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1

Introduction
In recent years, the dominant force in driving technological innovation has been the informationand telecommunication industry. While some aspects in this industry drive technologies that
span the globe, other drive technologies smaller than the eye can see. Although collectively
these technologies have already revolutionized society, further advances in device technology
are needed before the goals of next-generation systems can be achieved. [1]
To address this need, new technology areas such as micro-fluidics, MEMS, and micro- and
nano-optics have emerged. While each of these technologies has unique advantages, few hold
the promise of photonic crystal (PhC), or photonic bandgap (PBG) devices, which possess
a unique ability to localize and control light. [2–4] Basically PhCs are one-, two- or threedimensional composites of periodically alternating dielectric materials with a periodicity in the
order of the wavelength of light. The typical character of such a composite is that light with a
certain range of frequencies can not propagate along certain directions inside the crystals. As
such, photonic crystals promise us a similar control over photons as semiconductors do in the
case of electrons. Given the impact that semiconductor materials have had on every sector of
society, photonic crystals will possibly play an even larger role in the 21st century.
Ideally we need to build a truly 3D-lattice structure to gain complete control over the light
in all three dimensions. Several ingenious ways to produce such 3D photonic crystals have
already been demonstrated. [5] However incorporating functionality, such as waveguides and
microcavities, into 3D crystals is still a demanding issue for which only few examples can be
found. [6] Fortunately 2D periodic lattices exhibit some of the useful properties of a truly
3D PhC and are far simpler to make, while incorporating functionality. These structures can
block certain wavelengths of light at any angle in the plane of the device, while conventional
index guiding prevents light from escaping in the third dimension (i.e. perpendicular to the
surface). Thus, 2D photonic crystals oﬀer a good compromise for many applications and are
easily incorporated with planar waveguides.
The ability to localize and control light in PhCs is coupled with the fact that PhC devices in the
near-infrared regime are inherently very small, with critical dimension typically on the order
of 300 – 400 nm. For this reason, PhCs oﬀer the ability to control light eﬀectively while at
the same time being suited for direct, chip-scale integration. Furthermore PhCs have a unique
5
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Figure 1.1: (A) The “black-box” type of characterizing a photonic structure by comparing the known incoming
light with the measured outcoming light. What really happens inside the structure remains hidden. (B) To
understand the propagation of light in the structure it is important to look inside. We apply a local probe based
technique that is able to directly map optical fields inside photonic structures with subwavelength resolution.

ability to incorporate wavelength-dependent functionality over a very small operational volume
simply by changing local geometry or symmetry of the PhC-lattice. [7–9]
However, in optical communication and information processing systems not only the ability to
localize and control light is crucial. Simultaneous there is a long standing desire to increase the
bandwidth and as such increase the bit-rates. As a result the signal pulses are rapidly becoming
shorter. At the same time the use of high peak-intensity femtosecond pulses creates possibilities
to exploit the optical nonlinearity of photonic materials leading to new approaches to all-optical
manipulation of light. [10] To utilize ultrashort pulses in PhC devices it is therefore beneficial
to perform time-resolved studies of the interaction of light with a PhC device. Understanding
the dynamics of the interaction of light with a photonic structure requires both amplitude and
phase characterization on a subwavelength scale. Conversely, obtaining complete information
about the propagating field permits characterizing the PhCs dielectric properties and structure.
There have been numerous studies of photonic crystals made with cw light, see for example
reference [4]; nevertheless, time-resolved studies are almost nonexistent. Although time- and
frequency-domain representations of light are equivalent, provided that both the amplitude and
the phase are fully characterized, the majority of frequency domain experiments are intensity
based measurements, having lost the phase information. [11–13] Some experiments that perform
full characterization of amplitude and phase can be found. [14–16] Note that for all these experiments signals are only collected outside the structure of interest. In these so-called “black-box”
methods (Fig. 1.1A); the relation between the known incoming light and the measured outgoing
light is compared and confronted with a theoretical model. All propagation eﬀects are therefore integrated over the entire structure and little direct insight in the behavior and evolution of
pulses inside the structure is obtained. However, the subtle manipulation of optical interference
eﬀects is crucial in photonic crystals. As a result, small variations, intended or not, in the geometry can result in large eﬀects on the propagation of short pulses. It is therefore desirable to
investigate the nanoscale local optical properties inside the structure (see Fig. 1.1B) and directly
relate them to the geometry.

6

Introduction
When it comes to the characterization of photonic crystal structures, some method for observing the interaction of light with the PhC structure is required. Standard far-field microscopy
techniques are limited by diﬀraction to a resolution of half the optical wavelength. This is
enough to resolve the light scattering out of a large structure, but not suﬃcient to resolve the
detailed behaviour of the light interacting with the crystal. However, by bringing a sharp tapered probe with sub-wavelength dimensions in close proximity to the sample the diﬀraction
limit can be broken. As a result it becomes possible to study the local properties of light inside
photonic structures. A good introduction into the field of near-field microscopy and nanooptics can be found in several reviews and books. [17–20] To this date few NSOM experiments
have been performed on 2- and 3D PhCs. [21–26] None of these experiments directly probe the
the amplitude and phase of the light. Furthermore to date, no time-resolved NSOM experiments on PhCs have been demonstrated.
In this thesis time-resolved NSOM experiments are presented that allow amplitude and phase
characterization on a sub-wavelength scale for ultrashort optical pulses directly inside a photonic structure. As a result we directly probe the dynamical eﬀects inside photonic structures
on a sub-wavelength scale. The combination of optical and topographical information elucidates the influence of the geometry on the light propagation. We visualize the propagation of
pulses through channel waveguides, micro-resonators as well as through photonic crystal waveguides. As such it is demonstrated how the local phase and group velocity can be measured as
well as the group velocity dispersion. Furthermore our local probe technique allows the direct
measurement of the eigenfield distribution as well as the bandstructure inside PhC waveguides.
The results described in this thesis open doors for new developments, because now it has become experimentally possible to verify theoretical predictions concerning the propagation of
short pulses in complex (non)linear dispersive photonic structures. Our scanning probe based
technique is able to directly address the functional heart of the devices under study with high
spatial and temporal resolution and will thus give an impulse testing novel designs.

1.1

Outline of this Thesis

In chapter 2 we demonstrate, for the first time, that it is possible to visualize femtosecond pulses
as they propagate inside a channel waveguide. From the time-dependent and phase-sensitive
measurements both group and phase velocity are determined. Result on a more complex device are presented in chapter 3. Here we follow pulses as they propagate in an microresonator,
directly mapping the resonator modes in space and time. To increase our understanding regarding the method used, pulse propagation in a channel waveguide is revisited in more detail
in chapter 4. Here an analytical model is developed which reveals how the observed signals can
be interpreted.
In chapter 5 we investigate the eﬀect of multiple modes propagating in our model structure.
When waveguide modes overlap in time intriguing phase patterns are observed. Phase singularities, arising from interference between diﬀerent modes, are normally expected at equidistant
intervals determined by the diﬀerence in eﬀective indices for the modes. However in the pulsed
experiments we observe that the distance between individual singularities is found to change
not only within one measurement frame, but even depends strongly on the reference time.
7
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Chapter 6 shows the real space observation of fast and slow pulses propagating simultaneously
inside a so-called W3 photonic crystal waveguide. For a specific optical frequency we investigate
the local optical field associated with a flat band in the measured dispersion diagram. Chapter 7
and 8 continue the investigation of light propagation in photonic crystal waveguides. Chapter
7 shows how a phase-sensitive NSOM is used to measure both the eigenfield distribution as
well as the band-structure inside a PhCW. In the band-structure we observe multiple Brillouin
zones due to zone folding. Chapter 8 investigates the coupling between modes that have huge
diﬀerences in group velocity.
Finally in chapter 9 future research directions for local phase and time-resolved measurements
by near-field microscopy are presented.
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2

Tracking Femtosecond Laser Pulses in
Space and Time
We show that the propagation of a femtosecond laser pulse inside a photonic structure can be
directly visualized and tracked as it propagates using a time-resolved photon scanning tunneling
microscope. From the time-dependent and phase-sensitive measurements both the group velocity and the phase velocity are unambiguously and simultaneously determined. It is expected
that this technique will find applications in the investigation of the local dynamic behavior of
photonic crystals and integrated optical circuits.

The propagation of ultrafast laser pulses plays an important role in many aspects of modern
optical science. As the pulses get shorter their spectral content and peak intensity increase, giving rise to phenomena such as self phase modulation, soliton formation and other nonlinear
eﬀects [1]. With the appearance of advanced photonic structures, a new dimension has been
added to the manipulation of light propagation [2], particularly the strong influence photonic
crystals have on the propagation of pulses. The geometry of the structures leads to exciting
phenomena such as the creation of gap solitons [3] or the occurrence of extremely short tunneling times [4, 5]. In addition to the academic interest, pulse propagation is important in
telecommunication applications where the above-mentioned eﬀects can be either detrimental
or beneficial for information transport via fiber networks. It is therefore necessary that a clearer
and more complete understanding of ultrafast pulse propagation in advanced photonic structures be sought.
Conventionally, pulse propagation is studied with “black-box”-type measurements: pulses are
coupled into the structure of interest, the transmitted or reflected light collected and analyzed
with various auto- and cross-correlation techniques [1], then the results are compared to a theoretical model. As the pulses are collected outside the structure of interest, little direct insight
into the behavior of the pulses inside the structure is obtained. In order to obtain more insight into the propagation phenomena that develop throughout the structure, the experiment
is usually repeated for diﬀerent lengths of the structure [6], a procedure that has clear draw9
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backs. First, not every photonic structure can be arbitrarily changed in length without aﬀecting
its properties. Second, when a conflict between experiment and theory is found, it may be
hard to find the underlying cause for the discrepancy. Third, the method integrates all the
pulse propagation eﬀects accumulated in the entire structure. If a structure has spatially varying
optical properties, only averaged information is obtained. To overcome these drawbacks, a nondestructive method is necessary for the investigation of pulse propagation en route: a method
that can track, visualize and characterize pulses as they propagate through the structure.
Local optical measurements with a resolution beyond the diﬀraction limit are possible with a
near-field optical microscope [7]. With this scanning probe technique [hereafter called a photon
scanning tunneling microscope (PSTM)], in collection mode, the local intensity distributions of
light inside a photonic structure can be mapped with subwavelength resolution [8]. Near-field
optical microscopy has proven a powerful technique to measure local intensity distributions
of light inside photonic structures of varying complexity, where various unexpected optical
phenomena were discovered and the behavior of complex structures could be elucidated [9–
11]. Recently, not only the local intensity distributions have been mapped, but also the local
evolution of the phase of the propagating light [12, 13]. These optical phase measurements
resulted in the visualization of phase singularities in the plane of propagation [12]. Typically,
resolutions attainable with a PSTM are ∼50 nm [7–12] and better [13]. However, in all cases
the steady-state behavior of the light propagation is visualized. Until now time-resolved nearfield optical microscopy has focussed on studies of single molecules [14] and carrier dynamics
in nanostructures [15–17] rather than on light propagation.
Here, we report a technique for tracking a femtosecond laser pulse as it propagates through a
photonic structure. The instrument used is based on a recently developed heterodyne detection
phase-sensitive PSTM, and can pinpoint the position in space of the propagating pulse at a
particular point in time. By changing the reference point in time the actual propagation of the
pulse can be visualized. Because the measurement is both phase sensitive and time-resolved it
allows measurement of all properties of the light pulse as it propagates, in particular its phase
and group velocity.
In the PSTM the local evanescent field above a photonic structure is picked up with a subwavelength fiber probe [18]. The evanescent field is locally converted into a propagating wave that
is subsequently detected. The evanescent field inside the structure is associated with a propagating wave inside the structure. In a plane perpendicular to the propagation direction, the
evanescent field and the propagating wave have the same phase and time information. By picking up the evanescent field, direct information is therefore obtained on the propagating light
field [19]. By raster scanning the probe over the sample surface while keeping the sample-probe
distance constant, the topography of the sample is measured simultaneously with the optical
information (Fig. 2.1). The pulses are launched into the structure, where they propagate. At a
certain position, a near-field optical probe is used to pick up a tiny fraction of the pulse. This
signal is then interferometrically mixed with a laser pulse that is split of from the same laser
source and has propagated along the reference branch of the setup. The interference between
light in the signal and reference branches is then measured with a photomultiplier tube. Heterodyne detection is established by acousto-optical modulation in the reference branch of the

10
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optical delay
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+

fiber
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photonic
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Figure 2.1: Schematic representation of a pulse tracking experiment. The evanescent field of the pulse travelling inside
the waveguide is picked up by a subwavelength near-field optical probe. The signal that is picked up is then interferometrically recombined with the pulse in a reference branch. The
length of the reference branch, and thus the time that it takes
the reference pulse to travel in this branch, is controlled with
an optical delay line. The near-field optical probe is scanned
across the photonic structure while its height above the structure is kept constant. The photonic sample is a ridge waveguide. The waveguide was fabricated in a SiO2 /Si3 N4 layer
system on Si. The measured height and width of the channel
ridge are 2.0 ± 0.3 nm and 2.86 ± 0.09 µm. The slab thickness
is determined to be 124 ± 5 nm. Three guided modes can be
excited in the waveguide [two transverse electric (TE) and one
transverse magnetic (TM) polarized modes].

interferometer, enabling a separation of amplitude and phase information from the measured
interference fringes with a dual-output lock-in amplifier [19].
An optical delay line in the reference branch completes the pulse tracking setup. The position
of the optical delay line determines the length of the reference branch. Optical interference will
only occur when there is temporal overlap between the pulses in the signal and the reference
branch at the point where the branches join again. In eﬀect, each position of the optical delay
of the probe the measured interference
defines a certain reference time τ. For a given location

is determined by the cross-correlation Ξ(τ) = dtEsig (t)E∗ref (t − τ), between the two timedependent optical fields Esig (t) and Eref (t) in the signal and the reference branch, respectively,
as a function of the reference time τ. As the fiber probe is scanned across the photonic structure,
any interference detected at a specific fiber position indicates that at that reference time the pulse
has travelled to that location. As a result, the center of the pulse can be followed in time.
As a model system for the pulse tracking experiment we have used a silicon nitride planar channel waveguide with femtosecond laser pulses generated from a frequency-doubled Ti:Sapphirepumped optical parametric oscillator. Nearly bandwidth limited laser pulses with a pulse duration of 300 ± 20 fs [center wavelength(λcenter ) = 632 nm], are launched into the waveguide
with the polarization of light perpendicular to the sample plane, such that only the TM mode
is excited.
In the measured topography of the waveguide structure (Fig. 2.2A), obtained simultaneously
with the optical information, the 2.0 ± 0.3 nm high ridge is clearly resolved. Measured optical
amplitudes of five pulse measurements for increasing reference times are shown (Fig. 2.2, B
through F), where, for each reference time, a roughly Gaussian amplitude envelope of interference is found that reveals the position of the pulse, thereby pinpointing the pulse position for
each reference time. As time passes, the pulse is found further down the waveguide; it is tracked
while it propagates. The speed at which the pulse envelope propagates (the group velocity) is
determined from the positional change of the “center of mass” of the pulse during the known
time interval. Between each measurement the reference time is shifted 133 ± 2 fs by lengthening
11
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Figure 2.2: False-color representation of a pulse tracking measurement (image size: 144 µm×14 µm) (A) The
topography of the photonic structure as measured with the height regulation. The ridge waveguide is clearly
visible. (B through F) The optical field amplitude as measured by the instrument for diﬀerent positions of
the optical delay line. From (B) through (F) the optical path length of the reference branch is increased by
40.0 ± 0.6 µm. This results in steps of the reference time of 133 ± 2 fs. The measurement shows that the position
of the pulse at a reference time can be pinpointed in space. The pulses can be seen to propagate through the
structure as a function of time.
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Figure 2.3: Measured position of the pulse as a function of
the position of the delay line (solid circles). The solid straight
line represents a least-squares fit to the measured points. The
slope of the line yields a group velocity for the pulse inside the
photonic structure of 1.67 ± 0.03 × 108 m/s.
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the reference branch by 40.0 ± 0.6 µm. The linear dependence of the position of the pulse
in the waveguide as a function of the reference time (Fig. 2.3) shows that the pulse propagates
locally with a constant group velocity. From the slope of the fitted straight line we find a group
velocity of 1.67 ± 0.03 × 108 m/s, in good agreement with a calculated value of 1.69 ± 0.08 × 108
m/s for the locally measured waveguide geometry [20].
For each pulse measurement, an optical phase image is obtained together with the amplitude
data. Figure 2.4 displays the combined phase and amplitude information at a fixed reference
time, corresponding to zero delay in Fig. 2.3. The pattern in Fig. 2.4A clearly shows the
envelope and the fringes for a single scan line along the propagation direction, whereas the
high-resolution spatial map (Fig. 2.4B) reveals the plane wavefront within the pulse. A simple
Fourier transform of the data suﬃces to determine which central wavelengths are contained in
12
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Figure 2.4: (a) The optical amplitude A times the cosine of the optical phase cos(φ) for a single tracked pulse
as measured through the heart of the waveguide for the entire scan range (Fig. 2.2D). A clear fringe pattern
with an envelope is observed. The envelope is slightly asymmetric owing to the diﬀerent chirps of the signal and
reference pulses. (B) False color representation of Acos(φ) as a function of the lateral position in the plane of
the sample. The area depicted is an enlargement of a small part of the actual scan; the location is indicated
by the double arrows in fig. 4a. It is clear that the wavefronts in the image are straight indicating plane wave
propagation. The periodicity of the wavefronts yields the wavelength inside the structure associated with the
central optical frequency of the spectrum of the femtosecond laser pulse. The wavelength is found to be 415 ± 6
nm, corresponding to a phase velocity of 1.97 ± 0.03 × 108 m/s.

the fringe pattern. We find a central wavelength of 415 ± 6 nm. This wavelength corresponds
to a phase velocity of 1.97 ± 0.03 × 108 m/s, close to a calculated value of 2.02 ± 0.02 × 108 m/s
for the structure under study [20].
The measured envelope shows a roughly Gaussian shape with a length of 80.4 µm. The envelope is also found to be a little asymmetric: it has a slightly sharper rising edge (long distances
corresponding to short times in the pulse) and a tail that falls oﬀ more slowly. The observed
asymmetry and the eﬀective length of the envelope are explained by the fact that the pulse has
undergone diﬀerent group velocity dispersion in both the reference and the signal branch [21].
As a result the pulses have diﬀerent chirps when recombined resulting in the asymmetric envelope.
It is tempting to consider the information presented as a cross-correlation of the optical fields
in the reference branch and the photonic structure. However, this notion is incorrect [22]. The
measured signal does contain the local spectral content of the light inside the structure via the
measured fringes. In addition the signal contains information on the dispersion as it occurs
on the length scale of the actual scan (∼150 µm). In our instrument we do have the ability
to measure the above-mentioned cross-correlation as a function of position. To this end, the
near-field probe is kept at a fixed location while the interference is measured as a function of
the position of the optical delay line. In this way it is even possible to measure the transmission
function of a certain stretch of photonic structure by carrying out this procedure on either end
of the stretch and comparing the results.
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Propagation of a femtosecond pulse
in a microresonator visualized in time
A non-invasive pulse tracking technique has been exploited to observe the time-resolved motion
of an ultrashort light pulse within an integrated optical microresonator. We follow a pulse
as it completes several round trips in the resonator, directly mapping the whispering gallery
modes(WGMs) in space and time. Our time-dependent and phase-sensitive measurement gives
direct access to the angular group and phase velocity of the WGMs. From the measurement the
coupling constants between the access waveguides and the resonator are retrieved, while at the
same time the loss mechanisms throughout the structure are directly visualized.

