystal Polymer
converter waveguide waveguide

Group index n

L L
o o
N w
[9,]
Normalized intensity

0 e L 0
1550 1560 1570 1580 1590
Wavelength A (nm)

Local electric field

fs pulsed laser Near-field probe

40
$&1 583 nm NA=O soETETEES —
A Sample Transmission

Figure 3.1: a) Optical microscope picture of the central part of the pho-
tonic sample. The PhCW is visible in the middle. At the sides, the silicon
spot-size converters and part of the polymer access waveguides can be seen.
The inset shows a scanning electron micrograph of the silicon PhCW. b)
The measured (dashed) and calculated (solid) group index distribution as a
function of wavelength (blue, left azes) and the spectral density of the laser
coupled into the sample (red, right axis). c¢) Schematic of our experimental
setup.




3.3. Experimental results

As shown in Fig. 3.1c, we end-fire couple femtosecond pulses centered at
1583 nm, which are generated by an optical parametric oscillator (Spectra
Physics OPAL) into our sample using a 40x aspheric lens (NA=0.55). At
the end facet of the sample a lensed fiber collects the transmitted light,
which is then spectrally analyzed. The laser delivers bandwidth-limited
pulses of a temporal length of 250 fs with a repetition rate of 80 MHz and a
concomitant bandwidth of 16 nm (FWHM). To investigate nonlinear optical
effects the laser power coupled into the sample can be varied by a neutral
density filter. The values of the input power mentioned in this chapter
are all determined before the incoupling lens. A maximum limit for the
input power of 26 mW is chosen for all experiments to avoid damage to our
sample, which was found to occur at ~ 30 mW.

Near-field measurements are performed by means of a home-built spec-
trally resolved near-field microscope, described in section 2.3. For each
spatial measurement point the spectrum is collected while scanning the
near-field probe transversally over the waveguide in order to average out
the complex lateral field distribution of the PhCW Bloch modes [115]. Note
that the resolution is limited by the aperture size which is in our case
~ 250nm. In principle, the resolution could be pushed further into the
nanoscale by decreasing the aperture size which would, however, strongly
decrease the amount of collected light.

3.3 Experimental results

First, transmission measurements are performed to characterize the nonlin-
ear response of the complete sample. Figure 3.2a shows spectra measured
for six different average input powers ranging from 1.1 to 25.8 mW. The de-
pendence of the shape of the transmitted spectrum on the input power is a
clear signature of the presence of nonlinear effects [107]. The most obvious
feature is that the peak amplitude does not scale linearly with the input
power as shown in Fig. 3.2b. The maximum value of the spectrum increases
until 10.5 mW. For higher input powers the peak amplitude declines.

The second feature that can be observed is a blueshift of the spectral
density P(A), which we quantify by calculating the mean wavelength A of
each spectrum
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Figure 3.2: a) Transmission spectra for different average input powers.
b) The dependence of the peak amplitude and the mean wavelength of the
transmission spectra on the input power. The gray dashed line marks the
boundary between the regions where the peak amplitude increases, and where
it decreases with input power. c) Spectral width of the transmission spectra
for the different average input powers.

- [ APQ)dA
A= [ PA)dA (3.1)

Figure 3.2b depicts the dependence of A on input power. It is clear
that the mean wavelength blueshifts at higher powers. In the linear optical
regime, we expect to observe a Gaussian-shaped spectrum with a cutoff
around 1588 nm, which is indeed the case for low input powers. However, for
increasing input power the spectrum changes in shape. In addition to the
observed blueshift at higher input powers, the spectral density broadens.

The width of the spectra can be quantified by calculating their second
moment, i.e., variance AXQ, which is defined by
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= [ (A=A2PQ) A
AN = TP (3.2)

where A is the first moment, i.e., mean wavelength, as defined in Eq.(3.1).

The change of the spectral width, which is the square root of the vari-
ance, of the transmission spectra with input power is shown in Fig. 3.2c.
It is obvious that the spectra get broader with increasing input power. By
going from 1.1 to 25.8 mW the spectral width nearly doubles from 7 to
12nm. In summary, the power dependence of the transmission spectra is
clearly indicative of nonlinear pulse propagation.

The transmission spectra represent the response of the complete com-
posite sample. The question that now arises is which of the observed spec-
tral changes occur in the PhCW, and which are due to the other four
components of our sample. In order to answer this question, we perform
in-situ near-field microscope measurements of the pulse propagating inside
the PhCW. Each of the measurements, presented in Fig. 3.3a-c, consists of
19 spectra collected at positions evenly distributed over a distance of 50 pm
along the PhCW, for the different input powers. These measurements show
that we can determine the spectra of the propagating pulse as a function of
position and thereby gain access to its spectral evolution at the nanoscale.

For all input powers we observe various seemingly abrupt amplitude
changes between the spectra taken at successive propagation distances.
This modulation in the amplitude is an artefact caused by the Bloch na-
ture of the photonic modes in the waveguide. That is, the locally measured
electric field amplitude is strongly dependent on the exact position of the
probe within a single unit cell [90] and the positional accuracy is mainly
limited by the thermal drift and the size of the investigated area of several
tens of um?. However, the shape of the spectral density does not depend on
the probe position within a unit cell. While it is tempting to normalize the
data, in doing so we would lose any information about a possible amplitude
drop due to absorption, and so we analyze the unnormalized spectra.

Beside these abrupt amplitude variations there is no significant drop
in amplitude of the spectral density with propagation visible for an input
power of 1.1 mW (cf. Fig.3.3a). That is, there is no significant absorption
occurring inside the PhCW at this low input power. From this and the
fact that the shape of the spectrum of the pulse is the same throughout
the waveguide, we conclude that nonlinear effects are negligible here. At
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Figure 8.3: Tracking the spectral density of the pulse propagating inside the
PhCW. Three near-field measurement series’ showing the evolution of the
spectral density for average input powers of a) 1.1mW, b) 15.2mW and c¢)
25.4mW.

15.2mW the evolution of the spectral density starts to show evidence of
nonlinear effects (cf. Fig.3.3b), since the peak amplitude decays by 50 %
in the first 50 um. For the highest investigated input power, close to the
damage threshold, shown in Fig. 3.3c, the amplitude decay of the spectral
density occurs even faster. The peak amplitude of the spectral density de-
creases by 50 % in the first 30 pm. Thus, this series of spectra demonstrate
that the pulse experience power-dependent losses during propagation inside
the PhCW.

Interestingly, we observe a power dependence of the spectral density at
the beginning of the PhCW. To quantify the spectral changes that occurred
before the PhCW, we investigate a series of spectra taken after a propa-
gation distance of a few microns after the start of the PhCW for different
input powers, shown in Fig. 3.4a. There are 4 different features which can
be analyzed: shape, peak amplitude, mean wavelength and spectral width.
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Figure 3.4: Evolution of the shape of the spectral density. A series of spectra
taken at the beginning a) and after 40 pm propagation b) in the slow-light
PhLCW for different average input powers. c¢) A series of spectra taken in
10 um steps at an average input power of 25.4 mW.

First, the shape of spectra at the input of the PhCW remains the same for
all input powers, i.e., a Gaussian cut-off at longer wavelength. Second, the
peak amplitude of the spectra does not scale linearly with input power (cf.
blue dots in Fig.3.5a). Third, there is a power-dependent blueshift of the
spectral density. This wavelength shift can be quantified using Eq. (3.1).
As shown in Fig3.5b, a change of the input power from 1.1 to 25.4mW re-
sults in a blueshift of 8 nm. Fourth, the spectra broaden slightly with input
power, i.e., the spectral width (defined in Eq. (3.2)) increases by ~ 1.5nm
between the spectra measured at 1.1 mW and 25.4mW (cf. blue dots in
Fig. 3.5¢). These observations suggest that the intensity of the pulse is suf-
ficiently high for nonlinear effects to play a role in the access waveguide or
the silicon inverse taper.

To quantify the effect of the PhCW on the changes in the laser spec-

trum, we measure a series of spectra after 40 um propagation inside the
slow-light PhCW (Fig. 3.4b), for the same range of input powers. A com-
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parison of Fig.3.4a and Fig.3.4b makes it obvious that the shape of the
spectral density changes significantly with input power. Note that after
40 pm inside the PhCW, the spectra measured by near-field microscopy
begin to resemble those measured in transmission (Fig.3.2a). This obser-
vation, together with the fact that the shape of the spectra at the beginning
of the PhCW is not power-dependent (here we consider a blueshift not a
change in shape), shows that the reshaping of the spectral density happens
inside the PhCW.

The peak amplitude of the spectra at 40 wm also scales in a nonlinear
fashion with input power, but in a more drastic fashion than at the begin-
ning of the PhCW as shown in Fig.3.5a. At 10mW the peak amplitude
reaches its maximum value, after which it shows a small drop, until finally
recovering for 25.4mW. This scaling of the peak amplitude shows qualita-
tive agreement with the trend observed in the overall transmission spectra
(Fig. 3.2b), other than at the highest input power.

In addition, a power-dependent blueshift can be again observed near
the end of the PhCW (cf. red squares in Fig. 3.5b). At an input power of
1.1 mW the spectrum has a mean wavelength of 1580 nm which decreases
to a value of 1570 nm when the input power is increased to 25.4 mW. In-
terestingly, this wavelength shift of 10 nm is only slightly larger than the
shift observed at the beginning of the PhCW. Moreover, since the trans-
mission spectra exhibit a blueshift roughly twice as large, this suggests that
most of the shift in wavelength of the spectral density occurs in the other
components of the sample.

A similar observation can be made for the spectral broadening presented
in Fig. 3.5¢. By comparing the spectral width of the two measurement series
we conclude that only a small fraction of the overall spectral broadening
occurs inside the PhCW. The transmission spectra show a broadening of
5nm (cf. Fig.3.2¢) which is three times larger than the broadening observed
in the PhCW. Thus, together with the blueshift, the broadening of the
spectral density occurs mainly in the other components of the sample, and
not in the PhCW. This may seem unexpected, particularly given the slow-
light enhancement and the spatial confinement of the light in the PhCW,
yet it can be explained with two reasons. First, the pulse is temporally
broadened due to dispersion before it enters the PhCW giving rise to a
decreased peak amplitude. Second, the blueshift of the spectral density
already before the PhCW causes the pulse to experience smaller group
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Figure 3.5: Quantifying the changes in the spectral density. a) Peak ampli-
tude , b) mean wavelength and c) spectral width of the spectra series’ shown
in Fig. 3.4a-b.

indices than would be a priori assumed. In essence, the slow-light PhCW
has a major effect on the reshaping and the scaling of the peak amplitude,
but the blueshift and the broadening of the spectral density occurs mainly
in the other components of the sample.

There remains the question about the cause of the spectral reshaping.
To answer it we investigate the evolution of the spectral density inside
the PhCW at an input power of 25.4mW by comparing spectra at differ-
ent locations. This is shown in Fig.3.4c for six spectra, taken in 10 um
steps. This measurement suggests that there is no energy redistribution
inside the spectrum, e.g., energy transfer from the long wavelengths to the
shorter ones, since the spectral density taken at the beginning of the PhCW
possesses the highest amplitude for each wavelength. Instead it seems more
likely that the spectral reshaping originates from different decay behavior
of different spectral components, i.e., an increased amplitude drop at the
long wavelength side.

In essence, the near-field measurements allow us to separate the spec-
tral reshaping happening inside different devices of an integrated photonic
circuit on the nanoscale which is not possible by means of transmission
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Parameter Name Value
Az efr Effective mode area 0.66 pm?
o Linear absorption coefficient 20dB/cm [57]
Bapra 2PA coefficient 1em/GW [117]
no Kerr coefficient 6-10~ " cm?/W [117]
o FCA cross-section 1.45-10"2 m? [19]
ke FCD coefficient 1.35-107%"m? [17]
Trec Free-carrier life time 450 ps [11]

Table 3.1: Parameter names and values used in the numerical calculations.
The effective mode area is determined by MPB calculations, whereas the
other values are taken from the literature.

measurements. Additionally, the near-field microscopy measurements show
that although the polymer waveguides are at least one magnitude longer
than the PhCW, most of the spectral reshaping occurs inside the PhCW.
This observation confirms the potential of slow-light for enhancing nonlin-
ear optics.

3.4 Modeling and discussion

To gain more insight into the physical processes playing a role in the re-
shaping of the spectral density we model pulse propagation by means of the
NLSE [8], that is described in detail in section 1.2.3. Here, we take disper-
sion, linear losses due to scattering, 2PA, SPM and free-carrier effects into
account. Since the spectrum of our pulse covers a broad range of different
group indices we take the full dispersion relation k(w) of the PhCW into
account. Therefore, we split the NLSE into two equations, one which deals
with the nonlinear optical effects and the free-carrier dynamics (based on
Eq. (1.11), where B2, B3 and agpa are set to zero), and one which considers
the dispersion [116]. Additionally, Eq. (1.12) (with aspa set to zero) has
to be solved to describe the temporal evolution of the free-carrier density.
The meaning and the value of the parameters used in the model can be
found in table 3.1.

Concerning the free-carrier dynamics, 2PA is the only generation source
as we are working in silicon with near-infrared light where single photons
do not possess enough energy to bridge the electronic band gap. The free-
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carrier lifetime has a value of a few hundred picoseconds in silicon structures
featuring a large surface area [11]. Since the temporal pulse length is much
shorter than the free-carrier lifetime, the amount of carrier recombination
during pulse propagation is negligible. Moreover, free-carrier accumulation
between pulses is disregarded since the time between subsequent laser pulses
is 12.5ns and therefore much longer than the carrier lifetime.

In contrast to the nonlinear effects and the free-carrier dynamics which
are dealt with in the time domain, it is easier to treat dispersion in the
frequency domain. Here the temporal broadening of the pulse envelope

can be described as a simple differential equation for the spectral density
A(z, w):

OA(z, w)

o = ik(w— wo)A(z, w), (3.3)

where A(z, w) is the temporal Fourier transform of A(z,t).

We fit our model to the measured pulse evolution by adjusting only two
parameters: a simple scaling factor modeling the near-field probe pickup-
efficiency, and a number that describes the chirp the pulse experiences in
the polymer access waveguide and the silicon spot-size converter. This
latter parameter determines the temporal length of the pulse at the be-
ginning of the PhCW. As starting conditions we use the first spectrum,
taken at the beginning of the PhCW, and set the free-carrier density N, to
zero. The best agreement between the model and the experimental results
is achieved with a temporal length of 1.38 ps (FWHM). This amount of
temporal broadening is reasonable considering the few millimeter distance
that the pulse has to propagate through the sample before it enters the
PhCW. The blueshift of the spectral density, which occurs either inside the
polymer access waveguide or the silicon spot-size converter, is taken into
account in the modeling by shifting the center frequency of the pulse in a
one-time fit to the spectrum measured at the beginning of the PhCW (cf.
Fig. 3.4a).

In addition, the slow group velocity of the light inside the PhCW is
accounted for, since it enhances nonlinear effects as well as interactions of
the pulse with free carriers [57]. The slow-light enhancement is discussed
in detail in section 1.5.2 leading to effective parameter values, which scale
differently with the slowdown S. It is crucial to account for the frequency de-
pendence of the slowdown factor S, which is mimicked by solving our model
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several times, once per investigated wavelength, and taking the group in-
dex valid at that wavelength into account for the slow-light enhancement.
Thus, for the sake of simplicity our approach inherently assumes that S
is constant and we only investigate how one specific spectral component
evolves with propagation. If we wanted to investigate the evolution of the
complete spectrum of the pulse, we would have to slice the spectral density
and calculate the evolution of these slices by solving the model repeatedly.
To minimize the computation effort and still show that this approach deliv-
ers accurate results, we investigate only three different wavelengths, namely
1565, 1575 and 1580 nm, which feature different group indices with values
of 7, 18 and 53, respectively.

Figure 3.6 presents a comparison between typical modeling results and
data taken from the near-field measurements (Fig.3.3c). The figure shows
how the three spectral components decay with propagation inside the PhCW.
Clearly, the longest wavelength experiences the fastest amplitude decay. In
contrast, the amplitude of the shortest wavelength stays constant. In all
cases we find an excellent quantitative agreement between the modeling
and the experimental results, using material parameters found in litera-
ture. Over the small wavelength range that our pulses span the material
parameters of the PhCW are practically constant while the group index
varies greatly (cf. Fig.3.1b). Hence, different wavelengths of light within
the PhCW experience vastly different slowdown factors, and it is this dis-
persion of the slow-light enhancement that causes the observed spectral
density reshaping.

The rapid amplitude variation with distance visible in the experimen-
tal data originate from the positioning uncertainty of the probe inside the
PhCW unit cell, as mentioned before. Consequently, the error bars repre-
sent the standard variation of the intensity distribution of the guided mode
inside a unit cell of the PhCW. Details about the calculation of the error
bars can be found in the appendix of this chapter. It is obvious that the er-
ror bar for the longest wavelength is too small to explain the magnitude of
the amplitude variation at this wavelength. The reason for this discrepancy
is as yet unknown.

We now turn to discuss the influence of the different physical effects
that occur during the pulse propagation, which can be separated in two
categories: (I) those that lead to losses and (II) those that change the
shape of the spectrum. There are three processes which might lead to an
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Figure 3.6: The experimentally (points) and theoretically (solid curves)
determined spectral amplitude as a function of propagation distance at three
different wavelengths. The experimental data is taken from Fig. 3.3¢ where
the average input power is 25.4 mW. For each wavelength an error bar is
depicted on the right side of the figure.

amplitude decay with propagation: scattering, 2PA and FCA. The linear
losses due to scattering are too small to have a significant impact over a
50 um distance which we also observe in our measurements, since there is
no attenuation visible at the lowest input power (cf. Fig3.3a). Thus, the
measured amplitude decay at higher powers is mainly caused by 2PA and
FCA.

SPM and FCD are usually considered to be the source for spectral
reshaping such as a blueshift [19]. However, in our experiment both pro-
cesses do not have a significant influence on the spectral shape, since there
is no wavelength shift of the complete spectrum or spectral broadening
with propagation visible (cf. Fig3.4c). Instead, the reshaping is caused by
dispersion of the PhCW, which in general has a threefold influence. First,
a large dispersion stretches the pulse temporally and therefore limiting its
peak intensity. Second, a wavelength dependence of the effective materials
parameters discussed above is created. Third, it also causes a wavelength
dependence of the free-carrier effects leading to an enhanced decay of the
slower propagating spectral components, i.e., longer wavelengths. This is
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Figure 3.7: The experimentally (points) and theoretically (solid curves)
determined spectral amplitude as a function of average input power for 3
different wavelengths. The experimental data is taken from Fig. 3.2a. The
gray dotted line marks the input power after which the measured and calcu-
lated evolutions of the spectral density differ significantly.

explained by the build-up of the free-carrier density in time between the
rising and trailing edge of a single pulse so that the trailing edge, contain-
ing longer wavelengths, will experience enhanced FCA and FCD [118]. In
essence, the spectral reshaping stems from the wavelength-dependent slow-
down factor S and an interplay of dispersion and the temporal dynamics of
the free carriers.

Next, we demonstrate that a similar approach, which uses the trans-
mission spectra from the entire composite sample (cf. Fig.3.2), does not
accurately predict the spectral evolution in the PhCW. We again apply the
model using the same parameter values and assume that there are no non-
linear effects inside the polymer access waveguide and spot-size converter.
Only the temporal broadening that occurs before the PhCW is taken into
account.

We try to model the evolution with input power of the same three wave-

lengths as before and compare it with experimental data taken from the
transmission measurements, as shown in Fig. 3.7. There is a clear discrep-
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ancy between the model and the experiment. First, the model no longer
reproduces the scaling of the amplitudes with input power. The measured
amplitudes of all spectral components show a decrease with input power
for the highest input powers, whereas the modeling results feature a steady
increase. Second, the blueshift visible in the measurement is not repro-
duced by the model. In the measured data, at the lowest input powers the
longest wavelength exhibits the highest amplitude, whereas for high input
powers the shortest wavelength has the highest amplitude, while the model
does not exhibit this behavior. Hence, the model can reproduce neither the
peak amplitude scaling nor the power-dependent spectral reshaping visi-
ble in the transmission measurements. Note that we here found no set of
physical parameters that allow reproducing the experimental results.

Overall, it seems that the discrepancy between our transmission mea-
surements and the model can be explained by a power-dependent absorp-
tion process, which is missing or underestimated in the modeling approach
at higher input powers. We understand this discrepancy in terms of the
blueshift that occurs before the PhCW. The blueshift transfers energy to a
spectral region with higher dispersion, so that the spectral density covers
a larger range of group indices. This leads to a dramatic enhancement of
the reshaping, as explained above, for increasing input power.

This interpretation can also be backed up with our experimental ob-
servations. For input powers higher than 15.2mW, we observed a change
in the spectral reshaping in the transmission spectra (Fig.3.2a) as well as
in the near-field measurements (Fig. 3.4b). The measured spectral density
is no longer centered on the flat dispersion band at 1580 nm, but shifted
towards 1570 nm, where the group index changes significantly with wave-
length. Thus, the strong reshaping goes hand in hand with and is actually
influenced by the blueshift before the PhCW. In essence, the failure of the
model to reproduce the evolution of the transmission spectra of the com-
posite structure shows that obtaining the nonlinear optical behavior of the
PhCW that is part of a composite structure is far from trivial, since the
other components may have a non-negligible influence.

3.5 Conclusion

In conclusion, we presented a near-field microscopy technique which can be
used to test and evaluate nonlinear pulse propagation inside single com-
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ponents of integrated photonic circuits on the nanoscale in analogy to the
wafer testing applied in the electronic industry. This approach allowed us
to gain information about the evolution of the spectral density inside the
composite sample and to unravel the different physical processes occurring
during ultrashort pulse propagation. Specifically, the observed spectral re-
shaping is mainly caused by nonlinear optical effects inside a slow-light
PhCW and can be understood by an interplay between dispersion, free-
carrier effects and a wavelength-dependent slow-light enhancement of var-
ious nonlinear effects. Reaching the same insight with only conventional
transmission measurements, which reflect the behavior of the complete sam-
ple, is far from trivial, since the characteristics of the different components
influence each other in a complex manner in the nonlinear optical regime.

Appendix

Experimental amplitude variations due to Bloch mode pro-
files

As mentioned above there is a positional inaccuracy when placing the near-
field probe always at a single position inside a unit cell of the PhCW,
throughout the measurements. The Bloch modes of the PhCW exhibit
a significant amplitude modulation within a single unit cell [90]. As a
consequence, we observe an amplitude modulation of the entire spectra
taken by the near-field microscope. To quantify the possible variation of
the signal, we simulate the intensity of the mode inside the PhCW by using
MPB [114]. To obtain a coarse estimate of the amplitude modulation in
the experiment we convolute the calculated intensity profile with a circle
of 250 nm to mimic the effect of the aperture size of the near-field probe.
For a more detailed description of the image formation of a PhCW Bloch
mode in near-field microscopy the reader is referred to [81]. The results
for the three wavelengths, which are also investigated and modeled in the
main text, are shown in Fig. 3.8a-c.

Since we scan the near-field probe transversally over the PhCW to
counteract the different extension of the mode profiles visible in the MPB
calculations, we integrate the simulated intensity distribution over the x-
axis resulting in sinus curves with different modulation depths as shown
in Fig. 3.8d-f. The error bars in Fig. 3.6 are calculated by determining the
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Figure 3.8: Calculated intensity distribution of the mode guided in the
PhCW convoluted with a 250nm diameter circle for a wavelength of a)
1565nm, b) 1575 nm and ¢) 1580 nm for four unit cells of the PhCW. Cor-
responding transversally integrated intensity curves.

ratio of the standard variation to the mean value of these integrated in-
tensity curves, which are listed in table 3.2. It is clear that the intensity
profile at the shortest wavelength features the biggest modulation along
the propagation direction leading to the largest error bar. For increasing
wavelength, the modulation decreases.

Wavelength | Mean | Standard variation | Ratio
1565 nm 0.87 0.09 10.38 %
1575 nm 0.91 0.063 6.93 %
1580 nm 0.98 0.018 1.8%

Table 3.2: Mean value, standard variation and their ratio for the curves
shown in Fig. 3.8d-f.
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Soliton fission in InGaP photonic
crystal waveguides

ABSTRACT: In this chapter we describe the first direct observa-
tion of soliton fission in a PhCW. We investigate the propagation
of a second-order soliton in an InGaP PhCW, by directly visualiz-
ing the time evolution of a picosecond pulse launched in the struc-
ture with time-resolved near-field microscopy. We observe how a
wave packet breaks apart into three wave packets after a record
short fission length. We compare the experimental results with
a semi-analytical NLSE model that describes the nonlinear pulse
propagation. The model shows that the soliton fission is caused
by free-carrier effects, which is the first proof that free carriers
can behave as a significant perturbation for soliton propagation.
Finally, we study the temporal dynamics of the wave packets gen-
erated in the fission event, where we observe their acceleration and
deceleration.



Chapter 4. Soliton fission in InGaP photonic crystal waveguides

74

4.1 Introduction

The interplay between GVD and SPM can generate waves which are called
temporal solitons [20]. These nonlinear waves show a special behavior as
they propagate through dispersive media, as discussed in section 1.2.5. The
archetypical example of a temporal soliton is a wave packet which does not
show any changes in both the temporal and the spectral domain.

Additional effects other than GVD and SPM may disrupt the balance
required for soliton propagation. As a consequence, higher-order solitons
will be perturbed and they will break apart into several fundamental soli-
tons, which is called soliton fission. In optical fibers it has been shown that,
for example, Raman scattering [22] or higher-order dispersion like TOD [21]
can initiate such a soliton fission event.

Concurrently with soliton fission, very often supercontinuum genera-
tion occurs [119], i.e., the generation of extremely broadband white light
radiation that is spatially coherent. These special light sources have been
proven to be extremely useful in a variety of different applications, ranging
from frequency metrology [25] to optical communications [26].

In recent years there has been a drive to integrate supercontinuum gen-
eration on chip. That is, researchers try to generate soliton fission on much
shorter length scales than in PhC fibers, where soliton propagation is typi-
cally observed. Recently, it has been demonstrated that soliton propagation
can also occur in nanoscale waveguides [108, 120], where a high nonlinearity
can be achieved and the dispersion can be engineered. A waveguiding struc-
ture that is ideally suited to investigate temporal soltions is a PhCW. In
this waveguide there is a large degree of freedom to design and tailor the dis-
persion [59]. Further, large nonlinearities can be reached through a contri-
bution of high spatial confinement and slow-light enhancement [55]. So far,
the temporal dynamics of soliton propagation in PhCWs have been studied
by a combination of transmission measurements and numerical modeling
[61, 121].

A direct visualization and detailed investigation of a soliton fission
event, which is the seed process for supercontinuum generation, has thus far
been lacking. A better understanding of this event might enable supercon-
tinuum generation on short length scales on an integrated chip, providing
a compact broadband light source for performing, for example, on-chip
spectroscopic measurements.

In this chapter we investigate the fission of a second-order soliton prop-
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agating in a PhCW. A time-resolved near-field microscope enables us to
directly investigate the temporal evolution of the wave packet during prop-
agation. Since the higher-order soliton propagates inside a semiconductor
waveguide different physical effects can occur than in optical fibers. We
demonstrate that in the PhCW the soliton is perturbed by free-carrier ef-
fects which is shown for the first time to be the trigger for a fission event.
Moreover, we report a record short fission length of 166 um. Additionally,
we explore the propagation velocity of the various wave packets created
in the fission event. We show that there is a time delay between different
wave packets, which increases with increasing power. Whereas some wave
packets exhibit an acceleration with power others decelerate.

4.2 Soliton propagation and transmission measure-
ments

To observe the breaking apart of a higher-order soliton on a length scale,
which is available on a photonic chip, we require a waveguide which fea-
tures a strong dispersion, i.e., a short Lp. Consequently, we choose for
our experiment a 1.5 millimeter long PhCW (illustrated in Fig. 4.1a). This
structure is created by perforating a 190 nm thin indium gallium phosphide
(InGaP) membrane with air holes periodically arranged in a triangular lat-
tice. The lattice has a period of a = 471 nm and the positions and the radii
of the holes closest to the line defect have been altered to design the disper-
sion of the guided mode (see inset in Fig.4.1a). A detailed description of
the dispersion engineering can be found in [122]. In the wavelength region
between 1550 and 1557 high group indices (i.e. ranging between 12 and
18) are achieved together with anomalous dispersion, visible as a negative
GVD 3 coefficient (shown in Fig.4.1b-c). Further, it has been shown that
other effects beside GVD and SPM, e.g., like the generation of free carriers
[123], can have a significant on light propagation in InGaP PhCWs. Conse-
quently, we potentially fulfill the conditions required for observing soliton
fission. Due the use of a wide gap semiconductor like InGaP (E; = 1.9eV)
2PA does not occur for wavelengths in the telecom regime. Thus, the Kerr
effect and therefore SPM is dominant and nearly ideal soliton dynamics
can be observed [61]. This is in contrast to two-photon absorption lim-
ited materials like silicon where free-carrier effects are usually dominant.
Further, there are short inverse tapers at the end facets of the sample to
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Figure 4.1: PhCW and its dispersion properties. a) SEM micrograph of
the PhCW consisting of a thin InGaP membrane perforated by air holes.
The inset illustrates the geometry changes for engineering the dispersion
of the guided mode. b) Group index ng of the guided mode as a function
of wavelength. ¢) GVD (green line) and TOD (blue line) coefficients as
functions of wavelength. The gray dot marks the graphs for the wavelength
with which the experiment is performed.

minimize the insertion loss [124]. Consequently, the sample consists only of
the PhCW and the inverse tapers. This is contrast to the more complicated
structure of the sample investigated in chapter 3.