The trapping of light within microresonators enables storage of optical power and is important
in a wide range of fields including (bio)sensing, nonlinear optics, and photonics. [1–5] Light is
confined by total internal reflection inside the structure and whenever the optical pathlength
of a roundtrip is equal to an integral number of wavelengths, a resonance mode is excited.
Depending on geometry, these modes consist of chaotic and/or stable orbits, such as “bow-tie”
shaped, or “whispering gallery” modes (WGMs) [2]. WGMs have been directly visualized in
microspheres, [6] and in their integrated optics equivalent the microresonator [7, 8].
However, in all cases only the steady state behavior of the light propagation was visualized. To
date time-dependent studies on WGMs have been limited to investigation of the output characteristics [9], or to a sophisticated pump-probe technique that gives insight into the roundtrip
time [10]. Recently, we have shown that femtosecond pulses can be tracked in space and time
while propagating through a waveguide structure. [11,12] In this letter, we exploit this technique
to image for the first time the motion of an ultrashort optical pulse through a microresonator.
The device under study, fabricated in Si3 N4 on SiO2 technology [13], is schematically illustrated
in Fig. 3.1. Simulations show that of the two supported resonator modes (TE00 and TE01 ), only
the TE01 mode is slightly aﬀected by the presence of the inner rim. Although true WGMs
occur in cylindrical or spherical systems, we therefore consider these resonator modes also as
15
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Figure 3.1: (Color) Schematic overview of pulse tracking in a microresonator. The evanescent field of a pulse
travelling inside the device is picked up by a fiber probe. At each position the signal picked up by the probe is
interferometrically mixed with part of the same pulse that has propagated through the reference branch. The
position of a delay line in the reference branch defines a reference time.

WGMs. Light couples into the resonator through the input waveguide WG1 and can couple
out of the resonator into WG2. Local optical measurements are possible with a photon scanning
tunneling microscope (PSTM). [14] In the PSTM a small fraction of the evanescent field above
the waveguiding structure is picked up with an uncoated subwavelength fiber probe (Fig. 3.1).
By raster scanning the probe over the sample surface at a constant probe-sample distance, the
topography of the sample is measured simultaneously with the optical information. To visualize
dynamic eﬀects inside the ring resonator, we launched femtosecond pulses (λ = 1300 nm,
FWHM = 123 ± 2 fs) into WG1. The PSTM signal is interferometrically mixed with part of
the same pulse that has propagated along the reference branch. Heterodyne detection of the
interference signal enables a separation of amplitude and phase information. [12]
Figure 3.2 shows the results of a PSTM measurement on both a high (a–c) and low (d–f ) finesse
resonator. The topography of the ring shaped resonators, with a radius of 25 µm and a height
of 300 nm, is presented in Fig. 3.2a and 3.2d respectively. The diﬀerent air-gaps at the coupling
region are clearly visible in the topography. Figure 3.2b and 3.2e show the time-resolved optical
amplitude. At the specific reference time of the measurement pulse envelopes are clearly visible
at several positions in the device. Comparison of the amplitude in WG1 with the amplitude
in the ring shows that more power is coupled to the low finesse resonator (Fig. 3.2e) than to
the high finesse one (Fig. 3.2b). This is to be expected as the level of coupling increases when
the gap size decreases. [13, 15] Figure 3.2c and 3.2f show the phase fronts of the circling WGMs
(arrows indicate location). Close inspection of the phase image clearly shows singularities due
to interference of multiple WGMs in the resonator. [16] The total number of fringes in the
ring is a direct measure for the averaged angular phase velocity, while the separation between
subsequent singularities yields the diﬀerence in phase velocity for the modes. Combination of
∼ 1.81 × 108 m/s) and 7.54 rad/ps
these numbers directly yields phase velocities of 7.24 rad/ps (=
8
∼
(= 1.88 × 10 m/s) for the TE00 and TE01 mode, respectively.
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Figure 3.2: (Color) PSTM images (65.7 µm×65.7 µm) of two ring resonators. (a)–(c) device with an air-gap
of 750 nm. (d)–(f ) device with no air-gap. (a) and (d) topography, (b) and (e) time-resolved optical amplitude.
(c) and (f ) cosine of the optical phase. The spatial beating pattern clearly demonstrates the excitation of multiple
WGMs. As the individual wavefronts of the WGMs are clearly visible in Fig. 2c and 2e simply counting the
wavefronts in the ring combined with the wavelength diﬀerence given by the beating pattern suﬃces to determine
a angular phase velocity of the WGMs of 7.24 rad/ps and 7.54 rad/ps, for the TE00 and TE01 modes, respectively.
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At the angular position of a singularity (indicated by 1) the phase diﬀerence between the WGMs
is equal to π. As the phase diﬀerence between the WGMs is known for this angular position,
we can write the coupling between WG1 and the resonator as




κTE01
TE01
EWG1 = κTE00 TE00 −
κTE00

(3.1)

where κ is the coupling constant between the power normalized mode in WG1 (EWG1 ) and
the respective power normalized WGMs (TE00 and TE01 ). Instead of a direct comparison of
optical amplitudes, the use of power normalized modes guarantees power conservation. Fitting
a sum of the mode profiles in the ring to the measured amplitude at the angular position of
a singularity yields κTE01 /κTE00 as is evident from Eq. 3.1. Subsequent comparison with the
amplitude of the incoming single mode pulse in WG1 then yields the coupling coeﬃcients
for each individual modes. For the low finesse device we find 33.5 ± 0.1% and 26.7 ± 0.1%
for the TE00 and TE01 mode respectively. A similar approach for the coupling to WG2 fails
as two modes are excited in WG2. However, when neglecting the multi-modal behavior in
WG2 we see that 33 ± 0.4% of the mode in WG1 is coupled from WG1 to WG2 through the
resonator. For the high finesse device we find coupling coeﬃcients of 0.9 ± 0.3% and 1.1 ±
0.3% for the TE00 and TE01 mode respectively. A closer examination of the optical phase in
the coupling region shows more diﬀerences between the two devices. When the air-gap is open
(Fig. 3.2c) we observe two separate wavefronts in the ring and WG1. A slight phase mismatch is
observable. However, when the air-gap is closed the phase fronts are no longer separated. The
spherical waves in fig. 3.2f, such as the ones originating at the coupling junctions, show that
strong scattering occurs at these positions. An eﬀect that is not observed for the device with
high finesse.
Figure 3.3 shows snapshots of the measured optical amplitude from an ultrashort pulse as it first
couples into the ring, and then completes two round trips. These measurements are on the low
finesse device as this allows to visualize both the pulses in the ring and out-coupled pulses on the
same scale. Between each measurement, the reference time is shifted 200 ± 2 fs by lengthening
the reference branch by 60 ± 0.6 µm. “Time-stepping” is started from the moment the pulse
initially couples to the resonator (Fig. 3.3a). A small fraction of the pulse propagating in WG1
is coupled into the resonator. In the sequence (a) through (l) the pulse travels around the
ring, coupling energy out to the two adjacent waveguides at each pass. This results in a series of
output pulses with diminishing amplitude at the output ports of WG1 and WG2, giving a direct
measure for the losses of the resonator. However, the coupling-constants between cavity and
waveguides are so large that the observed reduction in amplitude is completely dominated by
the coupling losses. Figure 3.3m shows the position of the “centre-of-mass”(CoM) in WG1(red
line) and WG2(green line), which directly yields group velocities of (1.28 ± 0.02) × 108 m/s
and (1.33 ± 0.02) × 108 m/s in the respective waveguides. As the observed pulses are roughly
Gaussian, the CoM is given by the location of the maximum amplitude. [12] Figure 3.2n shows
the angular position of the CoM of the pulse inside the resonator as a function of angular
coordinates while neglecting the multi-modal behavior. We find an averaged angular group
∼ 1.48 × 108 m/s), in good agreement with the calculated values of
velocity of 6.0 ± 0.2 rad/ps (=
6.24 rad/ps and 6.35 rad/ps for the supported WGMs.
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Figure 3.3: (Color) (a) through (l) Sequence of snapshots in time of the measured optical amplitude on the low
finesse device (260.9 µm×74.0 µm). Between each measurement the reference time is shifted by 200 ± 2 fs. The
sequence clearly shows how a pulse couples into a resonator and couples out to the two adjacent waveguides at
each roundtrip. (m) The position of the “centre-of-mass”(CoM) of the pulse inside WG1(red) and WG2(green),
respectively. (n) The angular position of the CoM of the pulse inside the resonator. The fitted slope directly yields
an averaged angular group velocity inside the resonator of 6.0 ± 0.2 rad/ps, corresponding to 1.48 × 108 m/s.

The propagation of femtosecond pulses in whispering-gallery modes of a microresonator has
been studied both spatially resolved and in the time domain. We have visualized the optical
amplitude and phase of a femtosecond pulse directly inside a microresonator. The direct visualization in time of a pulse propagating inside a resonator yields the angular phase and group
velocity of WGMs model independent. The observed beating pattern inside the resonator
shows that multiple WGMs have been excited. Comparison of the amplitudes in the resonator
and waveguides yields the coupling coeﬃcient between waveguides and the resonator.
This research is part of the strategic Research Orientation on Advanced Photonic Structures of
the MESA+ Research Institute. Furthermore, this work is part of the research programme of the
Stichting voor Fundamenteel Onderzoek der Materie (FOM), which is financially supported by
the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO).
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Tracking ultrashort pulses through
dispersive media: experiment and theory
We report the direct visualization of a femtosecond pulse propagating through a dispersive
waveguide at a telecom wavelength. The position of a propagating pulse is pinpointed at a
particular point in space and time using a scanning probe based measurement. The actual
propagation of the pulse is visualized by changing the reference time. Our phase-sensitive and
time-resolved measurement provides local information on all properties of the light pulse as it
propagates, in particular its phase and group velocity. Here, we show that the group velocity
dispersion can be retrieved from our measurement by developing an analytical model for the
measurements performed with a time resolved PSTM. As a result interesting and useful eﬀects,
such as pulse compression, pulse spreading, and pulse reshaping, become accessible in the local
measurement.

4.1

Introduction

Light as an electromagnetic wave is characterized by a combination of time varying electric
and magnetic fields propagating through space. In the last decades the use of time varying
optical fields in the form of ultrashort light pulses has proven to be a valuable tool in the study
of ultrafast phenomena. [1] The attractiveness of ultra-short light pulses not only lies in the
possibility to trace processes in their ultrafast dynamics but also in the fact that one simply can
do things faster. Of primary importance are data transfer and data processing utilizing the large
attainable bandwidth. In this respect, probably one of the most spectacular goals is the creation
of an all-optical computer.
Optical delay elements capable of transmitting ultrashort pulses will be one of the key ingredients for all-optical data processing. [2] Photonic crystals (PhC’s) in which photons experience
multiple reflections are one of the promising candidates for this task, as the group velocity in
PhC’s can be several orders of magnitude lower than in bulk material with the same refractive
index. [3–5] PhC’s are materials with spatial periodicity in their refractive index and have dispersion properties that can be tailor-made by selecting their scale and geometry. [6] In this way
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it becomes possible to control the group and phase velocity of ultrashort light pulses in a unique
way. The unique dispersion characteristics of PhC’s may lead to a variety of interesting optical
nonlinear phenomena such as gap solitons, [7, 8] pulse splitting of generated second harmonic
pulses, [9] highly eﬃcient wavelength conversion, and can also be employed for dispersion
management in optical telecommunications.
To integrate ultrashort pulses with various evolving photonic technologies, it is necessary to analyze the interaction of ultrashort optical pulses with these photonic devices. Many investigations
on dynamical eﬀects in (non)linear dispersive media are based on numerical simulations. [10–12]
We intend to gain a better understanding of the interaction of light with (sub)wavelength sized
structures by experimental means.
Experimental investigations on the propagation of ultra-short pulses in (non)linear dispersive
media have so far largely been limited to “black-box” type characterization of the medium.
[5, 13–17] The known incoming pulse and the measured transmitted or reflected pulse are compared with a theoretical model. By cutting slices from the medium (“cut-back” method) it
becomes possible to study aspects of the internal pulse development, [18] yet this method is
destructive and has several other clear drawbacks. First, not every photonic structure can be
arbitrarily changed in length without aﬀecting its properties. Second, if a disagreement between experiment and theory is found, it may be hard to find the underlying cause for the
discrepancy. Third, it is important to realize that the “black-box” method integrates all the
pulse propagation eﬀects accumulated in the entire structure. If a structure has spatially varying
optical properties, only averaged information is obtained. To overcome these drawbacks and
obtain full local information on pulse propagation throughout a medium, local time-resolved
measurements are crucial. [15] An experimental method enabling the observation of dynamical
eﬀects directly inside a photonic structure has only recently been demonstrated. [19]
The last few years a so-called interferometric photon scanning tunnelling microscope (PSTM)
has proven its unique capacity to measure the amplitude and phase distribution of the optical
field locally inside photonic structures. [20–22] Here, we report the nondestructive visualization
of a femtosecond pulse propagating through a linear dispersive waveguide in space and time
using an interferometric PSTM at infrared wavelengths. The ability to measure at a wavelength
range relevant for telecommunications opens up the possibility to investigate local dynamic
behavior of photonic crystals and integrated optical circuits in the near future. An advantage of
the short laser pulses applied is that diﬀerent eﬀects such as reflection at the end-facets (FabryPerot eﬀect) and scattering out of the structure can be discriminated in the time domain.
The microscope used is based on the heterodyne interferometric PSTM, recently developed
by our group, [23] and provides the full amplitude and phase information of a pulse travelling
through a waveguide structure. From these time-dependent and phase-sensitive measurements,
both the local group and the phase velocity can be determined directly. Comparison with an
analytical model, developed in this paper, shows excellent agreement. The model proves that
even the local group velocity dispersion(GVD) can be measured inside a photonic structure. As
a result eﬀects such as pulse broadening, pulse compression, and pulse reshaping eﬀects become
accessible in the local measurement.
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Figure 4.1: Schematic representation of a pulse tracking experiment. The evanescent field of the pulse travelling
inside the waveguide is picked up by a fiber probe with subwavelength dimensions. The photon tunnelling signal
picked up by the probe is interferometrically mixed with part of the same pulse that has propagated through the
reference branch. The length of the reference branch, and thus the time that it takes the reference pulse to travel
through this branch, is controlled by an optical delay line. Each subsequent measurement shown in this paper is
obtained by raster scanning the optical probe across the photonic structure while the height above the structure
(<10 nm) is kept constant by a feedback mechanism. The simultaneous measurement of optics and topography
makes it possible to directly relate optical information to the structural properties.

4.2

Experimental aspects

A schematic overview of the pulse tracking experiment is depicted in Fig. 4.1. Linearly polarized
light is coupled into an integrated waveguide structure and propagates through the photonic
structure. In the PSTM, the local evanescent field above the structure, with a decay length
of typically 10-100 nm, is picked up by a fiber probe with subwavelength dimensions. The
evanescent field is locally converted into a propagating wave, which is coupled into the fiber
probe, guided through the fiber and subsequently detected. For each position on the photonic
structure the phase and time information of the evanescent field is the same as that of the
propagating wave. By picking up the evanescent field direct information is therefore obtained
on the propagating light field. By raster scanning the probe, using a height feedback mechanism, the optical field distribution is probed in the near field of the waveguide surface, while
simultaneously the surface topography is acquired.
As an electromagnetic field is characterized by an amplitude, a phase and a polarization state it
is essential to use coherent detection methods. Therefore the sample and the PSTM have been
integrated in one branch of a Mach-Zehnder type interferometric setup as shown in Fig. 4.1.
At each position on the sample surface the photon tunnelling signal picked up by the nearfield probe is interferometrically mixed with light split from the same laser source that has
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propagated along the reference branch of the setup. The interference between light in the
signal and reference branch is measured with a photodetector. The optical frequency of the
reference beam is shifted with the diﬀerence frequency of 40 kHz between two AO-modulators
to allow heterodyne detection of the photon tunnelling signal. The resulting signal, measured
with a dual-output lock-in amplifier (LIA), contains both the optical amplitude and relative
phase of the local optical field within the sample. [23]
In order to visualize the propagation of a femtosecond pulse we incorporated an optical delay
line in the reference branch of the interferometric setup. Optical interference will only occur
when there is temporal overlap between the pulse in the signal and the pulse in the reference
branch at the point where the branches join again. In the current experiment the photontunnelling signal and the reference signal recombine in a 50/50 fiber coupler after propagating
through diﬀerent lengths of single mode fiber and other bulk optical glass components. The
pulse in the signal branch travels 69.7 ± 0.5 cm through dispersive fibers and other glass components (including the sample), and 23.5 ± 0.2 cm through air. For the reference branch these
distances are 38.5 ± 0.5 cm and 75.6 ± 0.5 cm, respectively. Note that in the reference branch
the path length in air is changed as a function of the position of the optical delay line. The
position of the optical delay determines the optical path length of the reference branch and
with this defines a reference time for the measurement.
As a model system for our measurements we have used a Si3 N4 planar channel waveguide
fabricated in a Si3 N4 /SiO2 layer system on a Si substrate. The experimentally determined
slab-thickness, width and height of the structure are 170 ± 5 nm, 1.15 ± 0.04 µm and 39 ±
3 nm, respectively. Linearly polarized light with a center wavelength of 1300 ± 2 nm has
been coupled into the channel waveguide with a polarization parallel to the sample plane, such
that only the fundamental TE00 mode is excited. This is, as determined by an eﬀective index
method, the only mode supported by the waveguide for the measured waveguide parameters.
All measurements have been performed by rasterscanning an uncoated fiber probe with the fast
axis along the waveguide channel (line frequency = 0.098 Hz), for a fixed position of the optical
delay line in the reference branch.
The pulses launched into the photonic structure are generated by a Ti:Sapphire-pumped optical
parametric oscillator (Spectra-Physics Opal). The laser system has a repetition rate of 80 MHz.
The arrival time (12.5 ns) between subsequent laser pulses is such that the pulse picked up by the
probe can only interfere with part of the same laser pulse that has propagated along the reference
branch. The pulse duration of the input field Ẽ(t) is measured by a conventional background
free intensity autocorrelation technique and yields a FWHM of the pulse amplitude of 123 ± 3
fs. [1]

4.3

Pulse tracking in a waveguide

A local time resolved heterodyne interference measurement of a short optical pulse inside our
model system is presented in Fig. 4.2 for a fixed position of the delay line. Fig. 4.2b shows the
raw data obtained with the lock in amplifier (LIA), while Fig. 4.2a shows the simultaneously
acquired topography. The signal from the LIA corresponds to the measured optical amplitude
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Figure 4.2: A time resolved heterodyne interference PSTM measurement on a Si3 N4 channel waveguide for a fixed position of the optical delay (image size:
290.5 µm×9.38 µm). Linear polarized light has been coupled in the waveguide to excite the TE00 mode. (a) The topography of the waveguide. The measured
height and width of the waveguide are 39 ± 3 nm, and 1.15 ± 0.04 µm. The slab thickness is determined to be 170 ± 5 nm. (b) The raw data from the lock in amplifier,
corresponding to the optical amplitude A times the cosine of the optical phase for a single tracked pulse as a function of the lateral position in the plane of the sample. (c)
The optical field amplitude of the pulse while propagating through the waveguide as derived from b. It is apparent that the amplitude is confined to the waveguide. (d)
The corresponding cos Φ of the optical field for the complete measurement. (e) A zoom in on the boxed area given in Fig. 4.2d to clearly show the individual wavefronts
(image size: 72.6 µm×9.38 µm). It is clear that the wavefronts in the image are straight, indicating plane wave propagation corresponding to the TE00 mode.
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Figure 4.3: (a) The optical amplitude times the cosine of the optical phase for a pulse as measured through
the heart of the waveguide for the entire scan range (Fig. 4.2a). (b) A zoom in on a part of the line profile
of Fig. 4.3a. from which a period of 871 ± 2 nm can be determined by a simple Fourier transform as seen in
Fig. c. The periodicity of the wavefronts yields the wavelength inside the structure associated with the optical
carrier-frequency cycles. This wavelength corresponds to a phase velocity vφ of 2.01 ± 0.03 × 108 m/s.