We use a 2.2 ps (FWHM) fiber laser (PriTel), which delivers hyperbolic-
secant-shaped pulses, as the light source. We couple the laser light into our
sample with a 30x objective (NA = 0.4). We chose 1553 nm as center
wavelength since, at this wavelength the PhCW features anomalous dis-
persion (Bo = —4.6 ps?/mm), as required for soliton propagation, and a
large group index (ng = 15.7). The GVD leads to ad dispersion length of
Lp = 333um. The TOD is negligible small, since the corresponding dis-
persion length is more than an order of magnitude larger than for GVD:
LYy = 0.183-T3/|Bs| = 3.69mm with B3 = —0.53 ps®/mm, which is con-
siderable longer than the PhCW. With the focusing lens at the input facet
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we obtain an incoupling efficiency of ~ 15.9 % (insertion loss of —8dB). As
a consequence, the pulse in the waveguide has a peak intensity of 5.3 W for
a time-averaged input power of 1300 uW, resulting in Ly, = 93 um. At
this input power, we actually excite a second-order soliton, as can be seen
by inserting the dispersion length and the nonlinear length into Eq. (1.13).

As a first step we measure the spectral density of the pulse transmitted
through the sample. We use a lensed fiber (NA =0.4) to collimate the light
exiting the end facet of the sample. The transmitted light is spectrally ana-
lyzed with an optical spectrum analyzer (OSA). A power study is performed
to track the spectral changes occurring due to nonlinear optical effects oc-
curring inside the PhCW. Figure 4.2 shows the measured spectral densities
of the transmitted light for peak powers of 0.4, 2.9 and 5.3 W normalized
to their respective maximum amplitude. As can be seen for the lowest
peak power of 0.4 W, the transmission spectrum consists of a hyperbolic-
secant-shaped envelope. This overall shape is modulated with small fringes
with a periodicity on the subnanometer regime. These fringes are probably
caused by an etalon effect. The periodicity of the fringes would be related
to an optical path length in the millimeter regime, depending on the group
index of the component where the etalonning occurs. Consequently, there
are various optical elements, which could be the origin of the fringes by
forming a Fabry-Pérot cavity. Most probably, the fringes are not caused
by the reflections at the end facets of the sample, since the reflectivity is
very small (i.e. 1.3% [124]). The envelope is symmetric around a center
wavelength of 1553 nm, as expected.

By increasing the peak intensity to 2.9 W the envelope of the trans-
mission spectrum changes in shape, developing a dip at a wavelength of
1553 nm. Correspondingly, the envelope of the transmission spectrum now
features two peaks, one at a wavelength of 1551.5nm and one at a wave-
length of 1553.8 nm. Moreover, the spectral density is no longer symmetric
around 1553 nm, but the amplitude of the peak at shorter wavelengths is
roughly twice that of the other peak. Finally, by increasing the peak power
to 5.3 W the envelope of the transmission spectrum becomes even more
antisymmetric. While there are still two peaks, the peak at shorter wave-
lengths shifts to 1550.5nm, whereas the position of the other peak stays
roughly constant. Further, there is a larger amplitude difference between
the two peaks. The amplitude of the peak at longer wavelengths is much
less pronounced, reaching only 16 % of the amplitude of the second peak.
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Figure 4.2: Normalized spectral densities of pulses transmitted through the
PhLCW for three different peak power as measured in experiment (solid lines)
and as obtained from calculations with the NLSE (dashed lines).

We compare the measured transmission spectra with a modeling re-
sult to gain insight into the pulse propagation in the PhCW. We use the
NLSE (see section 1.2.3). In the auxiliary equation to describe the tempo-
ral evolution of the free-carrier density we ignore free-carrier recombination,
because the free-carrier lifetime is much longer than the pulse length. The
parameters for the linear and nonlinear properties used in the NLSE and
their corresponding values are described in table 4.1. Here, we listed the
effective values, which already include the slow-light enhancement and the
effective mode areas as discussed in sections 1.2.3 and 1.5.2.

To model the evolution of the transmission spectrum with increasing
power we calculate the spectral density of the pulse after propagation
through the 1.5 mm long PhCW. Additionally, we account for pulse prop-
agation through 2m of optical single mode fiber before the waveguide. It
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symbol parameter name value
x Linear absorption coeflicient 40dB/cm
B2 GVD coefficient —4.6 ps?/mm
Bs TOD coefficient —0.53 ps® /mm
Yeff Effective nonlinear parameter 1792 (W - m) 1
003, off Effective 3PA parameter 2.5-10726m3/W?
ke off Effective free-carrier dispersion coefficient —3.7-1072"m?
Ocff Effective free-carrier absorption coefficient 2.8-107?m?
As g Effective mode area (for ) effects) 0.33 wm?
As o Effective mode area (for x®) effects) 0.35 wm?

Table 4.1: Model parameters and their corresponding values. The values
of &, B2 and B3 are measured by low-coherence reflectometry [125]. The
effective 3PA coefficient o o 15 extracted from an input-output power mea-
surement as described in literature [109], whereas the effective mode areas
Ag e and As o are determined with FDTD simulations. The value of the
Kerr coefficient ny required to calculate Yog is taken from literature [126].
The values for the FCA and FCD parameter are extrapolated from data
known for III-V semiconductor and the Drude model [127]. The enhance-
ment of the various parameters due to the slowdown in the PhCW is already
included.

turns out that the spectral density of the pulse is slightly broadened due
to SPM in the fiber. We can observe good quantitative agreement between
the modeled and measured spectral densities. For a peak power of 0.4 W
the model predicts a symmetric spectrum centered around the wavelength
of 1553 nm, which matches very well the envelope of the measured trans-
mission spectrum. The spectral fringes are missing since we did not take
any possible cause into account in the model. Moreover, since the calcu-
lation results show such good agreement with the experimental results, we
see no problem in neglecting the spectral fringes. The model is also able
to describe the main features of the spectral evolution for the other two
peak powers. For example, the formation of the dip at 1553nm and the
increasing asymmetry are well reproduced. Consequently, our model seems
to be a good representation of the pulse propagation in the PhCW and
thus we continue to use the NLSE with the used parameters for all further
calculations.
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4.3 Predicting soliton fission

Having compared model calculations to the measured input-output char-
acteristics, we continue to use the model to predict what happens inside
the sample during pulse propagation. We investigate how the temporal en-
velope changes with propagation distance. For a low peak power of 0.4 W
we mostly observe a symmetric broadening of the envelope (see Fig. 4.3a).
Concurrently, the peak amplitude decays. The peak intensity is so low
that we are still in the linear optical regime and GVD dominates the pulse
evolution.

At a peak power to 5.3 W we observe that a higher-order soliton is gen-
erated, as predicted above (see Fig.4.3). The temporal compression, which
is typical for a higher-order soliton, is clearly visible in the first 160 um
of propagation. At the point of highest temporal compression, which hap-
pens after a distance of ~ 166 um in agreement with Eq. (1.16), the soliton
splits into three wave packets. These three wave packets propagate with
different group velocities, and therefore they separate in time. One wave
packet arrives earlier meaning that it features a higher group velocity than
the higher-order soliton and the one wave packet that does not change its
propagation speed (and therefore remains centered at time zero). The last
wave packet features a lower group velocity than the higher-order soliton
and as consequence shows a shift to positive times with distance. Most of
the energy resides in the faster propagating wave packet and the least en-
ergy is contained in the slower propagating wave packet. All wave packets
broaden in time and exhibit a corresponding decay in peak amplitude.

This temporal splitting of generated the wave packets is typical for a
soliton fission event and is related to changes in the spectral density of
the guided mode [128]. We have observed that at high peak powers the
transmission spectrum splits into two peaks, which shift away from the
central wavelength with increasing peak power (cf. Fig.4.2). The splitting
of the spectrum explains the different group velocities for the wave packets
generated by the soliton fission event. Due to the dispersion relation of
the guided mode a wavelength shift translates to a change in group index.
Most of the energy in the transmission spectrum showed a blueshift with
increasing peak power. These spectral components constitute the wave
packet, which features a higher group velocity. The spectral density con-
tained in the peak shifting to the longer wavelength side forms the wave
packet that exhibits a lower group velocity. Finally, the spectral compo-
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Figure 4.3: NLSE modeling of the evolution of the temporal pulse envelope
during propagation inside the PhCW. a) For a peak power of 0.4 W the
pulse broadens symmetrically due to GVD. b) At a peak power of 5.3 W,
a higher-order soliton is generated, which fissions after a propagation dis-
tance of 166 um into three wave packets. The white dashed lines indicate
the propagation distances at which near-field microscope measurements are
performed.

nents that do not shift in wavelength give rise to the wave packet, which
shows no change in group velocity.

4.4 Direct measurement of soliton fission

The model predicts a soliton fission event during propagation inside the
PhCW. We use a time-resolved near-field microscopy to experimentally
visualize the temporal evolution of a pulse during propagation. First, we
measure at an average input power of 0.4 W peak power at two propagation
distances: 250 pm and 700 pm (shown as white lines in Fig.4.3). At this
power, we expect to be in the linear optical regime as discussed for Fig. 4.3a.
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Figure 4.4: Comparison of near-field microscope measurements with NLSE
modeling results of the temporal pulse envelope. At a peak power of 0.4 W
we observe a Gaussian wave packet in the experiment (red solid line) as well
as in the modeling (blue dashed line). By propagating a distance of 450 pm
from 250 um (@) to 700 um (b) away from the entrance facet the pulse enve-
lope shows a symmetric broadening by 40 %. By increasing the peak power
to 5.8 W the pulse exhibits a temporal compression of the main wave packet
and the emergence of extra wave packets at a propagation distance of 250 pm
(c). After a propagation distance of 700 um the indications of the soliton
fission having occurred are more pronounced (d), since the satellite pulses
now contain most of the energy.

At 250 pm, we measure the Gaussian shaped pulse envelope with a FHWM
of 2.1 ps shown in Fig.4.4a, which basically represents the pulse length of
the laser as expected. At 700 um we observe a pulse envelope which is
symmetrically broadened around the zero point in time to a FWHM of
2.96 ps (see Fig. 4.4b). This shows that the pulse has broadened by 40 % by
propagating 450 um in the PhCW. This observation nicely agrees with the
calculated dispersion length of 330 um. Moreover, the fact that the pulse
has only broadened symmetrically around the zero point in time proves
that higher-order dispersion is negligible, in agreement with the calculated
dispersion length of TOD Lps = 3.69 mm >> 450 pum.
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Figure 4.5: Ezxperimental power study of the pulse envelope reshaping.
Time-resolved near-field measurements at propagation distances of 250 pm
and 700 um are shown for varying peak power. The curves for different peak
powers are vertical shifted by an offset for clarity. At a propagation dis-
tance of 250 um mainly a temporal compression of the pulse with increasing
peak power can be seen. After a propagation of 700 wum the emergence of
extra wave packets generated by the soliton fission becomes apparent. With
increasing peak power two additional wave packets besides the main wave
packet appear and increase in relative amplitude.
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Since, we are interested in the fission of a higher-order soliton we repeat
the measurement at a peak power of 5.3 W. After a propagation distance
of 250 um we observe a pulse envelope, which consists of a main wave
package that is temporally compressed to a FWHM of 1.08 ps, as expected
for a higher-order soliton (see Fig.4.4c). Further, there are extra wave
packets emerging, one to longer and one to shorter times, which are the
first indications of the soliton fission that we expect should have occurred
before this point. At a propagation distance of 700 um the features of a
soliton fission are more pronounced, as can be seen in Fig. 4.4d. Since the
amplitude of the central wave packet decays with propagation, the satellite
pulses grow in relative amplitude, until they even overtake the former main
peak in amplitude. Thus, the higher-order soliton has broken apart and the
fission event has generated two additional wave packets. Further, a small
fraction of the energy has remained in the original wave packet, which
decays in amplitude due to dispersion, since its peak intensity is no longer
enough to sustain a fundamental soliton.

We compare the cross-correlation near-field measurements with results
from the model using the NLSE, shown as blue dashed lines in Fig.4.4. In
general, there is good qualitative agreement between the experimental and
modeling results. For a peak power of 0.4 W the model also predicts only
a symmetrical temporal broadening of the main wave packet. There is one
discrepancy between the experiment and the calculation. The NLSE pre-
dicts the emergence of side shoulders at a propagation distance of 700 um,
which are not observed in the experimental results. The origin for this
discrepancy is as yet unknown. When the peak power is increased to 5.3 W
the NLSE results show the same features that we described for the exper-
imental results. There is a temporal compression and emergence of extra
wave packets at a propagation distance of 250 pum. Moreover, the model
also reproduces the change in the relative amplitudes of the wave packets
noticed in the experimental result after 700 um. The qualitative agreement
between the experiment and model confirms our interpretation that the ob-
served features are caused by a fission event of a higher-order soliton. The
event is experimentally found to occur before 250 wm, which is consistent
with the calculated fission length of 166 pm.

To observe the transition from the linear regime, where the pulse only
broadens temporally due to GVD, to the nonlinear regime, where a soliton
fission event occurs, we also perform a power study. In detail, we measure
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the temporal pulse envelope of 6 different peak powers ranging between 0.4
and 5.3 W after the pulse has propagated a distance of 250 and 700 um. The
results of this power study are presented in Fig. 4.5, where subsequent mea-
surements are shifted vertically for better comparison. After a propagation
distance of 250 pum we mainly observe the gradual temporal compression
with increasing peak power. A peak power between 2.4 and 3.3 W is re-
quired for emergence of extra wave packets. This observation indicates that
the soliton fission is caused by a nonlinear optical effect, which scales with
intensity. At a propagation distance of 700 um we see the gradual increase
of the amplitude of the satellite pulses relative to the main wave packet
with increasing peak power. This observation shows that more energy is
transferred to the wave packets generated in the fission event when the in-
tensity is higher. Further, there is an increasing separation in time visible
between the different peaks with increasing peak power. Please note that a
fourth wave packet is also visible in the measurements to longer times. We
did not observe this wave packet in the model. The cause of the emergence
of this satellite pulse is not understood yet.