A times the cosine of the phase of the optical field (cos Φ) of a single tracked pulse as will be

discussed later. Note that a scanning probe based technique is inherently slow so that averaging
over many individual laser pulses takes place. From this measurement the optical amplitude and
the cosine of the phase of the optical field of the pulse can be separated, as given in Fig. 4.2c
and 4.2d respectively. The pattern in Fig. 4.2c shows a roughly Gaussian shape along the
propagation direction with a FWHM of 66.8 µm. The profile of the amplitude in the direction
perpendicular to the propagation direction corresponds to the mode profile of an excited TE00
mode. The cos Φ of the optical field as depicted in Fig. 4.2d shows a clear fringe pattern as a
function of the lateral position in the plane of the sample. To show the individual wavefronts
a zoom in on the boxed area in Fig. 4.2d is depicted in Fig. 4.2e. It is clear that the wavefronts
in the image are straight, also indicating single mode propagation. For multiple modes with
diﬀerent eﬀective indices the simultaneous detection would lead to a beating pattern in the
A cos Φ image. [20, 23]
The line profile of Fig. 4.3a shows the measured A cos Φ along the dashed line in Fig. 4.2b. A
zoom in on a part of the line profile is depicted in Fig. 4.3b, which shows that individual fringes
are clearly resolved. A simple Fourier transform (Fig. 4.3c) of the data along the waveguide
suﬃces to determine which wavelengths are contained in the fringe pattern. We find a central
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Figure 4.4: Pulse tracking experiment for diﬀerent reference times. Linear polarized light has been coupled in the waveguide to excite the TE00 mode. (a) The simultaneously measured topography. (image size:
262.2 µm×8.45 µm). (b through h) The optical field amplitude as measured by the instrument for diﬀerent positions of the optical delay line. From (b) through (h) the optical path length of the reference branch is increased
in steps of 60 ± 0.6µm. This results in steps of the reference time of 200 ± 2 fs. The measurement shows that the
position of the pulse at a reference time can be pinpointed in space. The pulses can be seen to propagate through
the structure as a function of time giving a direct local measurement of the group velocity.
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Figure 4.5: Measured position of the pulse as a function of the position of the optical delay line (crosses). The
letters correspond to the subsequent measurements as given in Fig. 4.4. The solid straight line represents a leastsquare fit to the measured points. The slope of the line shows a local value of the group velocity vg for the pulse
of 1.67 ± 0.03 × 108 m/s.

wavelength of 871 ± 2 nm inside the structure associated with the central optical frequency ω0
of the spectrum of the femtosecond laser pulse. This wavelength corresponds to a phase velocity
vφ of 2.01 ± 0.02 × 108 m/s (neﬀ = 1.49 ± 0.01).
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We directly measured the velocity at which the carrier-frequency cycles move forward locally
inside the waveguide. However, the envelope of the pulse moves with a diﬀerent velocity. In
Fig. 4.4b-h the measured optical amplitudes for seven subsequent measurements with increasing
reference times are shown. For each reference time a Gaussian envelope is found, that reveals
the position of the pulse, thereby pinpointing the pulse position for each reference time. As
time passes, the pulse is found further along the waveguide. The speed at which the pulse
envelope propagates can be directly determined from the positional change of the center of the
pulse during the known time interval. Between each measurement, the reference time is shifted
200 ± 2 fs by lengthening the reference branch by 60.0 ± 0.6 µm. The linear dependence of the
position of the pulse in the waveguide as a function of the reference time (Fig. 4.5) shows that
the pulse propagates locally with a constant group velocity. From the slope of the fitted straight
line, we find a group velocity vg of 1.67 ± 0.03 × 108 m/s.
The measured group and phase velocity can be compared to the values calculated by an eﬀective
index method. These calculations are based on measured refractive indices for the Si3 N4 and
SiO2 layers grown in our institute in the wavelength range from 600 – 1600 nm. The calculations use the locally measured width and height of the ridge of 1.15 ± 0.04 µm and 39 ± 3 nm,
respectively. The calculated eﬀective refractive indices neﬀ for the TE00 mode at the wavelength
range 600 – 1600 nm has been fitted by a quadratic function. The derivative of this function
at 1300 nm then gives a reasonable approximation to the group velocity vg = 1.56 × 108 m/s,
while the refractive index itself yields a phase velocity vφ = 1.95 × 108 m/s, both in reasonable
agreement with the measured values.

4.4

The eﬀect of dispersion

In the previous section we have demonstrated how we can locally measure the group and phase
velocity of a propagating ultrashort pulse. However, we must take into account that the temporal shape of a femtosecond optical pulse is altered while it propagates through a dispersive
sample. By “dispersive” in this context we mean any linear system in which the propagation
constant β(ω) as a function of frequency has any form other than a straight line through the
origin, i.e., β = ω/c. Here β(ω) represents the propagation characteristics of the guided mode
in the channel waveguide and can be written as a Taylor expansion about its value at ω0 with
the derivatives β  ≡ dβ/dω and β  ≡ d2 β/dω2 evaluated at ω = ω0 .
This β(ω), which defines the dispersion characteristics, is exactly the property we would like
to measure locally. Quite naturally we can write vg (ω0 ) ≡ 1/β  (ω0 ) and vφ ≡ ω0 /β(ω0 )
for the locally measured group and phase velocity respectively. In the following we will show
that also the group velocity dispersion (GVD) β  can be retrieved from our measurement by
developing an analytical model for the measurements performed with a time resolved PSTM.
As a result interesting and useful eﬀects, such as pulse compression, pulse spreading, and pulse
reshaping, become accessible in the local measurement.
Dispersive broadening of optical pulses is a well-studied subject found in text books. [24] Here,
we will discuss the eﬀects of dispersion to have a starting point for modelling the measurements
performed with a time resolved PSTM. The interferometric PSTM is modelled (see Fig. 4.6.)
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Figure 4.6: Mach-Zehnder model for the time resolved photon scanning tunneling microscope. The fiber length
diﬀerence ∆zfiber between the two arms is compensated by the air path length diﬀerence ∆zair . Heterodyne
detection is applied, using acousto-optic modulation of the light in the reference branch. The resulting interference signal is measured with a LIA and allows to extract the amplitude and phase of the local optical field: AO,
acousto-optic modulater; and LIA, lock-in amplifier.

as a heterodyne Mach-Zehnder interferometer consisting of two single mode fibers of unequal
length and an air path in one arm to compensate the unequal lengths while the photonic structure under study is present in the other path. In this, the photonic structure is a dispersive
element which can have dispersive properties diﬀerent from the single mode fibers. By incorporating the single mode fibers into the model we take into account that dispersive components
other than the sample are present in both the signal and reference branch.

4.4.1

Heterodyne detection

To begin, let us consider a Mach-Zehnder interferometer with heterodyne detection. The
input field Ẽ(t) is split by the beam splitter into the fields that travel through the two arms
of the interferometer. The field through the sample is designated Ẽs (z, t), and the delayed
field through the reference branch is called Ẽr (t − τ). In this the z-dependence is included
to represent the fact that the near-field probe is moving along the sample and thus includes
additional dispersive medium as a function of position, while τ represents the optical delay in
the reference branch in the usual fashion. We use a complex representation of the fields and
separate the two interfering pulses into their respective amplitude (A) and phase (B)

Ẽs (zs ,t) = As (zs ,t) exp(iBs (zs ,t)),
Ẽr (t , τ) = Ar (t,τ) exp(i∆ωt) exp(iBr (t,τ)),

(4.1)

where the term exp (i∆ωt) is introduced to account for the frequency shift in the reference
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branch due to the AO-modulators. At the output of the interferometer the interference of the
two fields is averaged over the response time Tresp of the detector

I(zs ,τ) ∝

Tresp
 /2

1
Tresp

[Ar 2 (t−τ) + As 2 (zs ,t)

−Tresp /2

(4.2)

+2Ar (t−τ)As (zs ,t) cos {Br (t−τ) − Bs (zs ,t) + ∆ωt}] dt.

We see that the local intensity on the detector will contain, in addition to the average intensities

|Ar |2 and |As |2 associated with the two beams separately, an interference term proportional to

the product of the amplitudes in the respective branches. To measure this interference term
the detected signal I(zs ,τ) is passed through a dual output lock-in amplifier, with a phase delay
of 90◦ between both outputs, using the AO-frequency shift of ∆ω as a reference. The phasevariation due to this frequency shift is very small compared to the response time of the detector,
in other words Tresp ∆ω  2π, so that ∆ω can be considered constant when evaluating the
integral. This, combined with the fact that for short pulses Tresp  τp holds, yields

∞

V1 (zs ,τ) ∝ 2Ar (t,τ)As (zs ,t) cos [Br (t,τ) − Bs (zs ,t)] dt,
−∞
∞


(4.3)

V2 (zs ,τ) ∝ 2Ar (t,τ)As (zs ,t) sin [Br (t,τ) − Bs (zs ,t)] dt,
−∞

for the two LIA-output signals. These two signals are used to extract both the amplitude and
the phase of the local optical field independently as will be discussed in section 4.4.3. Note
that although not explicitly stated above a train of pulses arrives on the detector during the
integration time of the lock-in amplifier, which as a whole generates the signal at a frequency
of ∆ω. As a result averaging takes place over many individual laser pulses which are assumed
to be identical.

4.4.2

Pulse propagation through a dispersive medium

We will analyze some of the eﬀects that can arise in pulse propagation through linear systems in
terms of Gaussian pulses. Such pulses are simple, mathematically tractable, and clearly exhibit
all the essential physical features. [24] We start with an optical pulse with a carrier frequency
ω0 and a complex Gaussian envelope written in the form





π
−(ω − ω0 )2
Ẽ0 (t) = exp −Γ̃0 t2 + iω0 t ⇔ Ẽ0 (ω) =
exp
,
Γ̃0
4Γ̃0
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where Γ̃0 = a − ib is related to the initial pulsewidth τp = [2 ln(2)/a]1/2 through the parameter
a while the parameter b is a measure for the frequency chirp on the pulse.
The eﬀect of dispersion is best described in the frequency domain to ensure that the total
spectral content of the pulse remains the same. The pulse intensities used in the experiment are
low enough to prevent nonlinear processes such as self-phase modulation. Eﬀects of frequencydependent gain or loss in the medium will be neglected in this analysis. As a result the spectral
content of the pulses does not change in either of the branches of the interferometer. The
output pulse spectrum Ẽ(ω) after propagating a distance z through a dispersive medium will
be the input spectrum Ẽ0 (ω) multiplied by the frequency dependent propagation constant
β(ω) through the system
Ẽ(z,ω) = Ẽ0 (ω) exp [−iβ(ω)z] .

(4.5)

Note that in our case diﬀerent dispersive media (sample and fiber) are present in the sample
arm of the interferometer. This can simply be included in the model by multiplying the original spectrum with the diﬀerent frequency-dependent propagation constants for the respective
media. The result is simply a summation over the diﬀerent propagation constants, which is not
explicitly written down in the following analysis.
In order to allow for an analytical calculation of the propagation eﬀects, the propagation constant β(ω) is written as a Taylor expansion about its value at ω0 . With this expansion the pulse
spectrum can be written as

Ẽ(z,ω) =





iβ z
1
exp −iβ(ω0 )z − iβ z(ω − ω0 ) −
+
(ω − ω0 )2 .
2
Γ̃0
4Γ̃0
π

(4.6)

The inverse Fourier transform of Eq. 4.6 describes the time evolution of the electric field of the
pulse as a function of the length of the dispersive medium. [24] We carry out this transformation
explicitly and obtain the output pulse after travelling an arbitrary distance z through a dispersive
medium

Ẽ(z,t) =

Γ̃ (z)
Γ̃0




2 

z
z
− Γ̃ (z) t −
exp iω0 t −
,
vφ
vg

(4.7)

where 1/Γ̃ (z) = 1/Γ̃0 + 2iβ z is an altered pulse propagation parameter. The output pulse is
still a Gaussian pulse, but with an altered pulse propagation parameter Γ̃ (z) at the output of
the system. From Eq. 4.7 it is clear that the carrier-frequency cycles within the pulse propagate
at the phase-velocity vφ , while the pulse envelope itself propagates at the group velocity vg
evaluated at the centre of the pulse spectrum. The pulse envelope changes in shape with distance
because of the GVD β  , which is basically a variation of group velocity with frequency.
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4.4.3

Analytical model of a time resolved PSTM

In this subsection we derive an analytical model for the use of coherent detection methods to
locally measure the time evolution of a short light pulse. In our experiment unchirped Fourier
limited pulses are coming from the laser, so that Γ̃0 ∈ R. To write the signal measured by
the lock in amplifier (Eq. 4.3) in terms of short laser pulses, we start the analysis by separating
Eq. 4.7 for a pulse propagating through a dispersive medium in its respective amplitude and
phase


2 
Γ0
z
1
Ẽ(z,t) = 4
exp −
t−
1 + (2β zΓ0 )2
vg
1 + (2β zΓ0 )2




2  (4.8)
i
z
z
2iβ  zΓ02

.
× exp
+
t−
arctan(−2β zΓ0 ) + iω0 t −
2
vφ
1 + (2β zΓ0 )2
vg

From this equation it can clearly be see that as a result of the GVD the pulse is broadened upon
propagation through the dispersive medium. In fact, the factor [1 + (2β zΓo )2 ]1/2 corresponds
to the broadening of the FWHM of pulses upon propagation through a dispersive medium.
The phase, i.e. the imaginary part in Eq. 4.8, contains a quadratic time dependence which
corresponds to a linear frequency chirp in the pulse due to the GVD. Note that in contrast to
Eq. 4.7 the above equation is only valid for Γ̃0 ∈ R as this simplifies the mathematics considerably, although Eq. 4.8 could as well be derived for a complex Γ0 this is not needed for our
unchirped input pulses.
By substituting the expression for a pulse propagating through a dispersive medium in Eq. 4.3
for the respective branches of the interferometer we obtain

∞


V1 (zs ,τ) ∝ A exp [−Γr (t −ξr )2 − Γs (t −ξs )2 ]
−∞

(4.9a)

× cos {Υ + κr Γr (t −ξr )2 + κs Γs (t −ξs )2 } dt,

where

κr = 2βr zr Γ0 ; κs = −2βs zs Γ0 ,
Γ0
Γ0
Γr =
; Γs =
,
1 + (κr )2
1 + (κs )2
Ar As 4
A= √
Γr Γs ,
Γ0
zr
zs
ξr = τ +
; ξs =
, and
vgr
vgs
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zr
zs
arctan(κr ) + arctan(κs )
Υ=−
− ω0 τ +
−
.
2
vφr vφs

Here, the A corresponds to an amplitude with Ar and As constants that correct for the diﬀerent
optical power density in the two branches, Γr , Γs to the real part of a modified pulse propagation
parameter, ξr , ξs to an optical path length, κr , κs to a GVD dependent parameter and Υ is
simply a time-independent variable in the optical phase. To interpret this mathematical result
we carry out the integration explicitly using the following standard integral, [25]

∞


exp [− (ax2 + 2bx+c)] cos(px2 + 2qx + r) dx

−∞

√



π
a(b2 −ac)−(aq2 − 2bpq+cp2 )
=√
exp
4
a2 +p2
a2 +p2


arctan (p/a) p(q2 −pr) − (b2 p− 2abq+a2 r)
−
[a > 0] .
× cos
2
a2 +p2

(4.10)

For the other channel of the LIA the cosine in Eq. 4.9a and Eq. 4.10 can simply be replaced
by sine. [25] For our purposes it is convenient to write this equation directly in terms of its
respective magnitude A and phase Φ in the following manner

A=

√


π
a(b2 −ac)−(aq2 − 2bpq+cp2 )
V1 (zs , τ)2 +V2 (zs , τ)2 = √
exp
,
4
a2 +p2
a2 +p2

(4.11)

and

Φ = arccos

 

arctan(p/a) p(q2 −pr)−(b2 p− 2abq+a2 r)
V1 (zs , τ)
=
−
,
A
2
a2 +p2

(4.12)

where the V1 (zs , τ), V2 (zs , τ) are the two LIA-output channels and show the relation with the
measured signals. Substituting

a = Γr + Γs , b = −Γr ξr − Γs ξs ,
c = Γr ξ2r + Γs ξ2s , p = Γr κr + Γs κs ,
2

2

q = −Γr ξr κr − Γs ξs κs , r = Γr ξr κr + Γs ξs κs + Υ.
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Figure 4.7: Calculated optical amplitude (Eq. 4.14) for our experimental setup for diﬀerent values of the group
velocity dispersion (GVD) in our system. The GVD parameter ranges from: 0 – 150 ps2 /km in steps of 25 ps2 /km.
Other experimental parameters used in this calculation are given in the text. A Gaussian pulse shape can be
observed, for which the FWHM strongly depends on the group velocity dispersion in the two branches of the
interferometer.

in Eq. 4.11 and Eq. 4.12 and some minor rewriting yields the expressions for the amplitude and
phase of the pulse as measured by the time resolved PSTM

A(zs , τ) =

Ar As
4

π/Γ0

4 + (κr + κs )2



exp


−2Γ0 (ξr − ξs )2
,
4 + (κr + κs )2

(4.14)

and

Φ(zs , τ) = Υ +


 

1
Γr κr + Γs κs
Γ0 (ξr − ξs )2 [κr + κs ]
−
,
arctan
2
2
Γr + Γs
4 + (κr + κs )

(4.15)

where the variables with the subscript s are the ones that change as a function of the position
of the probe. Note that the optical delay line is kept at a fixed position for each individual
measurement, so that τ is in fact constant.
With Eq. 4.14 we have an analytical expression for the measured pulse amplitude. It can be seen
that the measured length of the pulse (see Fig. 4.2) in the waveguide is influenced by both the
original pulse length as well as by the GVD in the two branches of the interferometer. To get
a more qualitative feeling for the influence of the GVD on the measured FWHM, we depicted
the optical amplitudes calculated by Eq. 4.14 for diﬀerent values of the GVD ranging from: 0 –
150 ps2 /km in Fig. 4.7. In this calculation the measured fiber-lengths in both branches, as given
earlier, were used as input. In Fig. 4.7 we see Gaussian pulse envelopes, for which the FWHM
increases as function of the amount of GVD in the system.
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Figure 4.8: The unbalance between the amount of dispersive media in the two branches of the interferometer
has a strong influence on the visibility of the fringe pattern as can be seen in this calculation. Depicted is the
calculated visibility of the fringe pattern as a function of ∆zfiber (see Fig. 4.6), using values of the GVD ranging
from: 0 – 300 ps2 /km. For optimal detection eﬃciency the dispersive media in the two branches should clearly be
balanced.
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Figure 4.9: Direct comparison between the measured (solid black line) and calculated (red line) optical amplitude. An excellent agreement is obtained for a GVD parameter of 72.4 ps2 /km as can be seen here. The
calculated phase (Eq. 4.15) neglecting the rapid oscillating term around ω0 for this GVD parameter shows that
a small chirp in the fringes is to be expected in the measurement. The right axis represents the amount of periods
changed due to the linear chirp. This expected chirp is small compared to the current nonlinearity in the probe
movement.
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From the resulting Gaussian shape we can conclude that the pulse shape is almost completely
determined by the exponent in Eq. 4.14. Therefore, we can write for the FWHM of the Gaussian pulse

τpulse (zs ) = vgs

ln 2 [4 + (κr + κs )2 ]
,
Γ0

(4.16)

measured along the propagation direction. From this expression it is clear that the measured
FWHM is given by the original pulse length corrected for the GVD in the two branches of
the interferometer. Note that the κr and κs as given by Eq. 4.9 are opposite in sign. So if
the optical fibers in the two branches are equal in length and have the same GVD, their eﬀect
on the measured FWHM of the amplitude and phase cancels, as is obvious from Eq. 4.14 and
Eq. 4.15. The term in front of the exponential in Eq. 4.14 is found to induce a slight asymmetry
in the Gaussian shape, only visible when very large values for the GVD are used as input for
the calculations. In the experimental setup, an additional inclusion of 300 µm equivalent to
the total scanrange in the sample branch yields a negligible reduction of the pre-factor of only
0.0395% for a GVD of 75 ps2 /km.
However, as can be seen in Fig. 4.7 the maximum visible amplitude of the pulses reduces as a
function of the GVD due to this pre-factor. To get a feeling for this dependence Fig. 4.8 shows
the calculated visibility of the fringe pattern for the fiber length diﬀerence between the two
branches using diﬀerent values of the GVD ranging from: 0 – 300 ps2 /km. The amplitude at the
center of the pulse when no dispersive medium is present in either of the two branches is defined
as 100% visibility. Plotted is the amplitude at the center of the pulse for diﬀerent amounts of
dispersive medium. It is clear that the stretching of the pulses in the two branches has a strong
influence on the visibility of the fringes. Note that an equal amount of dispersive medium in
both branches has no influence on the detected signal. For optimal detection eﬃciency the
dispersive media in the two branches should clearly be balanced.
As we are interested in the local optical properties of the photonic structure we started this
discussion with the fact that the photonic structure is present in the sample arm of the interferometer. The diﬀerent material contributions due to the β(ω) can simply be added as can
be seen from Eq. 4.5. So if the two fibers and other dispersive elements (excluding the sample
itself ) are equal in the two branches then the only remaining contribution due to the GVD
is from the sample itself. Therefore, the GVD of the structure under study can directly and
locally be determined from the locally measured amplitude and optical phase of the pulse. Even
if branches are not compensated (excluding the sample), a reference measurement without the
sample would yield the dispersion characteristics of the setup such that a direct fit using Eq. 4.14
would yield the local group velocity dispersion of the sample.

4.5

Discussion

In the experiment the 123 ± 3 fs pulse travels through dispersive fibers and other glass components in the two arms of the interferometer. In Eq. 4.16 we have seen that the FWHM of the
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pulse along the waveguide is determined by the diﬀerences between the two branches and the
original pulse length. In the experiment we have measured a FWMH along the propagation
direction of 66.8 µm (see Fig. 4.2c). Under the assumption of a homogeneous GVD in our
system given the diﬀerence in fiber length of ≈ 30 cm we can reproduce the measured results
with a GVD value of 72.4 ps2 /km. A direct comparison for the measured and calculated
pulse amplitude is given in Fig. 4.9 The black line in this graph shows the measured optical
amplitude through the heart of the waveguide given in Fig. 4.2c, while the red line represents
the calculated amplitude. It is clear that an excellent agreement is obtained between experiment and theory. The measured GVD-value is in the range expected for single mode fibers
for infrared wavelengths, although the value appears to be high as typical values are smaller
then 20 ps2 /km. [26] This high value could be explained by the fact that also other optical
components with unknown dispersion characteristics are presents in both branches.
As a result of the GVD the pulses in the reference and sample branch have been stretched
considerably. The calculated value for the GVD shows that the nearly Fourier limited 123 ± 3
fs laser pulses have lengthened to a 1144 fs signal pulse and a 640 fs reference pulse by the
time they interfere with each other in the fiber coupler of the interferometric PSTM. The
stretching of the pulses has a large influence on the visibility of the signal as demonstrated by
Fig. 4.8. In the experiment the pulses propagate through 69.7 ± 0.5 cm and 38.5 ± 0.5 cm of
dispersive fibers and other glass components in the two branches, respectively. Based on the
theoretical model the visibility in the experiment was therefore reduced to about 65 % at the
time of measurements. Balancing the dispersive media in the two branches will clearly lead to
an increase of the visibility.
Until now we have mostly discussed the measured amplitude of the pulses. However, our
detection scheme is fully interferometric, so information about both amplitude and optical
phase is obtained. As demonstrated, the distance between the fringes is a direct measure for
the local wavelength and therefore yields the phase velocity. The expression (Eq. 4.15) for
the optical phase of the pulse, however, contains a quadratic term corresponding to a linear
frequency chirp in the pulse. In fig. 4.9 we also plotted the calculated phase (Eq. 4.15) divided
by 2π while neglecting the rapid oscillating term around ω0 from the Υ (see Eq. 4.9). The total
phase change within the pulse duration for the experimental configuration is roughly 0.1 periods
over the measured FWHM of 66.8 µm which corresponds to 77 periods of the optical field. In
other words, the periodicity in the center of the pulse with respect to the wings would diﬀer
by only 2 – 4 nm. To directly measure the linear chirp on the optical pulse a small diﬀerence
of 0.1 – 0.3% in the periodicity must be resolved. In principle such small diﬀerences can be
directly measured, however a highly linear scan-system is required. At this stage the linearity of
the probe movement in our setup, which has a position feedback system to compensate for the
nonlinearity of the piezoelectric scanner, is of the same order of magnitude (less than 0.2%).
It is tempting to consider the information obtained by the time resolved measurements performed in this paper as a conventional cross-correlation of the optical fields in the reference
branch and the photonic structure, similar to earlier work using phase sensitive time-resolved
interferometry. [1, 15] However, this notion is too simplistic. The pulse envelope in the waveguide propagates at a speed diﬀerent from the phase information and therefore the position
on the photonic structure cannot be translated to a single time delay τ for the cross-correlation
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function. This in contrast to pulse propagation in air for which both the group and phase velocity are the same. The diﬀerence between moving the probe or the optical delay can also be seen
in the theoretical model in Eq. 4.14 and Eq. 4.15. A movement of the probe movement leads to
an increase of κs . However, by moving only the optical delay line κr will remain constant as no
additional dispersion is included as a function of the movement. This clearly demonstrates the
eﬀect of including additional dispersive medium on the measured optical signal as a function of
the probe movement with respect to the measurements performed by moving the optical delay
line in air i.e. changing τ as in conventional phase sensitive time-resolved interferometry.

4.6

Conclusion

In conclusion, the propagation in time of a nearly Fourier limited laser pulse propagating
through a channel waveguide has been visualized by an interferometric PSTM. The local amplitude and phase of the pulse have been retrieved so that both the phase and group velocity
could be measured locally. The observed length of the measured pulse envelope is explained
by comparison with a analytical model derived in this paper. The observed FWHM of the
measured pulse shape can be attributed to the group velocity dispersion in the fibers which are
unequal in length for the two branches of the interferometer.
The model shows that by balancing the amount of dispersive medium in the two branches
of the interferometer it becomes possible to locally measure the GVD of the structure under
study. Even if branches are not compensated, a reference measurement makes it possible to
measure group velocity dispersion locally in a sample. As a result interesting and useful eﬀects,
such as pulse compression, pulse spreading, and pulse reshaping, become accessible in the local
measurement.
It is expected that the time resolved interferometric PSTM will in the near future be used for the
local experimental investigation of predicted physical phenomena inside (non)linear dispersive
media, like integrated waveguide structures and photonic crystals.
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5

Phase mapping of ultrashort pulses in
bi-modal photonic structures
The amplitude and phase evolution of ultrashort pulses in a bimodal waveguide structure has
been studied with a time-resolved photon scanning tunnelling microscope. When waveguide
modes overlap in time intriguing phase patterns are observed. Phase singularities, arising from
interference between diﬀerent modes, are normally expected at equidistant intervals determined
by the diﬀerence in eﬀective index for the two modes. However, in the pulsed experiments the
distance between individual singularities is found to change not only within one measurement
frame, but even depends strongly on the reference time. To understand this observation it is
necessary to take into account that the actual pulses generating the interference signal change
shape upon propagation through a dispersive medium. This implies that the spatial distribution
of phase singularities contains direct information on local dispersion characteristics. At the
same time also the mode profiles, wave vectors, pulse lengths, and group velocities of all excited
modes in the waveguide are directly measured. The combination of these parameters with an
analytical model for the time-resolved PSTM measurements shows that the unique spatial phase
information indeed gives a direct measure for the group velocity dispersion of individual modes.
As a result interesting and useful eﬀects, such as pulse compression, pulse spreading, and pulse
reshaping become accessible in a local measurement.

5.1

Introduction

Dispersion is the phenomenon that the refractive index of a medium varies with frequency. [1]
Vacuum exhibits no dispersion, so that the phase velocity and the group velocity of a wavepacket
centered at frequency ω are both constant and equal to c. In all other optical media, the
presence of resonances modifies this dispersion relation so that the phase and group velocities
are diﬀerent, even in regions far away from resonance. [2] An important consequence is that
both velocities are functions of frequency, having the eﬀect that a short optical pulse changes
shape as it propagates. [2, 3]
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Besides the material properties, dispersion is also influenced by interference of waves in periodic
and waveguiding structures. As the dispersion depends on the periodicity in the structure it can
therefore be tuned over a wide range, including regions of negative dispersion. [2] Recently,
photonic crystals (PhCs) have shown that the dispersion relation itself can be engineered in
a unique fashion. [4] PhCs are periodic optical structures on the length scale of the electromagnetic wavelength aimed at controlling the generation and propagation of light. [5] PhCs
are extremely attractive for integrated optical circuits as diﬀerent functionalities can simply be
introduced by modifying the local symmetry and geometry of the PhC lattice. [6] This corresponds to a modification of the photon dispersion relation and ultimately leads to tailoring of
group velocity dispersion (GVD), photonic band gaps and localized states.
Direct determination of the GVD of an optical pulse propagating in a PhC device is crucial to
the demonstration of useful dispersive properties of PhC devices. So far, many investigations
on dynamical eﬀects in (non)linear dispersive media are based on numerical simulations. [7–10]
However, experimental verification of the dispersive properties of PhCs is still a diﬃcult and
demanding issue. Several groups have indirectly extracted the dispersive properties from the
phase of Fabry-Perot oscillations between a PhC section and sample facets (which are superimposed on emission spectra from their samples). [11–13] Time-resolved experiments have been
reported which give insight into the group velocity upon propagation through 2D photonic
crystal waveguides either by optical Kerr gating, [14] or by a cross-correlation method [15].
These methods however integrate all the pulse propagation eﬀects accumulated along the entire
structure. If a structure has spatially varying optical properties, only averaged information is
obtained. By cutting slices from the medium (“cut-back” method), it becomes possible to study
aspects of the internal pulse development [16]; yet this method is destructive and it is obvious
that a photonic structure as a PhC can not be arbitrarily changed in length without aﬀecting
its properties. Furthermore, if a disagreement is found between experiment and theory it may
be hard to find the underlying cause for the discrepancy. To overcome these drawbacks and
obtain full local information on pulse propagation throughout a medium, local time-resolved
measurements are crucial.
In the last years, near-field scanning optical microscopy (NSOM) has proven to be a powerful method to analyze local electromagnetic field distributions in fabricated nanophotonic
structures. [17–23] It has been demonstrated that the combination of NSOM with coherent
methods yields the amplitude and phase distribution of the optical field locally inside the structure. [24–28] Extension of this approach towards femtosecond pulses enables the observation of
dynamical eﬀects directly inside a photonic structure as we recently have demonstrated. [29,30]
Here, we report on the nondestructive visualization of pulses as they propagate through bimodal photonic structures at infrared wavelengths. Unlike most measurements which reconstruct the group velocity from interferometric measurement, we directly measure the phase and
group velocity for individual modes locally inside the waveguide. When the waveguide modes
overlap in time, unexpected phase patterns are observed. Phase singularities were expected at
equidistant intervals determined by the diﬀerence in eﬀective index for the two modes. However, we observe that the distance between individual singularities not only changes within one
measurement frame, but also depends strongly on the reference time. It is necessary to take into
account the fact that the actual pulses generating the interference signal are no longer Fourier
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Figure 5.1: (Color) Schematic representation of a pulse tracking experiment. The evanescent field of the pulse
travelling inside a waveguide is picked up by a fiber probe with subwavelength dimensions. The photon tunnelling signal picked up by the probe is interferometrically mixed with part of the same pulse that has propagated
through the reference branch. The length of the reference branch, and thus the time that it takes the reference
pulse to travel through this branch, is controlled by an optical delay line. Each subsequent measurement shown
in this paper is obtained by raster scanning the optical probe across the photonic structure while the height above
the structure (<10 nm) is kept constant by a feedback mechanism. The simultaneous measurement of optics and
topography makes it possible to directly relate optical information to the structural properties.

limited due to changes in shape resulting from propagation through the dispersive media. Consequently, it is expected that the location of phase singularities yields direct information on the
local dispersion characteristics. In the following, we will show how the spatial distribution of
phase singularities allows the retrieval of the GVD for the individual modes by means of an analytical model of the time-resolved PSTM measurements. [30] With this method propagation
eﬀects, such as pulse compression, pulse spreading, and pulse reshaping become accessible in a
local measurement.

5.2

Experimental aspects

Near-field optics provides a powerful method to circumvent the diﬀraction limit. [31] Instead of
imaging with a system of lenses, a glass fiber with a subwavelength sized end facet can be used to
probe the light fields close to a sample surface. By making the distance between fiber probe and
sample much smaller then the wavelength of light (typically < 10 nm), non-propagating light
fields that are bound to the sample surface can be detected as schematically depicted in Fig. 5.1.
These “evanescent” fields decay in magnitude within a fraction of the wavelength when moving
away from the surface, and carry information about sample features smaller than the value set
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by the diﬀraction limit. Owing to their non-propagating character, evanescent fields can only
be detected by a local probe immersed into the near-field of the sample. [32] The evanescent
field is locally converted into a propagating wave, which is coupled into the fiber probe, guided
through the fiber and subsequently detected. The corresponding experimental device is called a
near-field optical microscope in collection mode, hereafter called a photon scanning tunnelling
microscope (PSTM).
Interferometric detection of the optical signal from the fiber probe provides an additional source
of information by providing access to both the amplitude and phase of the probed field. [24,
27, 28] The photon tunnelling signal picked up by the near-field probe at each position on
the sample surface is interferometrically mixed with light split from the same laser source that
has propagated along the reference branch of the setup (Fig. 5.1). Heterodyne detection of
the interference signal, established by acousto-optical modulation in the reference branch, then
enables a separation of amplitude and phase information by a dual-output lock-in amplifier
(LIA). [27] As the phase and time information of the evanescent field, at each position on
the sample, is the same as that of the propagating wave we obtain direct information on the
propagating light field.
To visualize dynamic eﬀects, we launch femtosecond pulses (λ = 1300 ± 2 nm), generated
by a Ti:sapphire-pumped optical parametric oscillator (Spectra-Physics Opal), into our model
system. The arrival time (12.5 ns) between subsequent laser pulses is long enough so that the
pulse picked up by the probe can only interfere with part of the same laser pulse that has
propagated along the reference branch. The pulse duration of the input field Ẽ(t) is measured
by a conventional background free intensity autocorrelation technique and yields a FWHM of
the pulse amplitude of 123 ± 3 fs. [3] Note that when using ultrashort pulses optical interference
will only occur when temporal overlap exists between the pulse in the signal and the pulse in
the reference branch at the point where the branches are brought together. An optical delay line
in the reference branch completes the pulse tracking setup. Basically the position of the optical
delay line determines the length of the reference branch and thus defines a reference time for
the measurement. More details regarding the experimental setup can be found elsewhere. [30]
As a model system for our measurements we have used a Si3 N4 planar channel waveguide
fabricated in a Si3 N4 /SiO2 layer system on a Si substrate. The experimentally determined
slab-thickness, width and height of the structure are 170 ± 5 nm, 3.1 ± 0.1 µm and 39 ± 3
nm, respectively. Linearly polarized light has been coupled into the channel waveguide with a
polarization parallel to the sample plane, such that the TE00 and TE01 mode are excited. These
are the only two TE polarized modi supported by the waveguide for the measured waveguide
parameters, as determined by an eﬀective index method. The TM polarized mode, which is
in principle supported by the waveguide, is not excited. All measurements are performed at a
distance of 12 ± 0.5 mm away from the incoupling facet. All data collection has been performed
by raster scanning an uncoated fiber probe while keeping the probe-sample distance constant
with the fast axis along the waveguide channel (line frequency = 0.098 Hz), with a fixed position
of the optical delay line in the reference branch for each image.
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Figure 5.2: (Color) A time resolved heterodyne interference PSTM measurement on a bi-modal Si3 N4 channel waveguide for a fixed position of the optical delay (image
size: 253.8 µm×10.2 µm). Linear polarized light has been coupled in the waveguide such that only the TE00 and TE01 mode are excited. (a) The topography of the
waveguide. The measured height and width of the waveguide are 39 ± 3 nm, and 3.1 ± 0.1 µm. The slab thickness is determined to be 170 ± 5 nm. (b) The optical
amplitude of the pulse while propagating through the waveguide as derived from the measured LIA signal as a function of the lateral position in the plane of the sample. It
is apparent that the amplitude is confined to the waveguide. A clear beating pattern due to multiple propagating modes is observed at the right side of the image (c) The
corresponding cos Φ of the optical interference. The red dotted line depicts the center of the waveguide. As a result of the beating between diﬀerent modes phase singularities
occur at the position of zero amplitude. These singularities consist of pairs with opposite topological charge (indicated by arrows). It is striking to observe that the distance
between the singularities is not constant, in sharp contrast to measurements performed with CW laser sources. (d) The optical amplitude of the TE00 as retrieved from the
LIA data through Fourier filtering. (e) Optical amplitude of the TE01 mode. We observe that the TE01 is clearly in front of the TE00 mode, which demonstrates that the
TE01 mode travels faster in the waveguide structure.
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5.3

Pulse tracking in a bi-modal waveguide

A local time resolved heterodyne interference measurement on a bi-modal waveguide is presented in Fig. 5.2 for a fixed position of the optical delay line. Fig. 5.2a shows the topography,
which is collected simultaneously with the optical information. The detected LIA signal is proportional to the measured optical amplitude (A) times the cosine of the phase of the optical
interference signal (cos Φ). From this measurement the optical amplitude and the cosine of the
phase of the optical signal can be separated, as presented in Fig. 5.2b and 5.2c respectively. [27]
The amplitude in Fig. 5.2b shows a roughly Gaussian shape with a clear spatial beating pattern
at the pulse front. The appearance of this beating is easily explained by the fact that the TE00
and TE01 modes have diﬀerent propagation constants leading to a spatial mode beat. A Fourier
transform of the A cos Φ signal along the waveguide, as given in Fig. 3a, reveals a periodicity
of the fringes of 858 ± 3 nm and 875 ± 5 nm corresponding to the TE00 and TE01 mode,
respectively. These measured wavelengths inside the structure immediately yield the phase
velocity of the light in the waveguide and thus the eﬀective indices of refraction. In this way we
obtain eﬀective indices of 1.52 ± 0.02 and 1.49 ± 0.03 for the TE00 and TE01 mode, respectively.
These values are in reasonable agreement with the calculated values of 1.56 and 1.53. The slight
diﬀerence in accuracy between the experimental values results from the large diﬀerence in the
amplitudes of the TE00 and TE01 modes.
In the optical amplitude in Fig. 5.2b it is visible that the beating pattern occurs only towards
the right side of the image. An inverse Fourier transform of the relevant peaks of the Fourier
spectra for the individual modes yields the amplitude for the TE00 and TE01 mode as given in
Fig. 5.2d and 5.2e, respectively. We observe that the TE01 mode is in front of the TE00 mode.
This separation results from the fact that diﬀerent modes in a photonic structure have diﬀerent
group velocities. The origin of the fact that the TE01 is found to have a larger group velocity
can be found in the fact that this mode is further extended into the air and therefore has a lower
group velocity.
From the Fourier filtered amplitudes presented in Fig. 5.2d and 5.2e we can directly retrieve the
mode profiles, as depicted in Fig. 5.3b. Fig. 5.3c shows the simultaneously obtained topography
information along such a cross-section. The arrows in Fig. 5.3b. indicate the FWHM for the
individual mode profiles, which are 2.08 ± 0.07 µm and 4.00 ± 0.12 µm for the TE00 and
TE01 mode, respectively. The maximum amplitude of the TE00 mode is 11.8 ± 0.5 times higher
than the amplitude of the TE01 mode. Furthermore, a line-trace along the waveguide for the
individual modes shows the shape of the pulses, as depicted in Fig. 5.2d. Fitting a Gaussian
distribution, as shown by the black and red line, yields a pulse length as 58.9 ± 0.6 µm and
70.6 ± 7.1 µm, for the TE00 and TE01 mode respectively. Obtaining an accurate fit for the
TE01 mode for this specific measurement is diﬃcult due to the relatively low optical amplitude
of this signal that results in a relatively low signal to noise ratio. Nevertheless, the presented
Fourier filtered amplitude data clearly demonstrates that all relevant parameters for the optical
amplitude of an individual mode can still be retrieved.
In Fig. 5.4b-j the measured optical amplitudes on the waveguide depicted in Fig. 5.4a are shown
for nine subsequent measurements with increasing reference times. Between each measurement,
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Figure 5.3: (Color) (a) A Fourier transform of the A cos Φ signal along the waveguide. The positions of the
maxima immediately yields the phase velocity for the respective modes and hence the eﬀective indices of 1.52±0.02
and 1.49 ± 0.03 for the TE00 and TE01 mode, respectively. Note that the TE01 is very weak compared to the
TE00 mode. (b) The mode profile for each individual mode measured by taking a cross-section through the
waveguide at the maximum amplitude of the individual modes in Fig. 5.2d and 5.2e, respectively. (c) The
simultaneously acquired topography along such a cross-section. (d) A line trace along the waveguide which shows
the pulse shape for the respective modes. The FWHM of the pulse profile is determined by the GVD in both the
signal and reference branch. Fitting a Gaussian line shape (black and red line) for the respective modes therefore
allows a retrieval of the diﬀerence in GVD between the two modes.