4.5 Free carriers as the cause of the soliton fission

So far we have not discussed what physical effect causes the soliton fission.
To answer this question we turn to the modeling. In the NLSE we can
include or exclude physical effects as desired. GVD and SPM are always
included. Potentially there are two effects in our waveguide which might
cause a fission: TOD or free-carrier effects, where the free-carriers are gen-
erated by 3PA. PhCWs are usually highly dispersive structures and it has
been shown that free carriers can have a significant influence on pulse prop-
agation in semiconductor waveguides. In contrast, in optical fibers, where
soliton is usually investigated, free-carrier effects are negligible, but Raman
scattering, for example, is much more dominant. Raman scattering can be
excluded in this case, because it requires ultrashort pulses in the femtosec-
ond regime to be efficient [121], while we are working with picosecond long
pulses.

In the case that we only include TOD, the NLSE calculation predicts
that at a peak power of 5.3 W we generate a higher-order soliton which
does not break apart, but shows a periodic evolution with propagation (see
Fig. 4.6a). This result illustrates that the amount of higher-order dispersion
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Figure 4.6: Modeling the perturbation of the propagation of a higher-order
soliton. a) When TOD is included in the NLSE, with GVD and SPM, the
soliton stays together and shows its characteristic periodic behavior with
propagation distance. b) In contrast, by including free-carrier effects instead
of TOD, the soliton breaks apart, showing that free-carrier effects cause the
soliton fission.

is not strong enough to rip the soliton apart. This observation is consistent
with our prior observation of the symmetric broadening of the pulse at low
input powers.

In the case that we only include free-carrier effects, i.e., free-carrier ab-
sorption and free-carrier dispersion, we observe a fission of the higher-order
soliton (see Fig.4.6b). This proves that the free-carrier effects are actually
the cause of the fission event. The result that free carriers, created by
3PA, are responsible for the soliton fission is consistent with the observa-
tion in the measurement that the fission event only happens above a certain
threshold peak intensity, due to the higher nonlinear character of 3PA as
compared to 2PA. This is the first time that it has been observed that free
carriers can perturb the propagation of a higher-order soliton.
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4.6 Temporal dynamics of the different wave pack-
ets

In soliton fission events observed in optical fibers it is common that the
different emerging wave packets show different temporal dynamics, i.e.,
they exhibit a different group velocity [119]. Understanding the propaga-
tion behavior of the various pulses might enable better waveguide designs
for improved supercontinuum generation. To investigate the behavior of
the wave packets in our experiment we turn again to time-resolved near-
field measurements, which allow the extraction of the group velocity of the
various wave packets. Here, we change the laser wavelength to 1555 nm,
where ng, GVD and TOD coefficients have values of 17.3, —2.6 ps?/mm and
—0.6 ps?/mm, respectively. Although we have now changed the wavelength
from 1553 nm, we expect to observe a similar evolution of the pulse with
propagation distance and peak power as discussed above.

To extract the group velocities of the different wave packets, we measure
several interference traces at five different propagation distances ranging
from 300 to 1000 um for peak powers ranging from 0.4 to 5.3 W. As first
step, we investigate the group velocity of the main wave packet in the linear
optical regime, i.e., at the lowest peak power. Three representative near-
field measurements, which illustrate the shift in the temporal position of
the collected wave packet with distance, are shown in Fig.4.7a. We fit a
straight line to the observed temporal position of the maximum amplitude
of the wave packet over propagation distance to extract the group velocity
and the group index of the wave packet, respectively (cf. Fig.4.7b). This
approach is only valid as long as the pulse does not reshape, which is the
case here. It is found that the pulse propagates with a group index of 16.4,
which fits nicely to the value of 17.3 expected from the calculated dispersion
relation.

As discussed above, our model predicts a change of the group veloc-
ity of the two additional wave packets that are generated in the soliton
fission event. In addition, we observed a shift of the temporal positions
of the satellite pulses with increasing peak power in the experiment. To
investigate these temporal dynamics of the various wave packets we make a
detailed analysis of the time-resolved near-field microscopy measurement.
By tracking the temporal position of the peaks in the measured temporal
envelope at different propagation distances as function of peak power al-
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Figure 4.7: FExtracting the group wvelocity of a wave packet from time-
resolved near-field measurements. a) A series of near-field measurements
at three different propagation distances along the waveguide at a peak power
of 0.4 W. We observe that as the propagation distance increases, the pulse
arrives at later times. b) Corresponding temporal shift of the wave packet
with propagation distance. The slope of a straight line fit (blue line) is the
group velocity and inversely proportional to the group index of the pulse,
respectively.
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lows the determination of a change in the group velocity. A negative time
shift of the peak with increasing peak power denotes an acceleration, since
it indicates that the wave arrives earlier at the same spatial point. Cor-
respondingly, a positive time shift describes a deceleration. To relate the
temporal position of a peak to a group velocity we have to assume negli-
gible temporal reshaping, which is a valid assumption for each individual
wave packet considering the low higher-order dispersion observed before.
The model also predicted no drastic reshaping of the different pulses with
propagation.

In the measurements we can observe up to four wave packets. To dis-
tinguish the wave packets we number them according to their appearance
in time. The pulse appearing at the earliest point in time is called wave
packet 1, the second appearing pulse is wave packet 2 and so on. These
wave packets are not all always visible, since most of them are generated
in the soliton fission event. Consequently, most of the wave packets require
a certain peak power or propagation distance to show up in the measure-
ment, except for wave packet 2, which represents the original pulse that
undergoes the fission event. An example of two typical measured tempo-
ral envelopes is shown in Fig.4.8a. Here, the near-field measurements are
taken at a propagation distance of 1000 um and for peak powers of 2.4 and
4.1 W, respectively. At this propagation distance and for this high peak
power, we observe all four wave packets, which indeed feature a time shift
with increasing peak power.

The time shifts of the four wave packets extracted from the series of
near-field measurement are summarized in the Fig. 4.8b-e. Here, the zero
point in time indicates for each wave packet the time where it can be
observed for the first time. This does not need to happen at the lowest
peak power or the shortest propagation distance, for example the first wave
packet is not visible at a propagation distance of 300 wm.

For wave packet one and two a consistent negative time shift with in-
creasing peak power and propagation distance can be observed. Moreover,
the time shift is usually a nonlinear function of the peak power. In connec-
tion with the dispersion relation, this acceleration could be explained by a
blueshift with propagation of the spectral density, as explained above.

The behavior of the third and the fourth wave packet is more complex.
In general, it is hard to see a conclusive trend. The wave packets seem
to shift to negative times at some propagation distances and to positive
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Figure 4.8: Observing acceleration or deceleration of wave packets in the
near-field measurements. a) Two typical measurements at a propagation
distance of 1000 um for a peak power of 2.4 (red line) and 4.1 W (blue
line), respectively. Here, four wave packets are visible, which shift in time
as the peak power increases. The time shift for the four different wave
packets are shown in panels b)-e).
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times at others. This observation might be caused by the fact that here the
time shifts are smaller than for the first and second wave packet and there
is a larger uncertainty in extracting the position of the less pronounced
peaks here. However, after a propagation distance of 1000 um the third
and fourth wave packet both show a slight shift to positive times, i.e., the
waves are decelerated. This behavior can be explained by the assumption
that these pulses consist of the spectral components, which redshift with
propagation and peak power.

4.7 Conclusion

In conclusion, we have shown how it is possible to directly measure and
visualize a soliton fission event as it happens inside a PhCW. Due to the
strong dispersion and enhancement of nonlinear effects in this nanophotonic
waveguide, we could investigate soliton propagation on a length scale of a
few hundred microns, which is at least an order of magnitude shorter than
what can be achieved in optical fibers. As a result, we were also able to
observe a record short fission length of 166 um, after which the higher-order
soliton broke apart into several wave packets. Further, we proved that in
the semiconductor waveguide, free-carriers are the major perturbation for
soliton propagation and introduced therefore a new mechanism for soliton
fission. Finally, we investigated the temporal dynamics of the different
wave packets generated in the soliton fission. The results discussed in this
chapter represent a step towards implementing an on-chip supercontinuum
source by using nonlinear pulse propagation in a nanophotonic waveguide.
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Ultrashort-pulse propagation on
Au nanowires

ABSTRACT: In this chapter we explore the potential of plasmonic
nanowires for ultrafast photonics by comparing the properties of
the guided SPP to that of the mode guided in a silicon nanowire.
For this purpose, we combine ultrafast near-field microscopy mea-
surements of gold nanowires with mode simulations to study modal
properties such as mode width, propagation length, fundamental
mode cut-off, GVD, and TOD. Using this information we show
that, for ultrashort-pulse propagation, plasmonic waveguides can
outperform their dielectric counterparts. In particular, we demon-
strate that the ohmic losses, which are unavoidable in the gold
nanowire, cause less peak amplitude decay for ultrashort-pulse
propagation than the high dispersion and the presence of a mode
cut-off in a silicon nanowire.
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5.1 Introduction

In the past several years guided plasmonic modes of metallic nanowires
(NWs) have emerged as a promising basis for nanophotonic circuits [29].
Interestingly and in stark contrast to conventional dielectric waveguides,
decreasing the geometric cross-section of the NWs results in an increased
confinement of the plasmonic mode [37]. In addition, it has been predicted
[41] and experimentally demonstrated[129] that as SPPs are confined, they
also slow down. Such a slowdown is beneficial for applications in telecom-
munication, as it enhances light-matter interactions [130] allowing for ele-
ments with smaller footprints [31].

Currently, most photonic devices rely on dielectric waveguides, such as
ridge or photonic crystal waveguides [86, 131, 132, 133, 134]. These di-
electric structures do not suffer from the inherent ohmic losses found in
plasmonic materials. Nevertheless, the guided mode of dielectric wave-
guides does experience geometrical dispersion in addition to the intrinsic
material dispersion. In contrast, the dispersion of plasmonic structures
is dominated by their material dispersion and it has been predicted that
they can support the broad bandwidth necessary to exhibit sub-fs dynamics
[135, 136]. In fact, high-harmonic generation has been observed when the
localized plasmon modes of nanoantennas are driven by femtosecond pulses
[137, 138, 139]. Further, excitation of metallic nanostructures with fem-
tosecond lasers has enabled studies of their plasmonic resonances [140, 141].

Recent research has raised hopes that plasmonic waveguides might be
a viable platform for ultrashort-pulse propagation. Not only have the dis-
persion relations of various plasmonic waveguides been calculated and mea-
sured [142, 143, 144], but pulse propagation on these structures has also
been studied [145, 146, 147, 148]. From these, and other measurements,
the group velocities of the different plasmonic modes have been determined
[146, 149], and even used for spatio-temporal control experiments [150, 151].
However, while many of the properties of plasmonic waveguides are known,
it remains unclear exactly how ultrashort pulses behave and reshape as they
propagate on such structures. More importantly, it remains to be shown
whether there are regimes of pulse propagation where plasmonic waveguides
can outperform their more established dielectric counterparts.

In this chapter we explore ultrashort-pulse propagation on plasmonic
NWs to demonstrate their potential for ultrafast photonics on subwave-
length dimensions. We use a series of near-field measurements in con-
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junction with finite-element method (FEM) calculations to investigate the
properties of the plasmonic modes on Au NWs. We then compare these
properties of the plasmonic modes to those found on dielectric waveguides.
We show that while the plasmonic waveguides outperform their dielectric
counterparts in the achievable spatial confinement, the plasmonic mode suf-
fers from a finite propagation length and a lower group index. We demon-
strate, however, that the SPP guided in the Au NW experiences much less
dispersion than light guided in a Si NW. In particular, for ultrashort-pulse
propagation the decrease in peak intensity due to temporal pulse reshap-
ing in a dielectric waveguide can be stronger than the decrease due to the
ohmic losses experienced in a plasmonic waveguide.

5.2 Sample and setup

We study ultrashort-pulse propagation on plasmonic waveguides by experi-
mentally and theoretically characterizing the properties of lithographically
fabricated Au NWs (Fig. 5.1a). We fix the Au thickness to 50 nm and vary
the width between 40 and 240 nm (Fig. 5.1b), where the maximum width is
chosen so that our NW is not leaky over the whole bandwidth of the laser
pulses. This way the geometrically dependent properties of the guided
modes can be determined. In both the experiments, which are carried
out with phase- and time-resolved near-field microscopy [97] (see section
2.5), and the FEM simulations (using the COMSOL multiphysics software
package), we study the propagation of telecom (centered at 1550 nm) wave-
length, femtosecond pulses. Experimentally, we excite SPPs by illuminat-
ing a hole array, whose periodicity has been carefully selected to resonantly
couple free-space radiation to plasmons on the Au-glass interface and not
on the Au-air interface [35]. These interface SPPs are then adiabatically
transformed into NW plasmons with a taper [37]. In these measurements
we use a 250 nm aperture probe, which delivers a good trade-off between
the signal-to-noise ratio and the optical resolution. For the simulations,
the dispersive material refractive index of Au is taken from the literature
[152], and the refractive index of the BK7 glass substrate (of our samples)
is fixed at 1.5.
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Figure 5.1: Sample geometry. a) Micrograph of a typical plasmonic struc-
ture consisting of a hole array, a taper, and a NW. The hole array and
the taper are required to efficiently excite the mode on the Au NW with
free-space illumination. Schematic of the cross section of b) a Au NW and
c) a Si NW showing the dimensions of the waveguides.

5.3 Spatial confinement of the nanowires

One of the fundamental advantages of plasmonic waveguides, over dielec-
trics, is that they are expected to strongly confine light to the waveguiding
region. Consequently, we begin by investigating the spatial confinement of
the plasmonic modes. We measure the in-plane field amplitude and phase
of the guided SPPs in the NW, using CW illumination. We Fourier filter
[115] our signal and create the in-plane intensity maps of the SPPs, an
example of which is shown in Fig. 5.2a for a 240 nm wide NW. Here, we see
how a SPP propagating from left to right is funneled from the taper into
the NW (starting around y = 6 um). For a wide taper width, an optical
signal can only be observed at the edges of the Au layer. As the taper
width narrows, the electric field of the SPP “wraps around” the NW, and
consequently we can detect a signal above the NW. In fact, we measure
the highest intensity at the beginning of the NW, which then decays with
propagation due to the ohmic losses of the SPP.

We can quantify the spatial confinement of the mode by averaging in-
tensity cross-cuts in the x-direction along the NW and fitting a Gaussian
function to this averaged cross-cut. Since there might be small variations
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Figure 5.2: Mode width of the NWs at a wavelength of 1.55 um. a) Mea-
sured spatial intensity map of a SPP propagating on a 240nm wide Au NW
with CW laser excitation. The funneling of the SPP from the taper left of
the NW is observed between 0 and 4um. b) Cross-cut in the z-direction
after normalizing and averaging the NW intensity profile of a) and a cor-
responding Gaussian fit. The SPP guided by the Au NW has a mode width
of 0.32 um. ¢) Dependence of the mode width on the NW width for the Au
NW (measurements shown by symbols and simulations by the purple curve)
and the Si NW (cyan curve). A decrease of the mode width with decreasing
NW width can be observed. The plasmonic structure exhibits a stronger
spatial confinement than the dielectric waveguide.
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between the cross-cuts of the intensity at different propagation distances,
we do not take a single line as representative for the whole NW. Instead,
we average along the y-direction over a number of cross-cuts. Furthermore,
we confine the averaging procedure to intensity cross-cuts along the actual
NW, ie., fromy = 6 um to y = 20 um in Fig. 5.2a. In detail, we sum the
measured two-dimensional intensity distribution along the y-direction over
the NW, divide by the number of cross-cuts and normalize this averaged
quantity. Using this procedure the averaged intensity cross-cut of the op-
tical signal on the NW shown in Fig.5.2b is calculated. We repeat this
fitting procedure for different NW widths to determine the dependence of
the mode width on the NW cross-section. The results of these measure-
ments are depicted as purple squares in Fig. 5.2c. As expected, we observe
that the mode width decreases, and hence the confinement increases, as the
NW cross-section decreases. Note that the horizontal error bars (+5nm)
are due to uncertainties in the determination of the NW width, while our
uncertainty in the FWHM (~ 10nm) is too small to be visible in Fig. 5.2c.

This trend of increasing confinement for smaller NWs is reproduced
by the simulations (solid purple curve in Fig.5.2c). There is, however, a
deviation between the simulated and measured mode widths, particularly
for smaller NWs. This discrepancy is attributed to the finite aperture size
of the near-field probe used in the experiment, which limits the smallest
measurable FWHM values. Since we use a probe with a 250 nm aperture,
for small NW widths the measured mode width represents the aperture
size, while for larger NW widths we measure values close to the actual
lateral field spread. The nearly monotonic decrease of the mode width
with NW dimensions observed in the simulations confirms that the SPP
can be guided on arbitrary small plasmonic waveguides.

Having established how the plasmonic NWs confine light, we turn to
the dielectric waveguides and look for a geometry where similar confine-
ment occurs. Specifically, we want to compare the plasmonic NW to an
ubiquitous dielectric NW, the Si NW [11, 131, 153, 102, 154, 155, 156]
(Fig.5.1c). We fix the height of the Si NW to 200 nm and allow the width
to range between 290 and 500 nm. The smallest width of 290 nm is chosen
since smaller Si NWs no longer support a guided mode [157]. The disper-
sive refractive indices of the Si core and the silica substrate are taken from
the literature [158, 159]. Since these dielectric waveguides have been ex-
tensively studied [160, 161, 162], we limit ourselves to simulations of their
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properties, investigating only the Au NWs experimentally.

The simulated mode width of the Si NWs, which we show with a cyan
curve in Fig5.2c, qualitatively behaves in much the same way as the mode
width of the Au NWs: the width of the mode decreases with the NW
width. There are, however, a few important differences to note between
the behavior of the dielectric and plasmonic waveguides. First, the mode
of the Si NW is always wider than that of the Au NW. Further, whereas the
mode width for the plasmonic waveguide is, in principle, not restricted to a
minimum value, we find a minimum mode width for the dielectric waveguide
of ~430nm. This suggests that, if we want to compare plasmonic and
dielectric waveguides with similar light confinement, we should use the
narrowest Si NW available. Consequently, we will mainly consider a 300 nm
wide Si NW hereafter, although we note that the mode width of this NW
is still 2.0 and 1.1 times larger than that of a 140 or 300nm Au NW,
respectively.

5.4 Single-mode operation of the NWs

There are two conditions which must be fulfilled if the fundamental mode of
the NW is to be useful for applications. First, the waveguide should only
support one mode, as the presence of higher-order modes would lead to
mode mixing in a realistic device due to imperfections. Second, this funda-
mental mode should be truly guided and not leaking into the surrounding.
The effective mode index neg = k(w)/ko contains the necessary information
to study the number of guided modes available in a structure. Here, k(w)
and kg are the wavevectors of the mode guided in the NW and for light
propagating in vacuum, respectively. In essence, the number of branches,
where Re(neg) is larger than the refractive indices of the surrounding, will
specify the number of modes guided in the waveguide. If, however, Re(neg)
is smaller than the refractive index of the adjacent medium light will leak
into that material. Therefore, we investigate the effective mode index,
which is extracted from FEM simulations, to determine the regime where
the NWs support only one mode.

The two parameters which determine the number of guided modes and
their properties are the NW geometry and the excitation wavelength. First,
we investigate the mode characteristics when the NW width is varied while
the wavelength is fixed to 1.55 um. The corresponding simulation results
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Figure 5.3: Dependence of the real part of the effective mode index on the
NW width at a wavelength of 1.55 um. The first two modes are shown for a)
a Au NW with a height of 50nm and b) a Si NW with a height of 200 nm.
The dashed gray line indicates the refractive index of the substrate ngyp. If
Neyf lies above ngy,p the mode is guided, otherwise it leaks into the substrate.

are shown in Fig.5.3. The fundamental mode of the Au NW is guided for
all cross-sections. Its real part of the effective mode index first drops with
narrowing width, even leaking into the substrate for NW widths between
0.2 and 0.8 wum, before diverging for widths smaller than 0.2 um. In con-
trast, the next higher order mode features a cut-off NW width, i.e., this
mode becomes leaky for width smaller than 3.5 um. This means that the
plasmonic waveguide features only one guided mode for nearly all narrower
NW geometries (except for the small regime where the fundamental mode
becomes leaky).

In contrast, the modes in the dielectric waveguide show a different
characteristic. The real part of the effective mode index of the funda-
mental mode only drops with narrowing the NW width until the mode
becomes leaky at widths below 280nm (cf. Fig.5.3b). Further, a second-
order guided mode appears at a NW width of 420 nm. Consequently, the Si
NW features only one guided mode for NW width between 280 and 420 nm.
These observations show that it is more challenging to design a dielectric
waveguide that supports only one mode than a plasmonic one.

Next, we determine the wavelength dependency of the guided modes
for fixed NW cross-sections. The calculation results for five geometries,
three plasmonic and two dielectric waveguides, are presented in Fig. 5.4. In
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Figure 5.4: Dependence of the real part of the effective mode index on the
wavelength. The first four modes are shown for a Au NW with a height of
50nm and a width of a) 50nm, b) 100nm, c¢) 200nm and a Si NW with a
height of 200nm and a width of d) 300nm e) 500 nm.

all Au NWs;, the real part of the effective mode index of the fundamental
mode increases when the wavelength is decreased, until it diverges around a
wavelength of 0.6 um. In addition, Re(neg) increases with decreasing NW
width (cf. Fig.5.3). As a consequence, the fundamental mode is always
guided for the narrowest width. In contrast, for the 200nm wide NW,
the mode becomes leaky at A ~ 1.6 um. Thus, the wider the Au NW, the
smaller the spectral regime where there is only one guided mode, which
does not leak into the substrate.

The Si NW again shows a different behavior. First of all, for all NW
widths more modes are supported than for the plasmonic structure. Here,
we will limit ourselves to the first four modes. For the smallest Si NW
width, the fundamental mode is close to its cut-off wavelength .., which
is at 1.6 wm, where it starts to leak into the substrate. In addition, for a
wavelength shorter than 1.4 um, the waveguide becomes multi-mode. The
second investigated Si NW, which has a width of 500 nm, features a fun-
damental mode with a redshifted cut-off of 2.25 pum. However, the cut-off
wavelengths of the higher order modes are also redshifted. This means that
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Platform | NW width | AcyeIS'mode | Acyt2"9mode | Bandwidth
Au 50 nm - - > 2600 nm
Au 100 nm 2750 nm - > 2150 nm
Au 200 nm 1600 nm - > 1000 nm

Si 300 nm 1600 nm 1400 nm 200 nm
Si 500 nm 2250 nm 1600 nm 650 nm

Table 5.1: Useable wavelength region for single-mode operation for the dif-
ferent NW geometries.

for this Si NW, the second mode is already guided at 1.6 pm.

In the case that it is required to work in a spectral region where the NW
possesses only one guided mode, which is not leaky, the narrow Au NWs
offers the largest useable bandwidth. This can be seen in table 5.1 where
this bandwidth is given for the different NWs. In general, the plasmonic
structure offers a larger operational bandwidth than the dielectric ones.
The bandwidth in the Au NW can be increased by narrowing the NW
width. The opposite holds for the Si NW. Additionally, it is important to
note that the center wavelength of the single-mode bandwidth can change
with the NW geometry. For the Si NW this means that the wider geometry
is already multi-mode at a wavelength of 1.55 um. That is, in the case of
the high confinement dielectric waveguide, it is necessary to work close to
Acut Of the fundamental mode which limits the useable bandwidth for pulse
propagation.

5.5 Dispersion properties

Having found that the plasmonic and dielectric NWs can confine light to
similar dimensions, we set out to determine the differences and similarities
of pulse propagation in these structures. An important quantity that de-
scribes the evolution of a propagating pulse in a waveguide is the dispersion
relation k(w) [8]. As discussed in section 1.2.2, the most important disper-
sion properties of the waveguide are quantified by the GVD and the TOD,
respectively, since they specify the strongest contributions to the temporal
pulse reshaping during propagation. In Fig. 5.5 both quantities, calculated
from the simulated dispersion relation for several NW geometries, are pre-
sented as a function of wavelength.
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Figure 5.5: Dispersion properties of Au and Si NWs. a) The GVD coeffi-
cient as a function of wavelength. b) The TOD coefficient as a function of
wavelength. Top panel: Au NWs. Bottom panel: Si NWs. The plasmonic
wavequides feature two orders of magnitude smaller GVD and TOD coeffi-
cients than do the Si NWs. Dashed lines indicate the cut-off wavelengths
of the correspondent modes. The shaded areas represent the spectral region
populated by the FWHM bandwidth of a 10 and a 120 fs pulse, respectively.
The fringes, which can be seen on top of the GVD and TOD curves of the
Si NWs, are numerical artifacts from the FEM simulation and do not have
a physical origin.
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In general, Fig.5.5 shows how changing the geometry affects the dis-
persion of the plasmonic and dielectric waveguides. The amplitude of the
dispersion coefficients is increased when the NW sizes are decreased, at
all wavelengths. In the case of the Au NWs, the GVD and TOD increase
when the NW width is narrowed. In addition, there is a cut-off, i.e., a
wavelength above which a guided mode becomes leaky, for the two wider
Au NWs. In contrast, for the dielectric waveguides the dispersion curves
shift to shorter wavelengths when the NW width is decreased. As a con-
sequence, the spectral regime of high dispersion, close to the cut-off, is
blueshifted. For example, the cut-off shifts from 2.25 to 1.6 um when the
NW width is decreased from 500 to 300 nm. Comparing the magnitude of
the GVD and TOD for Au and Si NWs it is immediately obvious that the
dispersion coefficients for the Si NWs are an order of magnitude larger than
for their plasmonic counterparts. This huge difference in the magnitude of
GVD and TOD shows that the dielectric waveguides are intrinsically more
dispersive than the Au NWs, especially when operated close to the cut-off
of the guided mode, where the dispersion coefficients diverge. Note that
the fringes on top of the GVD and TOD curves of the Si NW are numerical
artifacts from the FEM simulations and do not have a physical origin.

It is common to define a dispersion length Lp to quantify the distance
after which dispersion significantly reshapes the pulse envelope. This means
that dispersion is typically neglected for propagation distances shorter than
Lp and has to be taken into account for longer distances. We chose to define
Lp as the distance where the amplitude of the Gaussian pulse is broadened

by V2 [8]:

T(z = Lp) = V2T, (5.1)

where Ty is the starting FWHM value of the Fourier-transform limited
pulse.

It is possible to calculate the dispersion length analytically, if only GVD
or TOD is taken into account [8]. However, since we investigate ultrashort-
pulse propagation it is in general not valid to neglect higher-order terms.
Thus, we use a different approach to extract the dispersion length. We
employ a semi-analytic linear model based on the NLSE (see section 1.2.3
for more information) to calculate the temporal evolution of the pulse enve-
lope, and hence its width, with propagation distance. Specifically, we solve
the one-dimensional wave equation in the spectral domain[8]:
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Figure 5.6: Calculated evolution of the temporal pulse width with propa-
gation distance for a starting FWHM of a) 120fs and b) 10fs. Vertical
dashed lines show the propagation distances after which the intensity of the
pulse in the correspondent Au NW is decayed by 50 %. The intersection of
the horizontal dashed gray line with the temporal pulse width marks Lp.
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(8z) = iK(w — wp)A(z, w), (5.2)
where A(z, w) and K(w) are the spectral density of the slowly-varying pulse
envelope and the frequency-dependent complex wavevector, respectively.
This equation takes the linear absorption and dispersion that occur during
pulse propagation into account. The solution to this equation is:

~

A(z,w) = A(z=0,w) - exp[(— + ik(w — wo)) - 2. (5.3)

2lprop(w — wp)

Here, knowledge of the dispersion relation k(w) and the propagation length
lprop(w) for the intensity (as defined in Eq. (1.18)), which are determined
with COMSOL, is required.

Figure 5.6 shows how the temporal pulse width broadens with propaga-
tion distance, for the different NW geometries. The left graph depicts the
calculation result for a starting pulse width of Tg = 120fs. The curves for
all geometries monotonically increase with propagation distance represent-
ing a temporal broadening of the pulse with propagation. This illustrates
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Platform | NW width | Lp for To = 120fs | Lp for Tg = 10fs lprop
Au 50 nm 5.4 mm 38.0 pm 3.9 um
Au 100 nm 7.0 mm 49.5 um 7.2 um
Au 200 nm 7.9 mm 41.4 um 15.4 pm
Si 300 nm 62.2 um 1.1 um 00
Si 500 nm 0.8 mm 29.7 um 00

Table 5.2: Calculated dispersion length for the different NW geometries.
For comparison also the propagation length of the fundamental mode is
grven.

the fact that a Fourier transform-limited pulse only broadens due to dis-
persion, as long as nonlinear effects are negligible. The 300 nm wide Si
NW features the steepest slope and therefore shows the shortest dispersion
length (represented by the crossing point of the horizontally dashed line)
of only 62.2 pum. The wider dielectric waveguide has an order of magnitude
longer Lp. The Au NWs show, as mentioned above, the least dispersion
and feature therefore the longest dispersion lengths, i.e., in the millimeter
regime (exact numbers can be found in table 5.2).