the reference time is shifted 200±2 fs by lengthening the reference branch by 60.0±0.6 µm. For
each reference time a similar pattern as in Fig. 5.2b is found, but further along the waveguide.
Note that the beating between the two modi prevents to pinpoint the position of the individual
pulses directly in these images. [29, 30] However, by applying a Fourier filter to the raw data
for the entire time sequence, we can separate the contribution of the TE00 mode in time as
depicted in Fig. 5.5. The linear dependence of the position of the pulse in the waveguide as a
function of the reference time yields a group-velocity of 1.46 ± 0.04 × 108 m/s.
A similar approach for the TE01 yields a lower group-velocity than for the TE00 mode, which
is obviously not correct. It turns out that the reduced spatial resolution used to obtain the
time sequence results in a reduced spectral separation of the modes. As a result a large part of
the TE00 mode is mixed in the TE01 amplitude, which makes the determination of the group
velocity for the TE01 mode inaccurate. However, we know that upon propagation of 12 ± 0.5
mm through the waveguide the modes are separated only by 83 ± 5 µm. As a result we have
a direct measure for the ∆vg between the two modes. Therefore the average group-velocity
for the TE01 mode is estimated to be 1.47 ± 0.04 m/s. Note, however, that this value is an
averaged value for the whole waveguide from incoupling to the pulse position and not a locally
determined velocity.
The observed beating pattern as is visible in fig. 5.2b leads to several interesting eﬀects. For
example, a closer look at the optical phase presented in Fig. 5.2c reveals phase singularities at
positions where the field amplitude vanishes in fig. 5.2b, as indicated by the arrows in Fig. 5.2c.
The vanishing optical amplitude at these positions is a direct result of the interference between
the TE00 and TE01 mode in the waveguide. At positions with equal amplitude, but opposite
phase, these two modes give rise to destructive interference explaining the appearance of the
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Figure 5.4: (Color) Pulse tracking experiment for diﬀerent reference times. Linear polarized light has been
coupled in the waveguide to excite the TE00 and TE01 mode. (a) The simultaneously measured topography.
(image size: 253.8 µm×10.2 µm). (b through j) The optical field amplitude as measured by the instrument for
nine diﬀerent positions of the optical delay line. From (b) through (j) the optical path length of the reference
branch is increased in steps of 60 ± 0.6µm. This results in steps of the reference time of 200 ± 2 fs. For each
frame a similar pattern as in Fig. 2b is found, but further along the waveguide. Note that the occurrence of a
beating between the modes prevents to directly pinpoint the position of the individual pulses in these images.

singularities. [25] Singularities with a topological charge of +1 are observed on one side of the
red dotted line in Fig. 5.2c, while at the other side a charge of -1 is found. Note that the
assignment of the sign of the topological charge for this geometry is arbitrary, but it needs to
be opposite for singularities that are each others mirror image. As the two interfering modes
consist of a two-dimensional Gaussian distribution, it is easily understood why the singularities
move towards the center of the waveguide as indicated by the red dotted line in fig. 5.2c. This
is schematically illustrated in Fig. 5.6a by depicting the amplitude of both a TE00 and TE01
mode in an isoline representation. Positions where the amplitude of both modes is equal are
indicated by the red lines which clearly move towards the center of the waveguide. The first
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Figure 5.5: (Color) The optical amplitude for the TE00 mode as derived by applying a Fourier filter on the raw
data of Fig. 5.4d through 5.4j. This result shows that the position of the TE00 pulse at a reference time can be
pinpointed in space. The pulses can be seen to propagate through the structure as a function of time giving a
direct local measurement of the group velocity for this mode. By determining the “centre-of-mass” for each frame
a local value of the group velocity vg for the pulse of 1.46 ± 0.04 × 108 m/s is found.

requirement for singularities is that they only occur at location of equal amplitude. As a result
the singularities clearly move towards the center of the waveguide.
The other requirement for a singularity is that the interfering waves have opposite phase. This
is schematically illustrated for a Fourier limited pulse, which has a single carrier wavelength in
Fig. 5.6b. Depicted are lines where the phase for the modes is 0 (solid lines) and π (dotted
lines). Green is used for the TE00 mode, while blue represents the TE01 mode which has a
longer wavelength. Note that at the center of the waveguide, depicted by the black line, a
phase jump of π occurs for the TE01 . At regular intervals the dotted and solid lines for the
respective modes coincide, as indicated by the depicted arrows, representing lines of opposite
phase. By depicting schematically the red line from Fig. 5.6a for locations of equal amplitude in
this figure, we see that the crosses define a location where both requirements for the occurrence
of a phase singularity are met. It is important to realize that in discussing the phase singularities
the amplitude and phase information can be considered separately. Along a line of opposite
phase we just have to look for a location where the amplitudes are equal.
Based on the explanation given in Fig. 5.6 the phase singularities might be expected at equidistant intervals determined by the diﬀerence in eﬀective index for the two modes. It is therefore
striking to observe that the distance between individual singularities is not constant in the measured data as can be seen in Fig. 5.2c. This is shown in more detail in Fig. 5.7, were the distance
between subsequent phase singularities is plotted as a function of the reference time. In this
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Figure 5.6: (Color) (a) Schematic drawing of the amplitude of both a TE00 and TE01 mode in an isoline
representation. Positions where the amplitude for both modes is equal are indicated by the red lines. Singularities
can only occur at locations where the amplitude is equal. Therefore it is clear that singularities move to the center
of the waveguide. (b) For a Fourier limited pulse the two interfering modes consist of two discrete periods. Green
is used for the TE00 mode, while blue represents the TE01 mode which has a longer wavelength. Depicted
are lines where the phase for the modes is 0 (solid lines) and π (dotted lines). Note that at the center of the
waveguide, depicted by the black line, a phase jump of π occurs for the TE01 mode. At regular intervals the
dotted and solid lines for the respective modes coincide, as indicated by the depicted arrows, representing lines of
opposite phase. Depicting the red line for locations of equal absolute amplitude shows that a phase singularity
will occur at the locations indicated by the crosses. Note that the phase singularities occur at equidistant intervals
when the phase diﬀerence ∆Φ between the modi is equal to π.

graph, the letter assignment corresponds to the images presented in Fig. 5.4. On the horizontal axis the number of a singularity is plotted. In this the first singularity visible in Fig. 5.4b,
as indicated by the arrow, is used as the reference point and numbered as one. Note that for
subsequent singularities the phase diﬀerence between the two modi increases or decreases by π.
Based on the measured center wavelengths of 858 ± 3 nm and 875 ± 5 nm for the TE00 and
TE01 a phase singularity separation of 22 µm is therefore expected. Clearly, separations that
are both longer and shorter than 22 µm are observed in the measurement. From Fig. 5.7 it is
clear that the distance between individual singularities not only changes within one measurement frame, but also depends strongly on the reference time. These eﬀects are in sharp contrast
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Figure 5.7: (Color) Measured distance between subsequent phase singularities as a function of reference time.
The horizontal axis depicts the number of a singularity, which corresponds to an eﬀective phase diﬀerence
between the two modi of π as illustrated in Fig. 5.6b. The first singularity visible in Fig. 5.4b (see arrow), is used
as the reference point and numbered as one. Subsequent measurements are lettered corresponding to the frames
used in Fig. 5.4. It is striking to observe that the distance between individual singularities varies within one
measurement frame in sharp contrast with the expectation put forward in Fig. 5.6. Furthermore, this separation
between singularities also shows a dependence on the reference time.

with results obtained for continuous wavelength sources where these distances are only determined by the eﬀective wavelengths of the modi and therefore constant. [25] The diﬀerence is
directly related to the observation of the propagation of ultrashort pulses with a resulting finite
bandwidth. Pulses experience group velocity dispersion (GVD) upon propagation through a
dispersive medium which is the origin of this observation.

5.4

The eﬀect of dispersion

To understand the observed beating patterns we have to account for pulses with a finite bandwidth. In the case of a Fourier limited pulse only the central wavelength would contribute to
the interference. As a result regularly spaced singularities would be observed which is clearly not
the case. We need to take into account the fact that the actual pulses generating the interference
signal are no longer Fourier limited due to changes in shape resulting from propagation through
a dispersive medium. Consequently, it might be expected that the measurement of the phase
singularities yields direct information on the local dispersion characteristics. In the following,
we will show how this allows the retrieval of the GVD for the individual modes by means of a
refinement of our analytical model of the time-resolved PSTM measurements. [30]
The standard way in which dispersion is measured is via interferometry. [3] In interferometry,
the “dispersive” system of which the dispersion is to be measured is placed in one arm of the
interferometer exactly as in the time resolved experiments presented in this paper. By “dispersive” in this context we mean any linear system in which the propagation constant β(ω) is a
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function of frequency. It is assumed that the dispersive eﬀects are adequately described in terms
of phase and group velocity and the group velocity dispersion. Therefore β(ω) is written as
a second order Taylor expansion about its value at ω0 with the derivatives β  ≡ dβ/dω and
β  ≡ d2 β/dω2 evaluated at ω = ω0 .
This β(ω), which defines the dispersion characteristics for a mode, is exactly the property
we would like to measure locally. Quite naturally we can write vg (ω0 ) ≡ 1/β  (ω0 ) and
vφ ≡ ω0 /β(ω0 ) for the locally measured group and phase velocity, respectively. We recently
published an analytical model to interpret the results obtained with a time-resolved PSTM
in the case of single mode propagation. [30] By extending this model we will show how the
diﬀerent GVD of the individual modes can be retrieved from the observed beating pattern.
A Gaussian light pulse after travelling an arbitrary distance z through a dispersive medium can
be written as [3, 30]

Ẽ(z,t) =

Γ̃ (z)
Γ̃0




2 

z
z
− Γ̃ (z) t −
exp iω0 t −
,
vφ
vg

(5.1)

where the pulse propagation parameter Γ̃ = a − ib is related to the pulse width through the
parameter a, while the parameter b is a measure for the frequency chirp on the pulse. The input
pulse parameter Γ̃0 is related to the initial pulse duration τp = [2 ln(2)/a]1/2 . Upon propagation
through a dispersive medium of length z the output pulse is still a Gaussian pulse, but the pulse
propagation parameter Γ (z) is changed as 1/Γ̃ (z) = 1/Γ̃0 + 2iβ z due to the GVD. From Eq. 5.1
it is clear that the carrier-frequency within the pulse propagates at the phase-velocity vφ , while
the pulse envelope itself propagates at the group velocity vg evaluated at the centre of the pulse
spectrum. The pulse envelope changes in shape with distance and develops a chirp due to the
GVD.
The time-resolved PSTM is considered as a Mach-Zehnder type interferometer with heterodyne detection as schematically shown in fig. 5.8. The input field Ẽ(t), assuming an unchirped
input pulse (Γ̃0 ∈ R), is split by the beam splitter into fields that travel through the two arms
of the interferometer. The field through the sample is designated Ẽs (z, t), and the delayed field
through the reference branch is called Ẽr (t − τ). The z-dependence is explicitly included to
represent the fact that the near-field probe is moving along the sample and thus includes additional dispersive medium as a function of position, while τ represents the optical delay through
air in the reference branch in the usual fashion. Note that the inclusion of additional dispersive
medium as a function of the probe movement is the crucial diﬀerence with conventional phase
sensitive time-resolved interferometry where the delay line moves in vacuum. [3, 33, 34]
By using Eq. 5.1 for a pulse propagating through the dispersive media in the respective branches
of the interferometer, we obtained for the measured LIA signal [30]
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Figure 5.8: Mach-Zehnder model for the time resolved photon scanning tunneling microscope. The fiber length
diﬀerence ∆zfiber between the two arms is compensated by the air path length diﬀerence ∆zair . Heterodyne
detection is applied, using acousto-optic modulation of the light in the reference branch. The resulting interference signal is measured with a LIA and allows to extract the amplitude and phase of the local optical field: AO,
acousto-optic modulater; and LIA, lock-in amplifier.

∞

V1 (zs ,τ) ∝ A exp [−Γr (t−ξr )2 −Γs (t−ξs )2 ] cos {Υn +κr Γr (t−ξr )2 +κs Γs (t−ξs )2 } dt,
−∞

(5.2a)

where

κr = 2βr zr Γ0 ; κs = −2βs zs Γ0 ,
Γ0
Γ0
Γr =
; Γs =
,
1 + (κr )2
1 + (κs )2
Ar As 4
A= √
Γr Γs ,
Γ0
zr
zs
ξr = τ +
; ξs =
,
vgr
vgs

(5.2b)

and

Υ=−



zr
zs
arctan(κr ) + arctan(κs )
− ω0 τ +
−
.
2
vφr vφs
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Here, the A corresponds to an amplitude with Ai constants that are proportional to the different optical power density in the two branches, Γi corresponds to the real part of a modified
pulse propagation parameter, ξi represents an optical path length, κi is a GVD dependent parameters and Υ is simply a time-independent variable in the optical phase. Where the subscript
i denotes the reference and signal branches, respectively. The zi represents the total length of
dispersive medium in either branch.
In our case diﬀerent dispersive media are present in the respective branches of the interferometer. Although not written down explicitly, this is included in the model by multiplying the
original spectrum with the diﬀerent frequency dependent propagation constants for the respective media. The result is simply a summation over the diﬀerent propagation constants. By
solving integral equation 5.2a, we obtain the following expressions for the amplitude and phase
of the interference signal as it is measured by the time-resolved PSTM, [30]

A(zs , τ) =


−2Γ0 (ξr − ξs )2
exp
,
4 + (κr + κs )2
4 + (κr + κs )2

Ar As
4

π/Γ0



(5.3)

and

Φ(zs , τ) = Υ +


 

Γr κr + Γs κs
Γ0 (ξr − ξs )2 [κr + κs ]
1
,
−
arctan
2
Γr + Γs
4 + (κr + κs )2

(5.4)

where the variables with the subscript s are the ones that change as a function of the position
of the probe. In the experiment only zs and τ are varied. However the optical delay line is kept
at a fixed position for each individual measurement, so that τ is in fact constant (both ξr and
Υ depend on τ).
With Eqs. 5.3 and 5.4, we have analytical expressions for both the measured pulse phase and
amplitude as a function of position for the case of single mode behavior. For the case of multimode devices the present model has to be extended to incorporate multi-mode propagation to
fully understand the results measured with the time-resolved PSTM. This is done by replacing
the electromagnetic field in the sample branch Ẽs (t) by a summation over independent orthogonal modes. It is then straightforward to show that the integral in Eq. 5.2a is transformed
into

V1 (zs ,τ) ∝ Ar

∞
 n=N


−∞ n=0

Asn
√
Γ0

4

Γr Γsn exp [−Γr (t −ξr )2 − Γsn (t −ξsn )2 ]
2

(5.5)
2

× cos {Υn + κr Γr (t −ξr ) + κsn Γsn (t −ξsn ) } dt,
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Here, the n represents the mode number while N defines the total number of modes present.
The variables with the subscript sn are defined corresponding to the definitions in Eq. 5.2 for
each individual mode separately. The single integral in Eq. 5.2a is replaced by an integration
over a sum of orthogonal modes. As integrating is a linear operation the sequence of integrating
and summation can be interchanged for the typically continuous functions representing electrical fields. Therefore, we can solve the integral for each individual mode and subsequently
perform a coherent summation over all solutions. In other words: we can use the equations
for the amplitude and optical phase as given in Eqs. 5.3 and 5.4 for each individual mode. A
coherent summation over the solutions for all modes present in the photonic structure using
these equations will subsequently give the solution for the resulting optical amplitude and phase
as observed by the time-resolved PSTM.

5.5

Retrieval of the GVD for individual modes in bi-modal structures

In this section we will use the presented analytical model to show how the local GVD for
individual modes can be retrieved from the experimental data. In the experiment the photontunnelling signal and the reference signal recombine in a 50/50 fiber coupler after propagating
through diﬀerent lengths of single mode fibers and other bulk optical glass components. The
pulse in the signal branch travels 12 ± 0.5 mm through the sample and 68.5 ± 0.5 cm through
dispersive fibers and other glass components, and 23.5 ± 0.2 cm through air. For the reference
branch these distances are 38.5 ± 0.5 cm and 75.6 ± 0.5 cm for the air and dispersive materials,
respectively. Note that in the reference branch the path length in air can be changed as a
function of the position of the optical delay line (delay τ, Eq. 5.2), while in the sample arm the
length of the (dispersive) sample zs changes as a function of the probe position.
In order to detect the interference signal the optical path length in the respective branches
have to be made equal. Therefore, the fiber length diﬀerence ∆zfiber between the branches
is balanced by adding an extra air path ∆zair in the reference branch of the interferometer
as depicted in Fig. 5.8. This air path is also dispersive, but the dispersion of air is so small
compared to the dispersion of fibers at these wavelengths that it can be neglected. If we consider
the interferometer as a linear system, we can simply replace the diﬀerent dispersive elements,
excluding the sample(!), in either branch by a single eﬀective dispersive element, indicated
as a fiber. As a result the system can be modelled using single dispersive elements in both
branches together with a dispersive sample in the signal branch as schematically depicted in
Fig. 5.8. With this the amplitude and phase maps can be calculated using the experimentally
obtained parameters. Although Eq. 5.3 and 5.4 describe propagation in one dimension, two
dimensional maps can be calculated by using the modal distribution as depicted in Fig. 5.3b for
each horizontal line as input. This approach is valid for systems where the diﬀerent modes are
suﬃciently far separated in Fourier space to allow retrieval of the individual mode profiles.
Time-resolved PSTM allows a direct determination of the central wavelength and the group
velocity for individual modes. As a result, the β and β  are also known for both modi. However,
it may be expected that the pattern of phase singularities and its time dependence as presented
in Fig. 5.7 yield direct information on the GVD. The positions at which singularities occur are
a direct measure for the phase diﬀerence between the modes. In our experiment the observed
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phase is dominated by the last term of Eq. 5.2c and the last term of Eq. 5.4, respectively. As a
result we can write

 

2
∼ −ω0 τ + zr − zs − Γ0 (ξr − ξs ) [κr +2 κs ] ,
Φ(zs , τ) =
vφr vφs
4 + (κr + κs )

(5.6)

for the observed optical phase from the individual modes. Note the similarity between the
second term in this equation and the exponent in Eq. 5.3. Clearly, this second term can be fully
defined with the parameters recovered from the measured optical amplitude for the individual
modes. As a result, the measured phase fringes give complete information about the dispersion
relation as can be seen when writing Eq. 5.6 in terms of β. This yields