Note, however, that the discussion so far did not take into account the
ohmic losses which prevent the propagation for the SPPs of a signal over
long distances. To illustrate the effect of the finite propagation length ver-
tically dashed lines are included in Fig. 5.6 which represent the propagation
distance after which the pulse intensity has decayed by 50 %. The absorp-
tion limits the feasible propagation distance on the plasmonic NWs to a few
microns, whereas the dispersion length of all geometries for a pulse length
of Ty = 120fs is significantly longer.

The temporal broadening of pulses does not depend only on the ampli-
tude of the dispersion coefficients, but also on the bandwidth of the pulse.
It therefore remains to be seen how broad bandwidth pulses evolve as they
propagate on Au and Si NWs. Consequently, we investigate the propaga-
tion of 10 fs pulses, which have a spectral bandwidth of 330 nm as compared
to the 28 nm bandwidth of the 120 fs pulses. We note that 10fs pulses, at
1550 nm, span only 2 optical cycles and are therefore among the shortest
possible pulses at this wavelength. The right graph of Fig. 5.6 presents the
temporal broadening for a pulse width of Ty = 10fs propagating on the
various NW geometries. In general, the same characteristics as before are
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visible (i.e. the pulse monotonically broadens with propagation) but on a
much shorter length scale. This comes from the fact that dispersion scales
with the bandwidth, which is 12x larger for the shorter pulse. The 300 nm
wide Si NW now features a dispersion length of only ~ 1 um, and the other
geometries show an order of magnitude longer dispersion length. This re-
duced Lp suggests that a 10fs pulse propagating a few microns should
experience severe reshaping in the narrow dielectric waveguide, but not in
the other geometries.

The data presented in Fig.5.6 can also be used to investigate which
process, dispersion or linear absorption, dominates the peak intensity decay.
The mode propagating in the Si NWs experiences, in the ideal case, no loss
and thus l,;op = 00. Consequently, temporal reshaping due to dispersion is
the sole cause for a decay in peak intensity. For the Au NWs the opposite
is true. Here, the propagation length is much shorter than the dispersion
length. Hence, the peak intensity decay is dominated by the linear losses
in the plasmonic waveguides.

5.6 Results for pulse propagation

To experimentally investigate ultrashort-pulse propagation and to confirm
if the superior dispersion properties of the plasmonic NWs are observable in
experiment, we perform time-resolved measurements on the Au NWs using
120fs long pulses. With our near-field microscope [163] we collect field
transients at different positions along the plasmonic waveguide. Figure 5.7a
depicts a typical measurement on a 140 nm wide Au NW of the temporal
evolution of a pulse during propagation. Here, we positioned the near-
field probed at four different propagation distances in the first 10 pm along
the plasmonic structure and scanned the optical delay line to extract the
temporal pulse envelope at these locations. In general, a Gaussian wave
packet (FWHM of 120 fs) is observed, which decays in intensity and moves
in time, as the propagation distance increases. When moving 9.6 um along
the Au NW, the intensity decreases by 85 % and the wave packet shifts by
60 fs.

To understand the temporal evolution of the pulse envelope, we compare
the measurement to the result of the semi-analytical calculation of the pulse
propagation (thin curves) using Eq. (5.3). There is good agreement between
the experiment and the modeling (thick and thin curves in Fig.5.7a). The
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temporal movement of the wave packet is well reproduced, and only a small
discrepancy in the intensity decay is observed. The experiment shows a
slightly faster decay than the calculation.

We use the time-resolved near-field measurements to quantify both the
losses and the speed at which a pulse propagates along the NW. The in-
tensity decay with propagation is reproduced well by an exponential fit to
the envelope amplitude, which yields the propagation length (lprop). The
increase in arrival time contains information about the group delay and can
be used to extract the group velocity (vy) and the group index (ng = ¢/vy),
respectively, provided that no significant reshaping of the pulse envelope
occurs (cf. inset in Fig.5.7a).

The propagation loss, in the plasmonic NW, is mainly attributed to
ohmic losses. Since the mode properties, such as the loss, are dependent on
the width of the NW, we again investigate different NW geometries. Figure
5.7b summarizes the extracted propagation length of several temporal near-
field measurements. In this figure, each symbol is the average 1o, from
each series of measurements, while the error bars are given by the variance
of those measurements. Indeed, we observe that the propagation length in-
creases with increasing NW dimensions, as less field is confined to the metal
(see insets of the modal field profiles in Fig.5.7b). These observations are
in good agreement with our simulations, although the measured propaga-
tion lengths are slightly smaller than the simulated values, indicative of an
additional loss channel such as scattering from imperfections, which is not
taken into account in the FEM simulation. Further, the measurements and
simulations diverge for the largest NWs (width of ~ 240nm). Although
such a deviation has been previously observed [37], its exact cause remains
unclear. It is, however, likely that leakage radiation losses into the sub-
strate, which are known to occur for wider NWs, play a role.

We now turn to the speed at which the pulses propagate through the
waveguides, which can be characterized by the group index of the mode.
This parameter can be extracted by fitting a straight line to the linear time
shift with propagation distance observed for the pulse in the experiment
(cf. inset in Fig. 5.7a). Figure 5.7c shows a comparison of the measured and
simulated group index for Au NWs of different widths, where the values
and vertical error bars are again extracted from a statistical analysis of
several measurements on each NW. In general, we observe the expected
trend that smaller Au NW widths lead to slower SPPs [41, 146], with
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Figure 5.7: Temporal dynamics of a 120 fs pulse propagating in Au and Si
NWs. a) Top panel: A comparison between a typical measurement series
(thick curves) at different locations along a Au NW (width=140nm) and
a semi-analytical calculation of the pulse propagation (thin curves). The
inset shows the arrival time with propagation and gives the group indices.
Bottom panel: An analytical calculation of pulse propagation inside a Si
NW (width=800nm). The curves are normalized to the maximum inten-
sity at a propagation distance of O pm. Measured (squares) and simulated
(curve) dependence of b) the propagation length and c) the group index on
the NW width. Note that, at 1550nm, the St NW is ideally lossless and
hence has a lprop = 00. The insets in b) show the electric field distribution
of the mode guided along a 100nm and a 250 nm wide Au NW, respectively.
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excellent agreement between experiments and simulations. The highest
n, value of 2.32 is measured for the narrowest width of 40nm, and the
simulation shows that this trend continues even further with decreasing
NW width. These results show that there is a trade-off to be made in
plasmonic waveguides: either there is a large slowdown combined with a
huge spatial confinement and high losses, or less slowdown is achieved with
a smaller confinement but also fewer losses.

Next, we compare the calculated propagation of a 120fs pulse on Si
NWs with our observations for the plasmonic structures. From the FEM
simulations we again extract l,.op and ng for the different NW widths, as
was done for the Au NWs. In fact, at 1550nm, Si NWs that support
a guided mode are, ideally, lossless, and hence l,op = 0o for all widths.
In contrast, ng shows a rich width dependence. First, the group index
increases with increasing NW width until it reaches a maximum of ~ 4.95
for a width of ~ 360 nm. Increasing the NW width further causes the group
index to decrease again. Additionally, the mode guided in the Si NW is
nearly always two- to three-times slower than an SPP propagating in a Au
NW. This situation changes only for extremely small Au NW cross-sections.

As with plasmonic NWs, we can use the results of our simulations of
the Si NW modes to semi-analytically calculate how 120fs pulses would
propagate on these structures. In the bottom panel of Fig.5.7a we show
the results of such a calculation, in this case for a 300nm wide NW. In
contrast to the plasmonic structure (top panel), we observe that, in the Si
NW, the pulses both propagate more slowly and experience no loss. That is,
other than a slightly weaker confinement, the Si NW appears to outperform
the Au NW when 120 fs long pulses are considered.

In our measurements of the 120 fs pulses propagation on the Au NWs
(Fig. 5.7a) we observe no reshaping of the pulse envelope. This suggests that
within the 30 nm bandwidth of the pulse spectrum, dispersion is negligible.
Likewise, our semi-analytic modeling of pulse propagation in the Si NWs,
which uses the dispersion relation determined by simulations, shows that
for this 30 nm bandwidth, dispersion is also negligible. These observations
support the conclusion made from the dispersion length calculations above.
For a pulse duration of 120 fs, all geometries feature a dispersion length that
is much longer than 10 um. Consequently, no temporal reshaping is visible.

We now turn to investigate the temporal evolution of the 10 fs pulses. As
can be seen in Fig. 5.5, for the broad range of wavelengths contained within
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these short pulses, the dispersion relation is far from flat. The dispersion
length of these short pulses propagating on the narrow Si NW is shorter
than 10 pm, whereas it is still several tens of microns long for the other NW
geometries. Hence, temporal reshaping due to dispersion should be visible
in the 300 nm wide dielectric waveguide, whereas the shape of the envelope
should remain unchanged for the other NWs.

Figure 5.8 presents the results of the semi-analytical calculations per-
formed for a pulse duration of 10fs. It is obvious that the pulse envelope
does not reshape while propagating through the plasmonic waveguides.
Only the amplitude of the pulse drops due to the ohmic losses. In con-
trast, there is significant reshaping visible in the case of the 300 nm wide
Si NW. Note that this reshaping is not caused by a nonlinear effect, in
contrast to what is discussed in chapter 4. In the case of a 10fs pulse
propagating in the narrow Si NW, the Gaussian wave packet collapses into
two peaks, which propagate with different group velocities and therefore
separate in time with increasing propagation distance. However, when the
pulse propagates in the 500nm wide Si NW it does not show temporal
reshape.

We now want to investigate which effects cause the temporal reshaping
of the pulse in the narrow Si NW, which is illustrated in Fig.5.9. As
mentioned above, the pulse, which is Gaussian shaped at the start, splits
into two wave packets that travel with different group velocities. The faster
wave packet needs 50 fs to propagate 9.6 wm, which corresponds to a velocity
of the peak of ¢/1.56. In contrast, the slower wave packet requires a time
of 160 fs to travel the same distance. Consequently, in this second pulse the
peak propagates with a velocity of ¢/5. The fact that the peaks of these
two wave packets show such different velocities, illustrates that they are
comprised of different spectral components. The fast pulse is built up by
the part of the spectral density which covers the spectral region where the
mode is leaky and the group index is close to the refractive index of glass.
The remaining part of the spectral density is contained in the slow pulse.
Thus, one reason for the temporal reshaping is the cut-off, which creates the
two wave packets that propagate with completely different group velocity.

However, the splitting of the pulse into two wave packets is not the
only feature visible in the evolution of the envelope. Additionally, the slow
wave packet broadens temporally and develops a tail to shorter times. The
FHWM of the pulse increases from 10 fs to 18 fs after propagating 9.6 pm.
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Figure 5.8: Propagation of a 10fs long pulse on the various NWs. The
pulse shows mno temporal reshaping in the plasmonic waveguide; only an
intensity decay due to ohmic losses is wvisible. In contrast, in the 300nm
wide Si NW the pulse envelope is distorted due to strong dispersion and the
prozimity of the mode cut-off. For a 500 nm wide Si NW the guided mode
experiences much less dispersion and its bandwidth does not cross the mode
cut-off. Consequently the 10fs pulse does mot temporally reshape. Note
that the 500nm wide Si NW supports two modes at this wavelength, and
hence its applicability is limited. All curves are normalized to the maximum
intensity of the pulse at a propagation distance of 0 pum.
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Figure 5.9: Features which are visible in the temporal reshaping of a 10 fs
pulse propagating in a 300nm Si NW. After a propagation distance of
9.6 um the pulse has split into two wave packets, which represent the spec-
tral components that cover the spectral areas where the mode in the NW is
guided and leaky, respectively. In addition, the pulse, which contains the
spectral density in the guided regime, broadens temporally from a FHWM
of 10 to 18 fs and develops a tail to shorter times.

This significant broadening is not surprising as the dispersion length for
GVD of this geometry (see above) is shorter than this propagation distance.
The tail that develops during propagation can be explained by TOD. The
dispersion length for TOD, defined by Ly, = T§/|B3|, where Ty is the pulse
width and (33 the TOD coefficient, is 0.7 um and is therefore significantly
smaller than the propagation distance. Consequently, TOD will lead to
asymmetric temporal reshaping of the pulse, as can be seen in Fig. 5.9.
This explanation can also be translated to the wider Si NW to under-
stand why this waveguide does not show temporal reshaping of the pulse.
Here, the cut-off wavelength, and therefore the highly dispersive regime,
is redshifted to longer wavelengths. Since the spectral bandwidth of the
pulse is not large enough so that its spectral density covers the shifted
cut-off, no dispersion is visible in the 500 nm wide dielectric waveguide.
However, please note that this Si NW has limited application prospects, as
it supports multiple modes at the telecom wavelength of 1.55 um. These
observations of the pulse reshaping confirm that for few-cycle fs pulses in
high-confinement waveguides, Au NWs display superior properties. In gen-
eral, high-confinement plasmonic waveguides do not exhibit a cut-off for
the guided SPP and, hence, can be used in a broad spectral range with-
out becoming multimode (see above). Second, the Au NWs are much less
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dispersive than the Si NWs.

Another important feature to consider for pulse propagation applica-
tions is the decay behavior of the peak intensity for the various geometries.
The peak intensity of a pulse is crucial for applications such as nonlinear op-
tics and contains information about the temporal reshaping during propa-
gation. In contrast to what we observed for the longer pulses, Fig. 5.8 shows
that the peak intensity of a 10 fs pulse in the wider Au NW decreases more
slowly than in the narrow Si NW. In detail, in the 100 nm wide plasmonic
NW the peak intensity drops to 64% of its starting value after a propaga-
tion of 3.2 um, whereas it decreases to 29% in the case of the 300 nm wide
dielectric waveguide. The higher peak intensity of the plasmonic mode
persists also for longer propagation distances up to 9.6 um. This advan-
tageous difference, which comes from the drastic temporal reshaping that
the pulse undergoes in the Si NW, can be even further increased by using
a wider Au NW. Such wide Au NWs are less lossy, albeit at the cost of
decreased spatial confinement, although they still feature a smaller mode
width than the Si NWs. Thus, the plasmonic waveguides outperform their
dielectric waveguides in the case of few cycle pulse propagation if a high
spatial confinement and less temporal reshaping are needed.

5.7 Hybrid plasmonic waveguides

While we have compared the performance of plasmonic waveguides with
those that are composed purely of dielectrics, there are, of course, also
waveguides composed of both metal and dielectric parts. For example,
dielectric-loaded plasmonic waveguides (DLSPPWs) consist of a dielectric
strip on top of a metallic layer. The modal properties of dielectric-loaded
plasmonic waveguides have been thoroughly investigated in the literature
[143, 164] and, as can be expected, lie in between those of the pure plas-
monic and dielectric waveguides. For example, a narrow dielectric strip on
a metal surface will act almost like a pure dielectric waveguide, while if
the strip is widened, then its modes will become increasingly plasmonic.
Consequently, for these dielectric-loaded plasmonic waveguides, there is an
inherent tradeoff between propagation length and mode confinement, where
the prior decreases and the latter increases as the mode becomes more plas-
monic. Similarly, the GVD of the mode guided in the DLSPPWSs, which
was found to be on average 10 ps?/m [143], lies between the group velocity
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dispersions that we find for the pure waveguides. There are also more com-
plicated waveguide structures like hybrid plasmonic waveguides[165, 42],
which feature superior modal properties, i.e., better confinement and longer
propagation lengths. The dispersion in these structures is largely unknown
and the topic for future research.

5.8 Conclusion

In conclusion, we demonstrated that Au NWs are promising candidates for
applications where high-field confinements and ultrashort-pulse propaga-
tion are desired. We experimentally confirmed that light can be confined
in smaller areas in Au NWs than in Si NWs. In addition, we show that the
low dispersion and the absence of a mode cut-off in plasmonic waveguides
can outweigh the inherent ohmic losses, which are absent in their dielectric
counterparts, if the applied pulse is as short as 10 fs. The results presented
in this chapter reveal the potential of Au NWs for ultrafast photonics on
the nanometer scale. For example, the slow decay of the peak intensity of
the SPP guided in Au NWs in comparison to the mode in Si NWs will be
beneficial for nonlinear optics. Likewise, the negligible temporal reshaping
in the plasmonic waveguides can be instrumental to implement short-range
ultrafast optical communication systems.
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Outlook and applications

ABSTRACT: In this chapter we propose a number of future re-
search directions and applications based on the results presented
in this thesis. First, we discuss how the capabilities of near-field
microscopy to characterize pulse propagation can be enhanced.
Introducing an intensity autocorrelation or a Frequency-Resolved
Optical Gating (FROG) scheme in the near-field microscope al-
lows a more detailed investigation of the temporal pulse envelope.
Further, we illustrate how soliton fission in a nanoscale waveguide
could be used to integrate a white light source on chip. Finally,
we discuss the possibility of using SPM and four-wave mixing that
occur during nonlinear pulse propagation for the regeneration of
optical communication signals.
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6.1 Complete local temporal characterization of
guided light pulses

In section 2.5 we explained how a time-resolved near-field microscope can be
used to track pulses as they propagate in waveguides. We characterize the
signal pulse by interfering it with a reference pulse as shown schematically in
Fig. 6.1a. Although, we identify the measured electric-field cross-correlation
in this thesis with the temporal pulse envelope, this is strictly speaking not
true. Only in the ideal case, when the reference signal is much shorter than
the signal pulse, will convolution effects be prevented and the electric-field
cross-correlation yield the temporal envelope of the signal pulse. A reference
pulse, which is longer than the signal pulse will invalidate this equality.
Moreover, when one of the pulses has a time-dependent frequency, i.e. a
chirp, the electric-field cross-correlation will not represent the temporal
envelope of the signal pulse anymore.

The electric-field cross-correlation used in this thesis would enable the
complete characterization of the signal pulse if the reference pulse would be
completely known in amplitude and phase. However, this is a chicken-egg
problem. We require the complete knowledge of one pulse to measure a
second one. Thus, we must first characterize the reference pulse.

The common way to characterize the temporal pulse duration is to per-
form an intensity autocorrelation [166], which is schematically illustrated
in Fig.6.1b. In this approach, the pulse is split into two beams, so that
one beam can be delayed in time, for example by an optical delay line, in
comparison to the other one. Both beams are focused and overlapped on a
nonlinear crystal, which features a strong x(2) nonlinearity. In this crystal,
a nonlinear effect, like second-harmonic generation (SHG) occurs. Finally,
this SHG signal is recorded on a detector, like a photodiode.

This approach delivers a signal that depends on the intensity due to
the fact that we use a nonlinear effect. In detail, a signal Sac is measured
which is proportional to the autocorrelation of the pulse intensity I(t):

Sac(T) o / I(6)I( — T)dt, (6.1)

where T is the time delay introduced between the two beams.
Measuring the intensity autocorrelation only delivers information about
the temporal pulse duration. However, there is no information available
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Figure 6.1: Schematics of different methods to characterize a pulse. a) The
interferometric electric-field cross-correlation of the pulse with a reference
pulse, b) an intensity autocorrelation and c¢) a FROG measurement ap-
proach are illustrated. The abbreviations used in the figure are: BS - beam
splitter, ODL - optical delay line, D - detector, L- lens, NC - nonlinear
crystal and SM - spectrometer.

about the detailed temporal structure of the pulse or even its phase. To cor-
rect these shortcomings a new technique was introduced, frequency-resolved
optical gating (FROG) [99]. This measurement approach allows extracting
the complete intensity and spectral phase time evolution of a pulse.

In FROG, nearly the same experimental setup as for intensity auto-
correlation measurements can be used, only the detector is replaced by a
spectrometer (cf. Fig.6.1c). As a consequence, a spectrally-resolved auto-
correlation is measured in this approach, sometimes called a spectrogram.
In detail, it holds for the measured intensity Srroc(w, T):

SrroG(w, T) | / E(t)E(t — T)exp(—wt)dt|?, (6.2)

where w is the angular frequency that is investigated.

To determine the complete temporal structure of the pulse the spec-
trogram has to be post processed. There are several numerical algorithms,
which allow the retrieval of the complex temporal envelope from a FROG
measurement [99].

Performing the intensity autocorrelation of the signal detected by a
near-field probe would allow the local characterization of the temporal pulse
length of light propagating in a waveguide. Further, the application of the
FROG measurement scheme in a near-field microscope would even deliver
the total temporal characterization of a pulse. As a result, more information
about pulse propagation in integrated photonic structures can be gained.
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There is one limiting factor for employing the intensity autocorrelation
or FROG directly in a near-field microscope: the low amount of light col-
lected by the probe. This low power will lead to a very small signal created
in the nonlinear crystal, which is required in both detection schemes. A
typical optical power level detected by a near-field probe is in the pico- to
nanowatt regime [77]. This power level equals a pulse energy in the sub-
atto- to femtojoule region for pulse repetition frequencies in the megahertz
regime, as used in the laser systems applied in this thesis. Such pulse ener-
gies are on the edge of what can be measured with state-of-the-art intensity
autocorrelation and FROG implementation [167, 168]. One way to increase
the measured pulse energies is to use laser systems with lower repetition
frequencies, i.e., in the kilohertz regime. Alternatively, it is possible to use
a more sensitive measurement scheme, where, e.g., the signal detected by
the near-field probe gets correlated with a very intense reference pulse. A
possible implementation would be cross-correlation frequency-resolved op-
tical gating (XFROG), which has been shown to characterize pulses with
energies down to the attojoule regime [169].

6.2 On-chip white-light generation

The invention of the laser has undisputedly led to a revolution in optical
sciences. This new light source enabled and was useful in a mass of new
applications, examples ranging from microscopy and spectroscopy to opti-
cal communication systems, where its high brightness and its temporal and
spatial coherence properties were of crucial importance [170]. Recently, a
new evolutionary step of the laser has been reached by the implementation
of spatially-coherent white-light sources, which are based on supercontin-
uum (SC) generation [171]. SC generation is the process, where the spectral
density of a pulse is extremely broadened. That is, spectra spanning more
than an octave are created by nonlinear optical effects in a medium [172].

Light sources, which rely on SC generation, are beneficial for a mul-
tiplicity of application areas [119]. They have been used for spectroscopy
[173], pulse compression [174] and the implementation of tunable ultra-
short pulsed lasers [175]. Further, SC generation sources for wavelength-
multiplexing optical communication systems have been demonstrated [176].
These novel light sources are also invaluable for frequency metrology involv-
ing frequency combs [25]. These are only a few examples of a number of
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Figure 6.2: SC generation in waveguides. a) Commonly a SC is generated
in centimeter to meter long PhC fibers. Here, you see the spectral content
of a commercially available spatially coherent white light source based on
nonlinear pulse propagation in a PhC fiber. The visible spectrum of this light
source is illustrated by dispersing its emission using a grating and projecting
it on a screen. b) We propose to achieve the same spectral broadening in a
few hundred microns long PhCW, so that the structure could be integrated
as broadband light source on a chip.

applications, where the benefits of SC generation, its spatial coherence al-
lowing tight focusing and a large brightness and its broad bandwidth, are
exploited.

SC generation is commonly achieved by injecting a short laser pulse, in
the femto- to nanosecond regime, into a PhC fiber. An example of the spec-
trum of a spatially coherent white light source, which is based on nonlinear
pulse propagation in a PhC fiber, is shown in Fig.6.2a. SC generation
can be achieved by different combinations of nonlinear effects. Perhaps the
most reliable and reproducible way to create a SC spectrum is to exploit
the spectral broadening related to soliton propagation and fission [119]. As
a consequence, SC spectra are very often generated in PhC fibers, which al-
low the necessary dispersion engineering and the strong SPM effect required
for solitons. In detail, it has been shown that SC generation can occur due
to a fission of a higher-order soliton, and a subsequent self-frequency shift-
ing of the generated fundamental solitons, and the emission of dispersive
waves [119]. The self-frequency shift of the fundamental solitons generates
the long wavelengths of the SC, whereas the dispersive wave emission is
responsible for the spectral components at the short wavelength side. In
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essence, SC generation in PhC fibers is, in a simplified view, based on three
processes: a soliton fission event to generate several wave packets and two
mechanisms to redistribute the spectral density and broaden the spectrum.

In chapter 4 we observed a soliton fission event in a PhCW on a length
scale of a few hundred microns. Consequently, we can envision generat-
ing a SC spectrum by properly adjusting the design of such a waveguide.
Moreover, we observed another requirement for SC generation, a blueshift
of the spectral density of one of the generated fundamental solitons due to
FCD. Finally, it has been reported that also dispersive wave emission can
occur in a PhCW that transfers energy to longer wavelengths, if the dis-
persion relation is properly designed [122]. Consequently, all requirements
for the generation of a SC can be met by PhCWs. We believe that by
properly designing the PhCW, the interplay of the soliton fission, FCD and
dispersive wave emission can be optimized and a SC can be generated, as
schematically depicted in Fig. 6.2b.

Finally, we imagine a photonic circuit in which a pulsed semiconduc-
tor laser is integrated with a nanoscale PhCW to implement an on-chip
SC light source. This structure would provide a very compact alternative
for the spacious white light sources used nowadays. Consequently, the in-
tegrated circuit would allow performing various applications on chip, like
spectroscopy or creating a frequency comb.

There are some limitations to the maximum bandwidth of a SC gener-
ated in a PhCW. The ultimate limit of the bandwidth of the SC spectrum
is given by the wavelength range that is guided by the waveguide. In the
case of a typical PhCW, this bandwidth will be about 100 nm, since this
is roughly the useable fraction of the photonic band gap lying below the
light line. Finally, the dispersion relation has to be engineered, so that the
GVD is minimized. A flat dispersion relation can typically be achieved for
a bandwidth of at most a couple of tens of nanometers. Consequently, it
seems reasonable to generate a SC with a bandwidth of few tens of nanome-
ters in a PhCW, which is a few hundred microns long. Thus, SC generation
in a PhCW is interesting for applications, where a relatively small band-
width and a very compact device size are required. If a broader spectrum is
required, an alternative for on-chip SC generation would be nonlinear pulse
propagation in less dispersive waveguides like silicon NWs [108]. Here, a
SC with a bandwidth of a few hundred nanometers can be produced, but
with a propagation length of a few millimeters. Thus, there is a trade-off



6.3. All-optical regeneration on an integrated plasmonic platform

to be made in respect to the bandwidth of the SC and the propagation
distance required for its generation.

6.3 All-optical regeneration on an integrated plas-
monic platform

There are three detrimental effects that occur in optical communication
networks, which limit the distance that can be covered between the source
and the detector: the attenuation due to losses in the system, distortion
due to temporal reshaping of the optical signals and time jitter. They
are battled by the use of optical repeater devices. The optical repeater
corrects these issues by providing a reamplificication, a reshaping and a
retiming mechanism, which is called the 3R scheme [105]. In the ideal case,
the optical repeater is an all optical device, avoiding the need for optical-
to-electronical conversion, since this provides benefits in terms of energy
efficiency, bandwidth and ease of integration. An integral part of the 3R
scheme is the amplification of a signal, a process which is also called optical
regeneration.

Optical regenerators have been implemented in waveguides using a va-
riety of nonlinear effects. It has been shown that SPM in combination with
an optical band pass filter can provide amplification and reshaping [177].
Further, an optical generator, which also performs retiming, can be imple-
mented by using four-wave mixing (4WM). 4WM is a nonlinear process,
also based on the third-order susceptibility x(®), in which four waves are
interacting. The optical regeneration is achieved in this scheme by gener-
ating a new wave at a different wavelength, which acts as refreshed signal
that is later filtered out. A reamplification is achieved, since the signal-to-
noise ratio gets enhanced due to the nonlinear character of the wavelength
transfer, i.e., noise gets suppressed. The platforms that have been used to
implement all-optical signal regeneration are optical fibers [178] and silicon
NWs [105], where propagation length in the kilometer and millimeter to
centimeter regime are required, respectively.

One way to implement a compact optical regenerator, with a length
scale of tenth of micrometers, could be based on a slow-light PhCW [179].
We have shown in chapters 3 and 4 that the SPM effect can be enhanced
by up to two orders of magnitude by the slow-light enhancement in these
structures. Since 4WM relies on the same nonlinearity it will experience
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Figure 6.3: Schematics of using a gold NW as optical generator by exploit-
ing 4 WM occurring in the wavequide.

a similar efficiency boost. Further, we can imagine a photonic chip, where
besides the waveguide a band pass filter is integrated, so that it features
all components required for performing the optical regeneration on chip.

In chapter 5 we have demonstrated that gold NWs are interesting wave-
guides for ultrashort-pulse propagation due to their low dispersion. Further,
it has been shown that the Kerr coefficient of gold can be orders of mag-
nitude larger in the visible regime than the one of silica [180] leading to
studies of SPM of SPPs [181] and 4WM on structured metal films [182].
Thus, we envision the possibility to implement optical regeneration in a
plasmonic waveguide, as schematically depicted in Fig.6.3. This approach
would potentially allow the further reduction of the device to a few mi-
crons, due to the high spatial confinement achieved in plasmonics. Further,
the plasmonic waveguide would offer a broad operational bandwidth due to
the low dispersion allowing the wavelengths to be tuned over a large regime
without creating a major phase mismatch. In the case that the nonlinearity
in the gold alone is not strong enough, a nonlinear substrate could be used
to boost the SPM or 4WM effect.