∼ −ω0τ −βr zr +βs zs −
Φ(zs , τ) =




2Γ02 (τ + βr zr − βs zs )2 [βr zr − βs zs ]
,
4 + [2Γ0 (βr zr − βs zs )]2

(5.7)

for the individual modes. From this equation we see that the first terms give a linear dependence
of the phase, which only depends on the central frequency of the interfering pulses in the
respective branches. The term between brackets, however, introduces a deviation from this
linear behavior on the measure phase due to the GVD in the dispersive media. Note that almost
all parameters in this term are known, as they can be derived from the measured amplitude as
given by Eq. 5.3 by simply fitting a Gaussian to the pulse envelope. The individual βs are
known for the diﬀerent modes in the sample as a result of a Fourier transform. The term βr zr
is of course not exactly known, but drops out when comparing subsequent time frames due to
the fact that the dispersion in the reference branch stays constant. However, the GVD, i.e. the
β  s, are unknown in Eq. 5.7. Note that the measured amplitude for each mode directly gives
a measure for κr + κs for that specific mode (see Eq. 5.3). This results from the fact that Γ0
is a known constant. Substraction of the obtained κr + κs for the diﬀerent modes therefore
directly yields the relative diﬀerence |κs,T E00 − κs,T E01 |. From Eq. 2b it can also be seen that
this diﬀerence corresponds to |βTE00 − βTE01 |, which is a direct measure for the diﬀerence in
GVD between the modes. Therefore, we do know the relative diﬀerence between the β  s for
the individual modes.
We can therefore depict the phase of the individual modes by plotting Eq. 5.7 using the experimentally determined parameters as a function of position on the sample. This is done in
Fig. 5.9. At the same time the phase diﬀerence ∆Φ between the modes as a function of position is plotted. Note that for the phase of the individual modes the behavior shows only a
very small deviation from linearity. This deviation from linearity can, however, be seen clearly
in the plotted phase diﬀerence between the modes. By plotting the measured position of the
phase singularities in this graph (indicated by crosses) it is exactly defined for which position the
change of ∆Φ should be equal to π. Note that the unknown βr zr for the phase information
only gives a linear oﬀset in the phase and therefore doesn’t aﬀect the curvature. Thus it has
no eﬀect on the separation between the singularities. As the β  s are the only free parameters
that can be adjusted to fit ∆Φ to the phase diﬀerences obtained from the measured location
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Figure 5.9: (a) Calculated optical phase [Eq. 5.4] for the two modes present in our measurement as a function
of position on the waveguide. Experimental parameters used in this calculation are given in the text. The TE00
(solid line) and TE01 (dashed line) mode show an almost linear behavior. Deviation from linearity is however
obvious when plotting the phase diﬀerence ∆Φ between those two modes (dotted line). Note that between
subsequent locations where singularities occur (indicated by crosses) the change for ∆Φ has to be exactly equal to
π. The shape of the ∆Φ curve dependents only on the β  s for the individual modes. Therefore, adjusting these
parameters in the calculation so that the phase diﬀerence at the measured locations of the singularities is equal
to π allows a direct determination of the GVD for the individual modes.

of the phase singularities, it is clear that the GVD for individual modes can be retrieved from
this measurement. Note that the linear oﬀset has to be adjusted at the same time to define
the location of the first singularity, but this doesn’t aﬀect the separation between the individual
singularities as mentioned before.
Fig. 5.9 qualitatively explains the non-constant distance between singularities like the measured
variation presented in Fig. 5.7. In Fig. 5.9 we can clearly see that the phase diﬀerence is nonlinear
in position. If the slope of the ∆Φ is steep, the phase changes rapidly and therefore the beat
length becomes short. As a result we expect, based on Fig. 5.9, to see a long beating length at the
left side (tail of the pulse) which decreases towards the center of the image and then increases
again at the right side of the image (front of the pulse). This is exactly our experimental
observation (Fig. 5.7). Note that the time dependence, i.e. as a function of τ as is measured in
successive frames, is to first approximation linear in τ as can be seen in Eq. 5.7. As a result the
∆Φ, as depicted in Fig. 5.9, to first approximation shifts towards the right, linearly dependent
on τ. And this immediately shows how the beating length should change in Fig. 5.7 as a
function of measurement frame. Note that the dependence of ξr on τ introduces the deviation
from this linear dependence as can be seen in Eq. 5.7.
In the current experimental data the accuracy for determining the amplitude of the TE01 is
limited due to its relatively weak amplitude combined with the limited spectral resolution of
the time sequences. As a result the accuracy for determining the GVD for the individual modes
is limited as certain parameters have large error margins. It is, however, clear that in principle the
demonstrated method allows the retrieval of the amplitude information of individual modes,
provided that the modes are suﬃciently separated in the Fourier domain. As a result we can
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directly measure the phase and group velocity for individual modes. From a comparison of
the measured pulse length along the waveguide, the relative diﬀerence between the GVD for
the modes is determined. The position of the phase singularities are a direct measure for the
relative phase diﬀerence between the interfering modes. It is therefore clear, that when both
modes can be accurately retrieved from the measurement, it will be possible to retrieve the
GVD for individual modes more accurately by the demonstrated method.

5.6

Conclusion

In conclusion, the propagation in time of a nearly Fourier limited laser pulse propagating
through a bi-modal waveguide has been visualized by an interferometric PSTM. The local
amplitude and phase of the pulses has been retrieved so that both the phase and group velocity
could be measured locally for both the TE00 and TE01 mode.
The measured optical amplitude shows a clear beating pattern as a function of position along
the propagation direction as a result of the interference between the two modes in the waveguide. This beating pattern arises from the wavelength diﬀerence between both modes. We
observe intriguing phase singularities arising from the interference. The distances between singularities is not constant and is even dependent on the reference time. This observation is a
direct result of the diﬀerent group velocity dispersion (GVD) experienced by the propagating
modes. Extending an earlier analytical model to incorporate multi-mode propagation shows
that it is possible to locally measure the GVD of the structure for individual modes. As a
result, interesting and useful eﬀects, such as pulse compression, pulse spreading, and pulse reshaping, now become accessible in local measurements. It is expected that the time resolved
interferometric PSTM will in the near future be used for the local experimental investigation of
physical phenomena inside (non)linear dispersive media, like integrated waveguide structures
and photonic crystals.
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6

Real space observation of ultraslow
light in photonic crystal waveguides
We show the real space observation of fast and slow pulses propagating simultaneously inside a
photonic crystal waveguide and obtain their phase and group velocities. For a specific optical
frequency we observe a complex localized modal pattern with high spatial and temporal resolution associated with a flat band in the dispersion diagram. Movement of this localized light
field is hardly discernable: if a group velocity should be assigned it would be less than c/1000.
The huge trapping times observed without the use of a cavity should open perspectives for new
schemes of dispersion and time control of optical signals within photonic crystals.

Scientist have long been trying to build an all-optical analogue to the silicon chip, which has
become so omni-present in our society. Photonic band gap materials, periodic dielectric structures that mimic the properties of semiconductors to guide and trap light, may be the solution
researchers have been seeking. [1] Photonic crystals have already enabled the creation of micrometer sized lasers [2], waveguides [3] and nano-cavities [4] by confining the light on a wavelength
scale.
Recently interest in the dispersive properties of photonic crystals is growing rapidly, because
they allow the propagation of light to be controlled in an unprecedented fashion. Dispersion
describes the wavelength dependence of the optical propagation through a material, i.e. the
fact that red light may travel faster than blue light or vice versa. The dispersion of an optical
material can be modified (e.g. in a dispersion shifted optical fiber), but not fundamentally
altered. Photonic crystals, however, oﬀer the opportunity to engineer these dispersion characteristics in a diﬀerent way, i.e. via direct interaction between the periodic structure and the
wavelength of light. A prime example is the demonstration of “endlessly single mode operation”
and “supercontinuum generation” in photonic crystal fibers. [5]
Short pulses are composed of a broad spectrum and therefore sample the material dispersion
over a wide range. The diﬀerent constituent “colors” of a pulse experience larger diﬀerences
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in material properties. A pulse may therefore spread out, which is a common problem in
fibre optics telecommunications, where light travels through a dispersive medium for 10s or
100s of kilometers. Optical circuits that allow the control and compensation of dispersion
therefore become increasingly important. Furthermore, optical circuits exhibiting dispersion
control enable the selective retardation of optical signals, e.g. for optical delay lines [6] or
enhanced light-matter interaction [7]. An in-depth study of dispersive phenomena is therefore
of paramount importance.
Experimental verification of dispersive phenomena in photonic crystals (PhCs), however, is still
a diﬃcult and demanding issue. [8, 9] Only indirect measurements on the group-velocity and
its dispersion have been reported so far [7, 10–12]. In general these methods rely either on the
use of a reference structure or repeating the experiment for diﬀerent lengths of the structure
(“cut-back-method”). Moreover, as signals are collected outside the structure of interest, all
propagation eﬀects are integrated and little direct insight in the behavior and evolution of the
pulses inside the structure is obtained. Imaging the flow of light inside a PhC would therefore
be highly advantageous for the investigation of PhC devices and also oﬀer a direct confrontation
with numerical models.
Here we follow fast and slow pulses as they propagate simultaneously inside a PhC waveguide
(PhCW). Their phase and group velocities are obtained separately. For a specific optical frequency a complex localized modal pattern is observed with high spatial and temporal resolution.
It is associated with a flat band in the dispersion diagram. The pattern persist for more the 3.5
ps after the excitation pulse has moved away. This constitutes a “lifetime” of the same order of
magnitude as that of state-of-the-art photonic crystal cavities. [4] The pattern is however not
associated with any cavity or the like. Nevertheless, experimentally we observe that it moves
by less than 0.7µm in 2.4 ps, suggesting a group velocity of less than c/1000. Our findings
exemplify the large extent of dispersion control attainable with photonic crystal waveguides.
To peek inside a PhC is far from trivial as conventional microscopy is limited by the diﬀraction
limit. Furthermore, a true guided PhCW mode has a propagation constant larger than that in
air for the same optical frequency. It can therefore not be observed with far-field techniques
because its field in air is evanescent, i.e. exponentially decaying over a distance in the order of
the light wavelength itself. Near-field optics provides a powerful method to circumvent these
restrictions. [13] Instead of imaging with a system of lenses, a glass fiber with a subwavelength
sized end facet can be used to probe the light fields close to a sample surface. By making the
distance between fiber probe and sample much smaller then the wavelength of light (typically
< 10 nm), the probe can pick up the evanescent fields that are bound to the sample surface as
schematically depicted in Fig. 6.1A. The few Near-Field Scanning Optical Microscopy (NSOM)
experiments on PhCs so far detect field intensities. [14–16] However, interfering the light collected by the optical probe with a frequency shifted reference beam from the same laser source
gives access to the local field amplitude and phase by demodulation of the interferometer output with a lock-in-amplifier (LIA). [17, 18] The combination with the use of short pulses allows
the direct visualization of dynamic eﬀects inside the structure as interference only occurs when
temporal overlap exists between both interferometer branches. [19, 20]
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Figure 6.1: (Color) (A) Schematic representation of a pulse
tracking experiment on a W3 PhC waveguide. The evanescent field of a pulse travelling inside the photonic structure
is picked up by an aluminum coated fiber probe with a
focussed ion beam treated [21] subwavelength-sized aperture. The inset shows the probe used in the experiment. At
each position above the structure the signal picked up by the
probe is interferometrically mixed with part of the same
pulse that has propagated through the reference branch.
The length of the reference branch, and thus the time that
it takes the reference pulse to travel through this branch,
defines a reference time. Measurements are performed by
raster scanning the optical probe across the photonic structure while the height above the structure (<10 nm) is kept
constant by a feedback mechanism. (B) A scanning electron
micrograph top-view of the PhC waveguide under study, although with a shorter device length. Holes are arranged in a
hexagonal array (period a = 460 nm, hole radius r = 130
nm) and three rows of missing holes define the PhCW along
the Γ K direction.

The experimental arrangement used here consists of a heterodyne time-resolved collection mode
NSOM described elsewhere, albeit with dispersion balanced branches. [20] To prevent coupling
of stray light, the optical fiber tip is coated with aluminum resulting in an aperture size of 240
nm at the end of the tip. The pulses launched into the PhCW are generated by a Ti:Sapphirepumped optical parametric oscillator (Spectra-Physics Opal). The pulse duration of the input
field Ẽ(t) is measured by a conventional background free intensity autocorrelation technique
and yields a FWHM of the pulse amplitude of typically 123 ± 3 fs. Linearly TE-polarized
light (E to crystal plane) with a tunable center wavelength (1180 – 1350 nm) is coupled to the
PhCW.
The PhCWs were fabricated on a silicon-on-insulator (SOI) wafer, with a 210 nm thick silicon
(Si) waveguiding layer on top of a 1 µm thick silicon dioxide (SiO2 ) cladding. The patterns
were defined by Deep UV 248 nm lithography. Holes are arranged in a hexagonal array (period
a = 400 and 460 nm, hole radius r = 130 nm) and three rows of missing holes define the
so-called W3 PhCW along the Γ K direction of the irreducible Brillouin zone of the latttice.
The spectral features were tuned to overlap with the measurement wavelength by dry oxidation
of the sample which introduced a 21 nm thick SiO2 cover layer. This resulted in the structure
shown in Fig. 6.1B. [23] The PhCW displayed in Fig. 6.1B is significantly shorter than the one
used in the actual NSOM measurements (32 versus 256 crystal periods), but allows more detail
of the structure to be seen.
The result of a local time-resolved heterodyne interference measurement on a W3 PhCW (a =
460 nm, r = 130 nm) is shown in Fig. 6.2 for a center wavelength of 1245±0.5 nm (ω = 0.3695).
In the measured topography of the PhCW (Fig. 2A), obtained simultaneously with the optical
information, the entrance and exit waveguide are clearly resolved. One can also recognize
the pattern of holes that form the PhCW. The measured optical amplitudes for increasing
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Figure 6.2: (Color) A false color representation of a time-resolved heterodyne interference NSOM measurement
on a W3 PhC waveguide (a = 460nm; image size: 126.0 µm×8.1µm). Short pulses (FWHM 123 fs, TEpolarized) were launched in the access waveguide at a wavelength of 1245 ± 0.5 nm (ω = 0.3695). (A)
Simultaneously acquired topographic image of the structure. (B through G) The optical amplitude in the W3
PhCW measured for diﬀerent reference times (400 ± 1 fs between frames; all frames have the same color scale). It
is apparent that pulses with diﬀerent modal distributions are excited in the W3 waveguide. In (B) through (G)
we observe pulses propagating with largely diﬀerent group velocities. As a result three clearly separated pulses are
visible after less than 100 µm of propagation: a clear indication of the strong dispersive properties of PhCWs.
In (H) the measured position of the Centre-of-Mass (CoM) for pulses with diﬀerent modal distributions (and
diﬀerent wave vectors) is plotted as a function of the delay time. [22] Dotted line represents the start of the PhC.
The solid lines represent least-square fits to the measured points. The slope yields a direct measure for the local
group velocity of each individual mode. We observe a unambiguous group velocity as small as (0.121 ± 0.001)×c,
with c being the light velocity in vacuum. The highest measured group velocity is (0.243 ± 0.001) × c. It is also
clear that the various modes are not excited at the same time.

reference times are shown (Fig. 6.2 B through G) as a function of reference time. We observe
the separation of the incoming pulse in multiple pulses with diﬀerent modal distributions.
From (B) through (G) it is immediately clear that the diﬀerent modes propagate with largely
diﬀerent group velocities. This result exemplifies the strong dispersive properties of a PhCW.
For each pulse measurement the raw data, from one of the LIA channels, corresponds to the
amplitude times the cosine of the phase. [20] Carrying out a spatial Fourier transform (SFT)
directly reveals the spatial frequencies present in the raw data. By selecting an individual peak
from the SFT which belongs to a specific mode, and applying an inverse Fourier transform, the
spatial position of that mode in the waveguide is obtained. Using this Fourier technique on all
subsequent time-frames retrieves the time-evolution of that specific mode. When the observed
pulses are roughly Gaussian, the change in the position of the “centre-of-mass” (CoM) is a direct
measure for the group velocity. [20] Fig. 6.2H shows the position of the CoM as a function of
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Figure 6.3: (Color) (A) Experimentally mapped dispersion diagram (in false colors) of the modes excited in
the W3 waveguide. Displayed is the spatial Fourier transform (SFT) of the raw data for multiple excitation
wavelengths. To eliminate eﬀects from diﬀerent lateral mode distributions a summation has been performed
over scan lines on the PhCW for each individual wavelength. Clearly modes below and above the light-cone
(blue dotted line) are visible here. The location of the slowest mode observed in Fig. 6.2 is indicated by 1. Its
measured group velocity gives an independent measure for the slope of its dispersion curve (green dotted line).
(B) Calculated dispersion diagram, obtained from a 2D FDTD calculation, in which a band structure has been
overlaid that was calculated with a plane wave method. The local slope of the calculated band structure for
k = 0.607 (indicated by 1) gives an expected group velocity of 0.115 × c in good agreement with the measured
value of (0.121 ± 0.001) × c. Comparing Fig. 6.3B with the measured band structure in Fig. 6.3A reveals a very
flat band around ω = 0.305 (indicated by 2).

the reference time for these modes. A linear fit yields the group-velocity of these modes. We
observe an unambiguous group velocity as small as (0.121 ± 0.001) × c, with c the vacuum
speed of light. However, not all of the modes in the PhCW have been depicted in Fig. 6.2H.
For those modes (k = 0.797, 0.936 and 0.984) the pulse shape was found to change strongly as
a function of time. This is the result of a very strong group velocity dispersion (GVD). Using
an analytical model [20] we calculate that the for the strongest dispersed mode at k = 0.797
the GVD is at least as large as 3 × 105 ps2 /km.
In Fig. 6.2H the dotted line depicts the start of the PhC. It is clear that the fitted lines to the
measured CoM do not originate from the same point on the start of the crystal. This indicates
that the various modes are not excited at the same time. Notice that the observed time delay
between excitation of the diﬀerent modes in Fig. 6.2H is up to 500 fs. It is probable that
multiple modes, which arrive at diﬀerent times, in the entrance waveguide exist and cause the
time lags in the mode excitation. In a conventional “time-of-flight” measurement, in which
the sample is treated as a “black-box”, such an in principle undesired excitation by higher order
modes could lead to the erroneous conclusion for short device lengths that very small group
velocities are observed.
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To map the observed modes onto the bandstructure, and make a direct comparison with theory
possible, we repeated the measurements for all wavelengths accessible in our experiment (1180 –
1350 nm, wavelength step 5 nm) on two diﬀerent PhCWs (a = 400 and 460 nm, respectively).
In Fig. 6.3A the SFT of only the data between begin and end of the crystal area is displayed
for one reference time. Individual scan lines on the PhCW itself are summed after the SFT
operation to eliminate eﬀects of diﬀerences in lateral mode distribution. The vertical axis displays the excitation wavelength in terms of normalized frequencies (ω) (range 0.296 – 0.389),
while the horizontal axis corresponds to the observed spatial frequencies in terms of normalized
propagation constants (k). We see in Fig. 6.3A that for every optical frequency many diﬀerent
modes are excited. Clearly modes below and above the light-cone (blue dotted line) are visible,
as a result of our local probe technique. Bloch modes, the natural modes in periodic media,
consist of more than one spatial Fourier component separated by 2π/a. [25] Only Bloch modes
for which all k-values lay below the light-cone are true guided Bloch modes which can exhibit
loss-less propagation. The presented data represents an experimentally measured dispersion diagram of both leaky and guided Bloch modes excited in a PhCW as can be seen by folding the
light-cone around k = 0.5.
We compare our observations with theoretical dispersion curves (see Fig. 6.3B, solid lines) of
the PhCW that are calculated by directly solving time-dependent Maxwell equations with a
2D finite-diﬀerence time-domain (FDTD) method for the structure under investigation. [24]
Applying the SFT analysis on the calculated electromagnetic field inside the PhCW yields the
expected bandstructure for the W3 PhCW as depicted in Fig. 6.3B. A good agreement is obtained when six transverse electric (TE) polarized modes are launched in the entrance waveguide. These modes, which are supported in the access-waveguide as confirmed by 2D FDTD,
directly explain why we observe so many modes in the experiment. However it is clear that
some lines in the measured dispersion curve (see Fig. 6.3A) are not reproduced by the calculation, e.g. compare the location indicated by 2. We believe that this missing line arises from a
mode with a higher order symmetry in the vertical direction for which most of the energy is
confined in the SiO2 cladding layer. Inclusion of the silicon substrate in a full-vectorial Maxwell
solver [26] indicate that these modes are indeed supported by the layer-package.
In Fig. 6.2 we found a group velocity a small as (0.121±0.001)×c for ω = 0.369. This velocity is
in good agreement with the local slope of the simulated band structure for k = 0.607 (indicated
by 1), which predicts a group velocity of 0.115 × c. The experimental band diagram indicates
an interesting region where we observe a flat PhCW mode at the Brillouin zone boundary
(indicated by 2). This occurs for ω = 0.305 (a = 400 nm; λ = 1310 nm). The measurement
of pulse propagation at ω = 0.305 is presented in Fig. 6.4, where (A) represents the measured
topography. In (B) through (K) the optical amplitude is depicted as a function of the reference
time in steps of 600 ± 1 fs. We observe a first order mode pulse propagating through the
structure in (B) through (E). In the wake of this pulse striking eﬀects are visible that all belong
to the same mode located between k = 0.4 – 0.6.
Fascinatingly a localized optical field is found which persist for very long times. It is located
in the first 25µm behind the entrance of the PhCW. The pattern is reminiscent of the patterns
associated with mini-stopgaps. [27, 28] Despite the fact that no resonant cavity is present the
optical field persists for more than 3.5 ps!. After roughly 3.5 ps the spatial shape of the field alters
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Figure 6.4: (Color) (A) A time-resolved heterodyne interference measurement at a flat band located at a
ω = 0.305 (a = 400 nm; image size: 121.1 µm×8.1 µm). Other parameters as in Fig. 2. (A) Simultaneous
acquired topographic image of the PhCW. (B) through (K) The optical amplitude in the PhCW as a function
of reference time (all frames have the same color scale). We observe a complex localized modal pattern in the
first 25 µm of the PhCW which exists for more the 3.5 ps after the excitation pulse has moved away. The field
moves by less than 0.7 µm in 2.4 ps, suggesting a group velocity of less than c/1000. Note that all light observed
in (F) through (K) belongs to the same mode located between k = 0.4 – 0.6 unlike the observations in Fig. 6.2
for ω = 0.3695 where various discrete wavevectors are present simultaneously.

but even after 5 ps light with a comparable symmetry is still present in the structure. Movement
of this localized light field is hardly discernable (between 1 and 3.5 ps): if a group velocity should
be assigned it would be less than c/1000.
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This observation clearly demonstrates that a guided mode with and extremely slow velocity and
very large group velocity dispersion is excited in the PhCW. It is often thought that it is hard to
excite such a slow mode due to the large mismatch in group-velocities. Apparently the special
situation of a mode mostly confined in the SiO2 with the proper symmetry crosses the slow
mode at the Brillouin boundary allows direct excitation of the slow mode. Specific modes for
excitation can be generated by careful design of mode converters and couplers and could lead
to very eﬃcient coupling to such slow modes. [29] The huge trapping times observed without
the use of a cavity should therefore open perspectives for new schemes of dispersion and time
control of optical signals within photonic crystals.
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7

Direct observation of Bloch
harmonics and negative phase
velocity in photonic crystal waveguides
The eigenfield distribution and band-structure of a photonic crystal waveguide (PhCW) have
been measured with a phase-sensitive near-field scanning optical microscope. Bloch modes,
which consist of more than one spatial frequency, are visualized in the PhCW. In the bandstructure multiple Brillouin zones due to zone folding are observed in which positive and negative dispersion is seen. The negative slopes are shown to correspond to a negative phase velocity
but positive group velocity. The lateral mode profile for modes separated by one reciprocal lattice
vector is found to be diﬀerent.