The limiting factor for building an optical regenerator using a plasmonic
NW will be the ohmic losses that occur in the metal. At the moment it
is not known if the propagation length in the plasmonic structure is long
enough to observe efficient SPM or 4WM. By considering the typical decay
of the mode in a Au NW, as investigated in chapter 5, it is obvious that
the nonlinear effects have to occur on the first few microns of propagation
distance. Investigating nonlinear optical effects in plasmonic waveguides is
the topic of on-going research.
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Summary

Optical communication systems are the backbone of the internet, which
is the number one information source for our society. Currently, most
switching and routing of the light signals in these systems is performed by
electronics. This electronic step is the bottleneck for further increasing the
data rate. All-optical signal processing, i.e., the control of light with light,
can potentially overcome this problem. The most promising way for light
beams to interact is to exploit nonlinear optical effects. Unfortunately,
nonlinear light-matter interaction is usually very weak and inefficient. One
way to significantly enhance the efficiency of nonlinear optical effects is
to confine ultrashort light pulses spatially, for example, in a nanophotonic
waveguide. Two of the most promising structures that confine light are the
photonic crystal waveguide and the plasmonic waveguide.

Researchers have already implemented various all-optical components
like switches, routers or memories, which are crucial for signal processing.
The next step will consist of integrating these components onto a compact
photonic chip. For designing and guaranteeing the functionality of such a
complicated all-optical signal-processing chip the propagation of the light
pulse inside the constituent nanophotonic structures has to be understood
in detail. The common way to characterize waveguiding structures is to
measure the properties of the light pulse before and after the structure.
Unfortunately, when nonlinear optical effects occur in the photonic chip
such an approach fails. The problem is that the superposition principle
does not hold in the presence of a nonlinear response and therefore the
system cannot be characterized by a single transfer function. More com-
plications arise in the nonlinear optical regime not only because a zoo of
effects can occur during light propagation, but that it matters in which
sequence these nonlinear plus linear effects occur. For the photonic chip
this means, for example, that not only the functionalities of the different
components matter, but also in which order they are arranged. As a conse-
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quence, a measurement tool is required that allows the direct measurement
of the light inside the waveguiding structure to gain additional information
that is usually hidden in conventional transmission experiments.

The goal of this thesis is to investigate nonlinear pulse propagation
in waveguides. The tool that we use for this investigation is near-field
optical microscopy. In chapter 2 we first illustrate the different benefits of
this measurement technique. We show that near-field optical microscopy
allows the local study of all crucial properties of a light pulse confined in a
waveguide. Its phase, its temporal structure as well as its spectral density
can be extracted in a non-invasive manner with a subwavelength resolution.

In chapter 3 we address the problem of extracting the characteristics
of a single component of a more complex photonic chip, when nonlinear
effects have to be taken into account. We demonstrate that we can track
the evolution of the spectral density of a pulse as it propagates inside a
photonic crystal waveguide, which is part of a more complicated structure.
This waveguide slows light down and therefore enhances the efficiency of
nonlinear optical effects. We compare the information gained from the local
near-field microscopy measurements with transmission measurements. The
comparison reveals that the tracking of the spectral density locally allows
the understanding of the effects occurring inside the photonic crystal wave-
guide without the need to take the remaining components of the photonic
chip into account, as is the case for the transmission measurement. This
result shows the potential of spectrally-resolved near-field microscopy to
characterize single components on integrated structures and will allow the
design of more complex all-optical signal-processing circuits.

During nonlinear pulse propagation the spectral density of the light
often changes. In the most extreme case, a supercontinuum spectrum is
generated. Here, the spectral density of the light has broadened extremely,
allowing, for example, for spatially coherent white light sources. These
light sources are very beneficial for a wide range of applications from spec-
troscopy to frequency metrology. One way that supercontinuum generation
can occur is through a soliton fission event. A soliton is a nonlinear wave,
which does not change its temporal structure as it propagates. In a soliton
fission event such a nonlinear wave breaks apart into several other wave
packets. Soliton fission and concurrent supercontinuum generation is usu-
ally investigated in meter long optical fibers.

In chapter 4 we demonstrate that such a soliton fission can also occur



in a millimeter long photonic crystal waveguide and we can visualize the
phenomenon with a time-resolved near-field microscope. We show with
measurements that we can generate a soliton in the structure, which breaks
apart into several wave packets after a record short propagation length. By
numerical modeling we prove that the fission occurs because of the presence
of free carriers. This work paves the way for the creation of compact white
light sources on chip, due to the easy integration of a photonic crystal
waveguide into a more complicated photonic circuit.

One problem in pulse propagation is temporal reshaping of the pulse,
which usually results in temporal broadening. This temporal broadening
leads to a decay of the peak amplitude and hence is detrimental for exploit-
ing nonlinear optical effects.

Chapter 5 deals with the investigation of utrashort-pulse propagation,
down to a temporal pulse length of a few femtoseconds, in a plasmonic
waveguide on glass. Plasmonic waveguides are interesting for nonlinear
optics, since they can confine light to arbitrarily small cross-sections. We
compare the waveguiding properties of the gold structure with that of a
silicon nanowire, which is a common waveguide in photonics. We prove that
the plasmonic waveguide can confine light to much smaller cross-sections
down to the nanometer scale. Further, we reveal that an ultrashort pulse
does not reshape in the plasmonic waveguide in contrast to the silicon
nanowire. As a consequence, the metallic strip is an interesting platform
for performing nonlinear optical experiments.

Finally, we discuss in chapter 6 the implications of the results of this
thesis. First, we present possible approaches to enhance the capabilities of
a near-field microscope to characterize the temporal structure of a pulse.
The resulting knowledge about the exact shape of the pulse is crucial for
improved investigation of nanophotonic circuits. Further, we propose to
create a compact on-chip white-light source by using supercontinuum gen-
eration in a photonic crystal waveguide. Lastly, we identify the possibilities
of exploiting the knowledge gained in this thesis in all-optical communica-
tion circuits. We outline how an optical regenerator, which is a device that
amplifies light pulses, can be realized using nonlinear pulse propagation in
a photonic crystal or a plasmonic waveguide.
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Samenvatting*

Optische communicatiesystemen vormen de ruggengraat van het internet,
de grootste bron van informatie voor onze samenleving. Terwijl het trans-
port van deze informatie met licht in glasvezels geschiedt, worden de optis-
che signalen in deze systemen op dit moment nog steeds grotendeels met
elektronica geschakeld en gerout. Deze elektronische stap is het knelpunt
voor een vergroting van de datasnelheid. Volledig optische gegevensver-
werking, bijvoorbeeld door middel van het schakelen van licht met licht,
zou dit probleem kunnen verhelpen. De meest veelbelovende manier om
lichtbundels op elkaar te laten inwerken is door middel van niet-lineaire
optische effecten. Echter, deze effecten zijn typisch zwak en niet efficiént.
Een manier om de efficiéntie van niet-lineaire effecten te vergroten is door
ultrakorte pulsen in de ruimte concentreren, bijvoorbeeld, in een nanofo-
tonische golfgeleider. Twee van de meest veelbelovende structuren om licht
mee te concentreren zijn de fotonisch kristal golfgeleider en de plasmonische
golfgeleider.

Onderzoekers hebben inmiddels verschillende, volledig optische, com-
ponenten ontwikkeld, zoals schakelaars, routers en geheugens, die cruciaal
zijn voor optische gegevensverwerking. De volgende stap is de integratie
van deze componenten in een compacte fotonische chip. Om een dergelijke
complexe, volledig optische chip te ontwerpen en de functionaliteit ervan
te garanderen, moet de voortplanting van de lichtpuls in de nanofotonische
structuren die de basis van de chip vormen, in detail worden begrepen. De
meest gebruikelijke manier om golfgeleidende structuren te karakteriseren
is door de eigenschappen van de lichtpuls voor en na de structuur te meten.
Echter, een dergelijke aanpak volstaat niet als niet als niet-lineaire optische
effecten plaatsvinden in de optische chip. Het probleem is dat het super-
positiebeginsel niet geldt als niet-lineaire optsiche effecten plaatsvinden en
daarom het systeem niet langer kan worden beschreven door een enkele

*Translated by Boris le Feber
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overdrachtsfunctie. Meer complicaties ontstaan in het niet-lienaire regime
niet alleen omdat een breed scala aan effecten kan plaatsvinden gedurende
lichtpropagatie, maar ook omdat de volgorde waarin niet-lineaire en lin-
eaire effecten plaatsvinden van invloed is. Voor de fotonische chip betekent
dit dat bijvoorbeeld niet alleen de functionaliteiten van de verschillende
componenten belangrijk zijn, maar dat het ook belangrijk is welke volgorde
zij zijn gerangschikt. Om de informatie te verkrijgen die verborgen blijft in
gebruikelijke transmissie metingen, is een meetinstrument noodzakelijk dat
een directe meting van het licht in een golfgeleidende structuur mogelijk
maakt.

Het doel van deze thesis is om niet-lineaire optische pulspropagatie in
nanofotonische golfgeleiders te onderzoeken. Het instrument dat wij daar-
voor gebruiken is een nabije-veld microscoop. In hoofdstuk 2 beschrijven
wij de verschillende voordelen van deze meettechniek. Wij tonen aan dat
nabije-veld microscopie het mogelijk maakt om lokaal de cruciale eigen-
schappen van een lichtpuls die is opgesloten in een golfgeleider, te bestud-
eren. De fase, de evolutie in de tijd, en het spectrum van het licht in de
structuur kunnen met een resolutie beter dan de golflengte van het licht
worden gemeten.

In hoofdstuk 3 behandelen wij het probleem van de karakterisering van
een enkele component in een complexere fotonische chip, wanneer niet-
lineaire effecten moeten worden meegenomen. Wij volgen de evolutie van
het spectrum van een lichtpuls, terwijl de puls propageert door een fo-
tonisch kristal golfgeleider, die deel uit maakt van een complexere struc-
tuur. Deze golfgeleider vertraagt licht en versterkt daardoor niet-lineaire
optische effecten. Wij vergelijken de informatie vergaard uit de nabije-
veld microscopie metingen met transmissie metingen aan de samengestelde
structuur. Deze vergelijking toont aan dat het mogelijk is om, door lokaal
de evolutie van het spectrum te volgen, de niet-lineaire effecten in een fo-
tonisch kristal golfgeleider te begrijpen, zonder dat het noodzakelijk is om
de overige componenten van de chip te beschouwen. Sterker nog, we to-
nen aan dat door slechts metingen aan de samengestelde structuur te doen,
foutieve conclusies over de eigenschappen van de fotonisch kristal golfgelei-
der gauw gemaakt zijn. Dit resultaat illustreert de kracht van nabije-veld
microscopie in de spectrale karakterisatie van individuele componenten van
complexe optische chips en zal het mogelijk maken om complexe structuren
te ontwerpen voor volledig optische gegevensbewerking.



Over het algemeen verandert het spectrum van een puls gedurende niet-
lineaire pulspropagatie. In het meest extreme geval kan een supercontinutim
spectrum worden gecreéerd. In dat geval is het spectrum extreem verbreed,
wat bijvoorbeeld ruimtelijk coherente wit lichtbronnen mogelijk maakt.
Deze lichtbronnen zijn erg nuttig voor een breed scala aan toepassingen,
zoals spectroscopie en frequentie metrologie. Een manier waarop een super-
continuiim kan worden gecreéerd is door middel van solitonsplitsing. Een
soliton is een niet-lineaire golf die niet vervormt als functie van de tijd.
Als een soliton splitst vervalt een dergelijke niet-lineaire golf in verschil-
lende golfpakketen. Doorgaans worden solitonsplitsing en de creatie van
supercontinutim die daarmee gepaard gaat bestudeerd in optische fibers.

In hoofdstuk 4 tonen wij aan dat solitionsplitsing ook kan plaatsvin-
den in fotonisch kristal golfgeleider met een lengte van slechts enkele mil-
limeters en dat wij dit verschijnsel tijdsopgelost kunnen visualiseren met
een nabije-veld microscoop. Onze metingen tonen aan dat wij een soli-
ton kunnen creéren die na een recordbrekend korte afstand in verscheidene
golfpaketten opsplitst. Met behulp van numerieke modellen bewijzen wij
dat deze opsplitsing plaatsvindt dankzij de aanwezigheid van vrije ladings-
dragers. Omdat fotonisch kristal golfgeleiders eenvoudig in een optische
chip kunnen worden geintegreerd, is dit werk een grote stap in de richting
van de integratie van compacte wit-licht bronnen in een optische chip.

Een probleem in de controle over pulspropagatie is dat de puls vervormt
in de tijd, dit leidt meestal tot een langere puls. Omdat de intensiteit van
de puls over een langere tijd wordt verdeeld, neemt maximale intensiteit in
de puls af, wat zeer ten nadele van niet-lineaire effecten is.

In hoofdstuk 5 bestuderen wij de propagatie van ultrakorte pulsen, met
een duur van slechts enkele femtoseconden in een plasmonische golfgeleider.
Plasmonische golfgeleiders zijn interessant voor niet-lineaire optica omdat
zij licht kunnen samenpersen tot willekeurig kleine doorsnedes. Wij vergeli-
jken de eigenschapen van de plasmonische golfgeleider met die van een vaak
gebruikte fotonische golfgeleider: een silicium nanodraad. Wij laten zien
dat een plasmonische golfgeleider licht kan samenpersen tot nanoschaal
doorsnedes. Bovendien tonen wij aan dat de puls niet vervormt in de
plasmonische golfgeleider, maar wel in de silicium nanodraad. Als gevolg
hiervan, is een metalen draad golfgeleider een interessant platform voor
niet-lineaire optische experimenten.

Tot slot, bespreken wij in hoofdstuk 6 een antal implicaties van de re-
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sultaten uit dit proefschrift. Als eerste presenteren wij mogelijke manieren
om de mogelijkheden van tijdsopgeloste pulskarakterisatie met een nabije-
veld microscoop te verbeteren. De kennis van de precieze vorm van een
puls is cruciaal voor een verbeterd onderzoek aan nanofotonische struc-
turen. Vervolgens beschrijven wij een mogelijke compacte wit-licht bron
die gebruikt maakt van supercontinutim generatie in een fotonisch kristal
golfgeleider. Tot slot, identificeren wij verscheidene mogelijke toepassingen
van de kennis die in deze thesis is vergaard. We beschrijven hoe een op-
tische regenerator, een structuur die lichtpulsen versterkt, gerealiseerd kan
worden met behulp van niet-lineare pulspropagatie in een fotonisch kristal
of plasmonische golfgeleider.
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