The ability to control the flow of light in photonic crystals (PhCs) is both scientifically and
practically important. Optical waves propagating in a PhC experience a spatially periodic modulation of the index of refraction and, as a result, exhibit behavior that is similar to electrons in
a semiconductor crystal. [1] PhCs have the capacity of drastically aﬀecting the optical dispersion
relations, symmetries, and spatial distribution of electromagnetic modes and thereby provide a
new dimension in controlling the flow of light and the construction of novel integrated optical
devices. [2]
Incorporation of structural defects into PhCs allows the implementation of various functional
components. [2] Arguably the most important type of defect guides in PhCs is a straight guide
with one or more rows of holes missing. [3–5] Properly designed, these missing rows form a
PhC waveguide (PhCW) which allows eﬃcient guiding of light within a photonic bandgap.
Due to the one dimensional periodicity of such a waveguide, its guided modes do obey the
1D Bloch theorem. [7, 8] This results in an intricate interplay between the guided modes and
their local environment. A major practical obstacle in experimentally unravelling this interplay
is the low signal levels involved combined with Fabry-Perot oscillations resulting from multiple
poorly matched interfaces on the sample. [6] To understand the intricacies of light propagation
in such a system and test theory, imaging the flow of light is clearly highly advantageous.
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Figure 7.1: (Color) Schematic representation of a phase-sensitive NSOM experiment on a W3 PhCW. The
evanescent field of a pulse travelling inside the photonic structure is picked up by a coated fiber probe with a
subwavelength aperture as shown in (c). At each position the signal picked up by the probe is interferometrically
mixed with part of the same pulse that has propagated through the reference branch giving access to the local
field amplitude and phase. (b) A scanning electron micrograph of the sample under study.

Conventional imaging of a PhCW has been found suitable for mapping the dispersion of leaky
PhCW modes exploiting the interference between counter-propagating waves. [9] However,
direct information concerning the field distribution of the modes being present is not obtained
as the resolution of this method is intrinsically limited by diﬀraction. Furthermore, true guided
PhCW modes have a propagation constant larger than that in air for the same optical frequency.
They can therefore not be observed with far-field techniques because their field in air is evanescent, i.e. exponentially decaying over distances of the order of the light wavelength. Evanescent
fields can only be detected by a local probe immersed into the near-field of the sample with a
collection mode near-field optical microscope (NSOM). [10]
It has been demonstrated numerically that high-resolution NSOM images of intensity distributions can portray the path that light takes in the crystal. As a result of counter-propagating
Bloch waves in finite structures, also wave-vector dispersion information can be obtained. [11]
To this date several exciting NSOM experiments have been performed on PhCs, however none
of which directly probe the eigenmodes of the PhC waveguide or the wave-vector dispersion
diagram. [12–15]
In this chapter the local measurement of the band structure in a PhCW is demonstrated with a
phase-sensitive heterodyne NSOM. Bloch modes consisting of more than one spatial frequency
are measured, revealing multiple Brillouin zones due to zone folding. In addition the underlying
lateral mode structure of all the PhCW modes present is determined. We find that the modal
distribution for lines separated by the reciprocal lattice vector is not identical.
The majority of NSOM experiments detect local intensity distributions. However, by interfering the light collected by the optical probe with a frequency shifted reference beam from the
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same laser source one can obtain the local field amplitude and phase (see Fig. 7.1). [16–19] By
detecting the interference signal with a lock-in amplifier (LIA), the X and Y quadratures of the
LIA signal provide the cosine and sine of the phase diﬀerence between the NSOM light and the
reference beam. [18] The experimental arrangement used consists of a heterodyne time-resolved
collection mode NSOM as described elsewhere. [20, 21] To prevent coupling of stray light, the
optical fiber tip is coated with aluminum with a focussed ion beam milled aperture of 240 nm
at the end of the tip as shown in Fig. 7.1c. [22] By using short laser pulses as depicted in Fig. 7.1
the background resulting from Fabry-Perot reflections and scattering out of the structure can
be completely suppressed by discrimination in the time domain. The pulses launched into the
PhCW are generated by a Ti:Sapphire-pumped optical parametric oscillator (Spectra-Physics
Opal). Linearly TE-polarized light (E to crystal plane) with a tunable center wavelength (1180
– 1345 nm) is coupled to the PhCW.
The structure under investigation is a W3 PhCW fabricated in a Silicon on Insulator (SOI)
wafer, comprising a 220 nm Si core on top of a 1 µm SiO2 cladding. The patterns were defined
by Deep UV 248 nm lithography. Holes are arranged in a hexagonal array (period a = 460,
hole radius r = 130 nm) and three rows of missing holes define the so-called W3 PhCW along
the Γ K direction of the irreducible Brillouin zone of the lattice. The spectral features were tuned
to overlap with the measurement wavelength by dry oxidation of the sample which introduced a
21 nm thick SiO2 cover layer. This resulted in the structure shown in Fig. 7.1b. [23] The PhCW
displayed in Fig. 7.1b. is significantly shorter than the one used in the NSOM measurements
(32 versus 256 crystal periods), but allows all the relevant features of the structure to be seen in
detail.
The result of a local phase-sensitive heterodyne interference measurement on a W3 PhCW is
shown in Fig. 7.1. Fig. 7.2a shows the measured topography (image size: 126.0 µm×8.1 µm),
which is collected simultaneously with the optical information. The access and exit waveguide
are visible at the left and right side of the image and the hexagonal hole pattern that forms the
PhC can also be recognized. Fig. 7.2b shows the raw data of one of the LIA signals, which
corresponds to the local optical amplitude times the cosine of the phase [21]. In the PhCW
guided light with a large spread in spatial frequencies is visible. From the two LIA signals
the optical amplitude can be separated (depicted in Fig. 7.2c). It is apparent that pulses with
diﬀerent modal distributions are excited in the PhCW. The pulses are clearly separated after
only a short propagation length, a clear indication of the strong dispersive properties of the
PhCW. The dominant periodicity observed in Fig. 7.2c corresponds to 460 nm as expected for
Bloch modes in periodic media with that period. [24, 25]
A spatial Fourier-transform (SFT) of the raw LIA data as displayed in Fig. 7.2b directly reveals
what spatial frequencies are present in the measurement as well as their relative amplitudes.
[18] The measurements and subsequent Fourier analysis are repeated for diﬀerent wavelengths
ranging from 1180 to 1345 nm in steps of 5 nm. To improve signal to noise all individual
scan lines on the PhCW itself are summed after the SFT operation. Figure 7.3a shows the
band structure constructed from the measured spatial frequencies. The vertical axis displays
the excitation wavelength in terms of the normalized frequency (ω), while the horizontal axis
corresponds to the observed spatial frequencies in terms of the normalized wave vector (k).
To enhance the dynamic range of the displayed measured intensities a logarithmic color scale
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Figure 7.2: (Color) A phase-sensitive NSOM measurement on a W3 PhC waveguide for a fixed position of the optical delay (image size: 126.0 µm×8.1 µm). Short pulses
(FWHM 123 fs, TE-polarized) were launched in the access waveguide at a wavelength of 1245 ± 0.5 nm (ω = 0.369 for a = 460 nm). (a) Topographic image of the
structure. (b) False color images of the raw data from the lock-in amplifier corresponding to the amplitude times the cosine of the optical field. In the waveguide guided
light with a large spread in spatial frequencies is visible. (c) The optical field amplitude as derived from (b). It is apparent that pulses with diﬀerent modal distributions
are excited in the W3 waveguide. The dominant periodicity observed in (c) corresponds to 460 nm as expected for Bloch modes.
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Figure 7.3: (Color) (a) Experimentally mapped dispersion diagram of the modes excited in the W3 waveguide.
Displayed is the Fourier transform of the raw data for multiple excitation wavelengths on a logarithmic scale.
A summation has been performed over scan lines on the PhCW for each individual wavelength. Clearly modes
below and above the light-cone (dotted line) are visible. (b) Displays the lateral mode distribution for ω = 0.369
by displaying the SFT from each individual scan line on a linear scale. To enhance the visibility of weak modes
in the 2nd Brillouin zone values between k = 1 – 2 are multiplied by 5. Here we can directly see the modal
distribution for each of the lines in the dispersion diagram at ω = 0.369. It is clear that for Bloch harmonics
that belong to the same Bloch mode, e.g. indicated by arrows, the modal distribution is not the same.

is applied. Modes both above and below the light-cone (dotted line) are detected. Our local
measurement technique reveals zone folding as multiple Brillouin zones (BZ) are observed.
In addition to probing the band structure of the PhCW modes, the use of a phase-sensitive
NSOM allows the determination of the underlying mode structure of all the the PhCW modes
present. The lateral field profile of a mode is obtained by determining the amplitude of the peak
in the SFT spectrum, corresponding to that mode, as function of the direction perpendicular to
the propagation direction. [17, 18] By displaying the amplitude of SFT for each individual scan
line of Fig. 7.2b along the waveguide the field profile can be displayed for all modes at the same
time. The result of this Fourier analysis for ω = 0.369 as presented in Fig. 7.2b is displayed in
Fig. 7.3b. Each horizontal line corresponds to the SFT of a horizontal line from Fig. 7.2b on a
linear scale. Values between k = 1 – 2 are multiplied by 5 to enhance visibility of weak modes in
the 2nd BZ. A vertical line for a certain spatial frequency thus corresponds to the lateral mode
profile for that specific mode. As a result Fig. 7.3b directly displays the modal distribution of
all PhCW modes for ω = 0.369. For reference the topography displayed in Fig. 7.2a should
be used. Both modal distributions that are completely confined to the waveguide regions and
with significant field tails in the PhC are observed.
Bloch modes contain more than one spatial Fourier component. These Bloch harmonics are
separated by 2π/a, where a is the periodicity. This separation is obvious in Fig. 7.3a where we
displayed the first two Brillouin zones. An example of Bloch harmonics that belong to the same
Bloch mode for ω = 0.369 are indicated by the arrows in Fig. 7.3b and 7.4a. Here Fig. 7.4a
depicts the SFT of the data for ω = 0.369 on a logarithmic scale. In literature lines separated
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Figure 7.4: (Color) (a) Spatial Fourier transform for ω = 0.369 with all scan lines on the PhCW summed.
Arrows indicate peaks that belong to the same Bloch mode. (b) Lateral mode profiles for the Bloch harmonics
indicated by the arrows in Fig. 7.3b and Fig. 7.4a. Clearly the modal distribution is diﬀerent for each individual
Bloch harmonic. (c) A Fourier filter allows retrieval of the phase evolution of individual modes. Top panel in
(c) shows the sine and cosine channel of the LIA for k = 0.393, while bottom panel corresponds to k = 0.607.
For the Bloch harmonic at k = 0.393 the sine is in front, while it is lagging at k = 0.607. As a result the wave
vectors for these two harmonics from the same Bloch mode have an opposite sign.

by an integer number of reciprocal lattice vectors are often considered to be identical. However,
if we look in Fig. 7.3b at the mode patterns for the wave vectors 0.60 and 1.60 we immediately
see that the modes patterns are not the same. For the indicated Bloch harmonics (see arrows)
the line traces as shown in Fig. 7.4b demonstrate that the mode profile diﬀers for all of them.
In Fig. 7.3b this eﬀect is also visible for the Bloch harmonics of other Bloch modes. It is clear
that the modal distributions for Bloch harmonics separated by 2π/a is diﬀerent.
In one Brillouin zone in Fig. 7.3a lines with both negative and positive slope are visible as a
result of zone folding. For the Bloch harmonics at k = 0.393 and k = 0.607, the cosine and
sine signal from the LIA are shown in the top and bottom panel of Fig. 7.4c, respectively. This
data is retrieved by an inverse Fourier transform after applying a Gaussian filter centered on the
desired peak. It is clear that in the top panel(k = 0.393) the sine is in front, while in the bottom
panel(k = 0.607) the sine is lagging. As the LIA signal provides the cosine and sine of the phase
diﬀerence between the NSOM light and the reference light simple goniometry shows that the
wave vectors for the two Bloch harmonics have an opposite sign. It is interesting to observe that
the energy of the Bloch mode propagates in a direction opposite to the k-vector for one of these
modes. [26] Because this mode is referenced by this k-vector, the group velocity is negative in
a formal way and hence appears as a negative slope. However, advancing the optical delay such
that the reference pulse travels a longer distance directly proves that the pulses advance along
the PhCW, i.e., in the positive direction. From the experimental data it is therefore obvious
that these modes have a positive group velocity and a negative phase velocity.
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In conclusion, we have measured multiple Brillouin zones in a W3 photonic crystal waveguide.
Lines with both positive and negative slope are observed in one Brillouin zone. We demonstrated that modes with a negative slope have a positive group velocity and a negative phase
velocity. Furthermore, for each individual mode observed in the band structure we retrieved
the modal distribution. Comparison of wave vectors separated by the reciprocal lattice constant demonstrates that the modal distribution is diﬀerent for individual Bloch harmonics. It
is envisioned that this demonstration of probing both the eigenfield distribution and the bandstructure information of a photonic crystal waveguide (PhCW) and the determination of the
relative sign of wave-vector and the group velocity will open up further experimentation in areas such as optical Bloch oscillations [28], quasicrystals [27], negative refraction and left-handed
behavior [29] and many others.
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Bogaerts is supported by the European Union as part of the IST-PICCO project. Tim Karle
acknowledges support by a CASE award from Agilent Technologies.
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8

Mode coupling phenomena in
photonic crystal waveguides observed
in space and time.
Mode coupling phenomena between modes with huge diﬀerences in group velocity have been
studied by time-resolved near-field scanning optical microscopy. In the measured bandstructure
we observe crossing modes with diﬀerent modal symmetry. It is shown with high spatial and
temporal resolution that this phenomenon is associated with a complex modal pattern. This
pattern is completely confined to the first 25 µm of the photonic crystal waveguide and remains
stationary for more than 3.5 ps after the excitation pulse has moved away. Finally we observe
that modes with other symmetry are continuously being excited by this localized light field.

Photonic band gap materials, periodic dielectric structures that mimic the properties of semiconductors to guide and trap light, have attracted great interest in recent years due to the
control they provide over the spatial and dispersive properties of light within them. [1] Defect
waveguides in photonic crystals can be utilized to provide new regimes of nonlinear interaction
with highly increased eﬃciency due to slow group velocity, high field intensity and the so-called
“generalized phase-matching”. [2]
A significant barrier to make use of these properties is the diﬃculty to couple light to such slow
modes. [3] The diﬃculty is associated with the small mode profiles, a result of the high-index
contrast typically used, and the complex optical phase within the periodic structures. However, due to the discrete periodicity along the photonic crystal waveguide’s (PhCW) axis mode
coupling at well-defined frequencies and wavevectors occurs whenever the Bragg condition is
fulfilled. [4, 5] This leads to the so-called “mini-stopband”(MSB) phenomenon and can result
in coupling of modes with huge diﬀerences in group velocity and as such could provide new
approaches for coupling to specific modes in photonic crystal elements. The existence of MSBs
has already been demonstrated experimentally in transmission measurements. [4] Here we show
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the real space observation of mode coupling between modes with large diﬀerence in group velocity with high spatial and temporal resolution. At the entrance of the PhCW we directly
observe localized and stationary patterns associated with mini-stopbands.
To peek inside a PhC is far from trivial as conventional microscopy is limited by the diﬀraction
limit. Furthermore, true guided PhCW modes have a propagation constant larger than that in
air for the same optical frequency. They can therefore not be observed with far-field techniques
because their field in air is evanescent, i.e. exponentially decaying over distances of the order of
the light wavelength. Near-field optics provides a powerful method to circumvent these restrictions. [6] Instead of imaging with a system of lenses, a glass fiber with a subwavelength sized
end facet can be used to probe the light fields close to a sample surface. By making the distance
between fiber probe and sample much smaller than the wavelength of light the evanescent fields
bound to the sample surface are detected. The few Near-Field Scanning Optical Microscopy
(NSOM) experiments on PhCs so far detect local intensity distributions. [7–9] However, interfering the light collected by the optical probe with a frequency shifted reference beam from
the same laser source gives access to the local field amplitude and phase by demodulation of the
interferometer output with a lock-in-amplifier (LIA). [10, 11] The combination with the use of
short pulses allows the direct visualization of dynamic eﬀects inside the structure as interference
only occurs when temporal overlap exists between both interferometer branches. [12, 13]
The experimental arrangement used here consists of a heterodyne time-resolved collection mode
NSOM described elsewhere, albeit with dispersion balanced branches. [13] To prevent coupling
of stray light, the optical fiber tip is aluminum coated, with an aperture size of 240 nm at the
end of the tip. The pulses launched into the PhCW are generated by a Ti:Sapphire-pumped
optical parametric oscillator (Spectra-Physics Opal). The pulse duration of the input field Ẽ(t)
is measured by a conventional background free intensity autocorrelation technique and yields
a FWHM of the pulse amplitude of typically 123 ± 3 fs. Linearly TE-polarized light (E to
the crystal plane) with a tunable center wavelength (1180 – 1350 nm) is coupled to the PhCW.
The structure under investigation is a so-called W3 PhCW fabricated in a Silicon on Insulator
(SOI) wafer, comprising a 220 nm Si core on top of a 1 µm SiO2 cladding. Holes are arranged
in a hexagonal array (period a = 400, hole radius r = 130 nm) and three rows of missing
holes define the so-called W3 PhCW along the Γ K direction of the irreducible Brillouin zone
of the lattice. The spectral features were tuned to overlap with the measurement wavelength by
dry oxidation of the sample introducing a 21 nm thick SiO2 cover layer. This resulted in the
structure shown in Fig. 8.1a. [14] The displayed PhCW is significantly shorter than the one used
in the NSOM measurements (32 versus 256 crystal periods), but allows all the relevant features
of the structure to be seen in detail.
In the NSOM measurements presented in this chapter the optical probe is raster scanned across
the photonic structure with the fast axis along the PhCW, while the height (typically < 10 nm)
above the structure is kept constant by a feedback mechanism. For each pulse measurement the
raw data, from one of the LIA channels, corresponds to the amplitude times the cosine of the
phase. [13] Applying a spatial Fourier transform (SFT) on this data reveals the spatial frequencies present in the structure. In Fig. 1B the SFT of the data between begin and end of the crystal
area is displayed for one reference time. Individual scan lines on the PhCW itself are summed
after the SFT operation to eliminate eﬀects of diﬀerent lateral mode distributions. Vertical axis
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Figure 8.1: (Color) (A) A scanning electron micrograph top-view of the PhC waveguide under study, although
with a shorter device length. (B) Experimentally mapped dispersion diagram of the modes excited in the W3
waveguide. Displayed is the spatial Fourier transform (SFT) of the raw data from one of the lock-in-amplifier
channels for multiple excitation wavelengths. Modes below and above the light-cone (dotted line) are visible. (C)
Simulated dispersion diagram, obtained from a 2D FDTD calculation, in which a calculated band structure
has been overlaid. Comparison with the measured band structure reveals that a very flat band, and hence low
group velocity, is visible around w = 0.305 (indicated by arrow).

displays the excitation wavelength in terms of normalized frequencies (ω), while the horizontal
axis corresponds to the observed spatial frequencies in terms of normalized propagation constants (k). For every optical frequency many diﬀerent modes are excited. Clearly modes below
and above the light-cone (blue dotted line) are visible, as a result of our local probe technique.
Note that the Bloch modes, the natural modes in periodic media, consist of more than one spatial Fourier component separated by 2π/a. [15] Only Bloch modes with all k-values below the
light-cone are true guided Bloch modes which can exhibit loss-less propagation. The presented
data represents an experimentally measured dispersion diagram of both leaky and guided Bloch
modes excited in a PhCW as can be seen by folding the light-cone around k = 0.5.
For comparison theoretical dispersion curves (see Fig. 8.1C, solid lines) of the PhCW are calculated by directly solving time-dependent Maxwell equations with a 2D finite-diﬀerence timedomain (FDTD) method for the structure under study. Applying the SFT analysis on the
calculated electromagnetic field inside the PhCW yields the expected bandstructure for the W3
PhCW as depicted in Fig. 8.1C. A good agreement between experiment and theory is obtained
when six transverse electric (TE) polarized modes are launched in the entrance waveguide.
Comparing Fig. 1(C) with the measured band structure in Fig. 8.1B reveals that a very flat
band, and hence with a low group velocity, is visible around w = 0.305 (indicated by an arrow).
It is also evident that not all lines in the measured dispersion curve (Fig. 8.1B) are reproduced by
the calculation, e.g. compare the location indicated by the blue arrow. Note that a 3D FDTD
simulation, which included the eﬀect of the SiO2 cladding layer, showed similar results as the
2D method. We believe that the line missing in the calculation arises from a mode with a higher
order symmetry in the vertical direction for which most of the energy is confined in the SiO2
cladding layer. Inclusion of the silicon substrate in a full-vectorial Maxwell solver [17] indicates
that this modes can indeed be supported by the layer-package.
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Figure 8.2: (Color) Measured mode distribution of the excited PhCW modes for multiple wavelengths. Depicted
images cover a wavelength range of 1278 – 1330 nm (ω = 0.3130 – 0.3008). Horizontal lines correspond to
the SFT of a single scan line. A vertical line for a certain spatial frequency corresponds to the lateral mode
profile for that specific mode. As a result each image displays the modal distribution of all PhCW modes for a
specific wavelength. First, second and third order mode behavior is observed (indicated by numbered arrows in
Fig. 8.2A). In (C) through (F) we observe a mode around k = 0.5 that is spread in the frequency domain with a
fourth order behavior (see arrow in (D)). Observe how the third order mode crosses the flat band, as is apparent
from comparison with Fig. 8.1B.
Figure 8.3: (Color) A time-resolved heterodyne interference measurement at the flat band located at ω =
0.3060 (a = 400 nm; image size: 110.8µm x 8.1µm). (A) Simultaneous acquired topographic image of the
PhCW. The entrance and exit waveguide are clearly resolved and one can also recognize the pattern of holes
that form the PhCW. Diﬀerent sections of the PhCW are indicated. (B) through (J) The optical amplitude in
the W3 PhCW of the slow mode around k = 0.5 measured for diﬀerent reference times (400 ± 1 fs between
frames; all frames use the same color scale). Only the mode around k = 0.5 is displayed by applying a Gaussian
Fourier-filter around this wavelength (k = 0.4 – 0.6). We observe a complex localized modal pattern in the
first 25µm of the PhCW which exists for more the 3.5 ps after the excitation pulse has moved away. Note that all
light observed in (B) through (J) appears to belong to the same mode around k = 0.5 when we look at Fig. 8.2D.
In (D) though (J) we however observe light with towards the end of the PhCW for which the mode symmetry
shows diﬀerent mode symmetries.

In addition to probing the band structure of the PhCW modes, the use of a phase-sensitive time
resolved NSOM allows the determination of the underlying mode structure of all the PhCW
modes present. The lateral field profile of a mode is obtained by determining the amplitude
of the peak in the SFT spectrum, corresponding to that mode, as function of the direction
perpendicular to the propagation direction. [11,16] By displaying the amplitude of SFT for each
individual scan line along the waveguide the contribution of all modes is shown at the same
time. A vertical line for a certain spatial frequency then corresponds to the lateral mode profile
for that specific mode. The result of this Fourier analysis is displayed in Fig. 8.2 for multiple
wavelengths. For reference the topography displayed in Fig. 8.3a should be used. First, second
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and third order modes are observed (indicated by arrows in Fig. 8.2A), where the third order
modal distribution is observed for the missing line in the FDTD simulation. In (C) through
(F) we observe a mode around k = 0.5 that is spread in the frequency domain with a mode
distribution corresponding to a fourth order mode (see arrow in Fig. 8.2D). Observe how the
third order mode crosses this flat band around k = 0.5, as is apparent from comparison with
Fig. 8.1B.
To investigate the time evolution of mode-crossing in the dispersion diagram in more detail
Fig. 8.3 shows the result of a local time-resolved heterodyne interference measurement on a W3
PhCW (a = 400 nm, r = 130 nm; image size: 110.8 µm x 8.1 µm) for a center wavelength of
1307 ± 0.5 nm (ω = 0.3060). Fig. 8.3A shows the measured topography of the PhCW obtained
simultaneously with the optical information. Fig. 8.3B through J depict the measured optical
amplitudes as a function of reference time. Only the mode around k = 0.5 is displayed by
applying a Gaussian Fourier-filter around this wavelength (k = 0.4 – 0.6), which eﬀectively
eliminates the first and second order mode from the images. We observe a localized optical field
that persist for very long times. This field is located in the first 25 µm behind the entrance of
the PhCW. Despite the fact that no resonant cavity is present the optical field persists for more
than 3.5 ps!. For comparison: a pulse in air propagates 300µm in 1 ps. Here movement of the
field is hardly discernable (between 1 and 3.5 ps). We believe that this pattern, localized within
the first 25 µm of the PhCW, is associated with a mini-stopband. [4, 5]
To connect this real space observation to the bandstructure and its evolution in time we depict
the modal distribution as a function of reference time in Fig. 8.4 for ω = 0.3060. Fig. 8.4A
shows the temporal evolution of the diﬀerent modes a function of reference time. The sequence
(B) through (J) shows the experimentally measured mode structure similar to the one showed in
Fig. 8.2, but now as a function of reference time. The sequence shows how the mode develops in
time. In (B) we only observe a third order mode behavior which apparently is the exciting mode.
In subsequent frames we observe that the fourth order mode is being excited. Comparison of
diﬀerent frames, e.g. (D) and (G), demonstrates that the spread in wave-vectors in this mode
mode changes as a function of reference time. Furthermore, observe that in some frames, e.g.
1.6 and 3.2 ps, we can also see third order mode behavior. This indicates that a mode with
the same symmetry as that of the exciting mode in Fig. (B) is present long after the first and
second order mode have left the PhCW around 2.8 ps. In Fig. 8.5 the temporal evolution for
each individual section of the PhCW, as defined in Fig. 8.3A, is depicted. We observe that
diﬀerent modal distributions are found in the diﬀerent sections. In Fig. 8.5A we observe two
peaks located at either side of k = 0.5, while in (B) through (D) only a single peak to the right
of k = 0.5 is found. From a comparison with Fig. 8.1B is is clear that the pattern in section 1
corresponds to the slow mode, while the pattern in the other sections is the result of the third
order mode. The long time scales over which this mode is still observed indicates that this mode
is excited by the slow mode. Strangely enough the pattern in section 2 through 4 in Fig. 8.3
shows both a third and fifth order behavior. This is best seen in Fig. 8.3H in which section 2
and 3 clearly show a fifth order behavior while section four is best compared to a third order
mode.
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Figure 8.4: (Color) Time-evolution of the modal distribution for ω = 0.3060 (1307 nm). (A) Displays the
SFT of the raw LIA data for subsequent reference times. Individual scan lines on the PhCW have been summed.
(B) through (J) shows the modal distribution in the PhCW as a function of reference time. In (B) only a first
and third order mode are excited in the PhCW. In subsequent time-frames a fourth order mode appears around
k = 0.5, which is still present long after the first order mode has left the PhCW at 2.8 ps. The patterns change
as a function of reference time. It appears that from time to time a third order behavior is visible e.g. see the
location indicated by arrows in 1.6 and 3.2 ps.
0 A

C

2
4
0

B

0

D

0.25

0.5

1.2 ps

0.75

1

0.25

0.5

Spatial frequency (units 2p/a)

3.2 ps

0.75

1

Figure 8.5: (Color) Time-evolution of the modal distribution for ω = 0.3060 for diﬀerent sections of the
PhCW. The corresponding 1024 pixels long sections are indicated in Fig. 8.3A. (A) through (D) correspond to
section 1 through 4, respectively. In Fig. 8.5A we observe two peaks located on either side of k = 0.5. In the
other sections a more or less single peak to the right side of k = 0.5 is visible. The two peaks are the result of
the slow mode which is almost completely confined to the first 25 µm of the waveguide. The light visible in the
other sections correspond to the third order mode. The time scale over which we observe this third order mode
indicates that it is continuously excited by the slow mode.
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In conclusion, we have shown the real space observation of coupling between modes with huge
diﬀerences in group velocity. The measured bandstructure reveals the crossing of modes with
distinct modal distribution. As a result of this crossing we directly observe a localized and
stationary pattern at the entrance of a PhCW that is associated with mini-stopbands. Timeresolved measurements with high spatial and temporal resolution revealed that this light confined to the entrance of the PhCW continuously excites modes with a third and fifth order
symmetry in the PhCW. A detailed understanding of this coupling phenomena could provide
new approaches for coupling to specific modes in photonic crystal elements in the near future.
This research is part of the strategic Research Orientation on Advanced Photonic Structures of
the MESA+ Research Institute. Furthermore, this work is part of the research programme of the
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9

Outlook
In this thesis we have explored the possibilities of amplitude and phase characterization on a
subwavelength scale for ultrashort optical pulses directly inside photonic structures. By means
of a local probe based technique we are able to probe the dynamical eﬀects inside photonic
structures on a subwavelength scale. The results described in this thesis open doors for new developments, because now it has become experimentally possible to verify theoretical predictions
concerning the propagation of short pulses in complex (non)linear dispersive photonic structures. Several future developments and applications for time-resolved local probing of light
fields can be foreseen.

9.1

Photonic crystals

In chapter 5 through 7 of this thesis we have demonstrated the ability to measure both the eigenfield distribution and the band-structure information of light in a photonic crystal waveguide.
At the same time the relative sign and magnitude of phase- and group velocity was measured.
With this demonstration the visualization of expected phenomena in photonic crystals, like
pulse driven all-optical switching [1], strong chromatic separation based on the superprism effect [2], all-optical delay lines [3–5], comes closer. At the same time the demonstrated approach
opens up possibilities for further experimentation in areas such as optical Bloch oscillations [6],
quasicrystals [7, 8], negative refraction and left-handed behavior [9], and many others.

9.2 Microcavities
In chapter 3 the amplitude and phase of a pulse propagating in resonator modes in a microcavity [10] has been described. The various resonator modes can be separated leading to the
mode profile and wave vector of each excited mode. To observe “true” whispering gallery
modes(WGM) in a resonator with roundtrip dimension in the order of only a few wavelengths
would be fascinating as intriguing phase patterns can be expected. [11,12] The crossover between
emission from WGMs to bow-tie modes in low-threshold microcavity lasers can be investigated,
which is crucial to understand the functionality of the microlaser. [13] Furthermore, the chaotic
ray dynamics of asymmetric microcavities can be studied in time by means of ultrashort pulses.
[14]
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9.3

Coherent control

In this thesis we have only shown pulse tracking experiments using nearly Fourier limited pulses.
However the experiment could also be performed with CW light or with longer or shorter
pulses. Further control can be obtained by pre-chirping and pre-shaping the input pulses. [15]
The CW experiments would be interesting to compare the pulse tracking results to some kind
of steady state of the system. Furthermore, it would be fascinating to determine the precise
field that optimizes coupling to a desired mode. This could be studied by a coherent control
method, in which an optical pulse shaping device is coupled with a feedback loop that includes
an adaptive learning algorithm. Coherent control to obtain distortion free transmission of high
power ultrashort pulses in optical fibers has for instance been demonstrated. [16] This is done
by adjusting the phase and sometimes amplitude of individual frequency components in the
pulse to change the temporal shape of the pulse. Feedback from the experiment then allows the
adaptive learning algorithm to sort through many possible pulse shapes to locate a particular
shape best suited to the experimental problem. Notice that such an adaptive algorithm also can
adapt the temporal length of the pulses being used.

9.4

Local spectroscopy

In this thesis we presented measurements of the amplitude and phase of ultrashort pulses directly inside photonic structures. For each individual measurement a fixed length of the reference branch was set, while scanning the probe along the waveguide. As pointed out in chapter
2 and 4 it is also possible to keep the probe at a fixed position while scanning the reference
branch. In this way a conventional cross-correlation of the fields in the signal and reference
branch is measured. [17,18] This cross-correlation contains both spectral and phase information
of the pulse transport through the sample up to the position of the probe.
Note that the Fourier transform of such a mathematical cross-correlation is the same as multiplying the Fourier transforms of the fields in signal and reference branch. It is therefore easy
to see that if such cross-correlation measurement is performed at two successive positions on
the sample the ratio of the Fourier transforms directly yields the complex transmission function H(ω), containing both amplitude and phase information, for the small stretch of material
between the two positions. [19, 20] Repeating this procedure for multiple positions on the sample gives direct insight in the transfer function of each part of the sample with subwavelength
accuracy due to the intrinsic positioning accuracy of the probe. Note that by definition this
procedure also divides out the constant dispersion in the setup of lenses, fibers and the like.
The ability to measure such cross-correlation functions, which requires movement of the delaystage with nanometer precision and linearity over millimeters has already been implemented.
The required precision over such large dimensions is obtained by means of a feedback system
which is able to control the length of the reference branchy with an accuracy better than 2
nm for the typical length scales used in the experiment of several millimeters. Combining these
local spectroscopy measurements with the already performed pulse measurements would greatly
benefit interpretation of the observed eﬀects due to its mathematical simplicity.
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9.5 Nonlinear optics
The propagation of intense focussed light pulses is governed by the interplay of diﬀraction,
group-velocity dispersion(GVD), and nonlinear processes. [21] Diﬀraction and GVD cause a
pulse to spread in space and time, respectively and nonlinearities will generally accelerate the
decay of an initial pulse. However, under special conditions nonlinearity can be used to compensate the eﬀects of diﬀraction and GVD. Self-focussing can counter diﬀraction and the phase
modulation that underlies the self-focussing can simultaneously balance GVD to produce a soliton in space and time. [22] The ability to visualize short pulses directly inside dispersive media
could lead to the direct visualization of the development of such solitons. Furthermore the the
propagation of solitons as well as their interaction with other solitons could be visualized in
situ.

9.6 Plasmonics
Surface plasmons (SPs) are waves that propagate along the surface of a conductor. By altering
the structure of a metal surface the properties of SPs, in particular their interaction with light,
can be tailored. One of the most attractive aspects of SPs is the way in which they help us
to concentrate and channel light using sub-wavelength sized objects. [23] Concentrating light
in this way leads to an electric field enhancement that can be used to manipulate light-matter
interactions and boost non-linear phenomena. [24, 25] Because of the way SPs are confined to
the surface and the subwavelength nature of the structures and fields involved a scanning probe
based technique as NSOM is ideally suited for studying their properties. [26] To understand
the dynamics of processes involving SPs, time-resolved measurements on for instance optical
pulse propagation in metal nanoparticle chain waveguides [27], negative refraction and “perfect”
lenses, [28] and enhanced transmission through metal holes [29–31] would be beneficial.
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Summary
This thesis describes the result of a research project on time-resolved Near-field Scanning Optical Microscopy (NSOM) experiments aimed at visualizing the amplitude and phase of ultrashort optical pulses en route while they propagate inside photonic crystal structures.
The subtle manipulation of optical interference eﬀects is crucial in photonic crystals. As a result,
small variations, intended or not, in the geometry can result in large eﬀects on the propagation
of short pulses. At the same time the use of high peak-intensity femtosecond pulses creates
possibilities to exploit the optical nonlinearity of photonic materials leading to new approaches
to all-optical manipulation of light. It is therefore desirable to investigate the nanoscale local
optical properties directly inside the structure. Understanding the dynamics of the interaction
of light with a photonic structure requires both amplitude and phase characterization. With
critical dimensions below the wavelength of light this can only be done by bringing a sharp
tapered probe with subwavelength dimensions in close proximity to the sample. We use such a
scanning probe based technique to directly probe dynamical eﬀects inside photonic structures
on a subwavelength scale. The combination of optical and topographical information elucidates the influence of the geometry on the light propagation. Conversely, obtaining complete
information about the propagating field permits characterizing the PhCs dielectric properties
and structure. The increasing interest of researchers in time-resolved studies of the interaction
of light with photonic (crystal) devices is discussed in chapter 1 combined with the outline of
this thesis.
The first direct visualization of femtosecond pulses as they propagate inside a channel waveguide is presented in chapter 2. The optical field just above the surface of a waveguide structure
is mapped with subwavelength resolution by a tapered optical fiber that probes the evanescent
field. The topography of the sample is acquired simultaneously with the optical information
with a shear-force based feedback system. The incorporation of the NSOM and waveguide sample in one branch of a Mach-Zehnder type interferometer allows the direct visualization of amplitude and phase. Heterodyne interferometric detection of the interference signal is achieved by
acousto-optical modulation of the reference beam. For the experiment nearly Fourier limited
ultrashort pulses are used. Furthermore, an optical delay line is included in the reference branch
of the interferometer in order to tune the temporal overlap of the reference- and signal pulse.
As such the length of the reference branch defines a reference time. The resulting interference
signal, which is detected, contains the local amplitude and phase information of the pulse propagating through the waveguide. From the time-dependent and phase-sensitive measurements
both group and phase velocity are determined. Good agreement is found with theoretical values
calculated using an eﬀective index method.
In chapter 3 experiments on a more complex device are presented. Here we follow pulses as
they propagate in an microresonator, directly mapping the resonator modes in space and time.
Beating patterns inside the resonator are observed that prove that multiple modes inside the
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resonator are excited. Our time-dependent and phase-sensitive method gives direct access to the
angular group and phase velocity of the modes in the resonator. Exploiting the occurrence of
phase-singularities we directly measure the coupling-constant between the coupling waveguides
and the resonator itself.
In chapter 4 pulse propagation in a channel waveguide is revisited in more detail. An analytical
model is developed which reveals how the observed signals can be interpreted. The observed
length of the measured pulse envelope is explained by comparison with this analytical model.
The observed broadening of the FWHM of the measured pulse shape can be attributed to the
group velocity dispersion in the fibers which are unequal in length for the two branches of the
interferometer. The model shows that by balancing the amount of dispersive media in the two
branches it becomes possible to measure the group velocity dispersion of the structure under
study locally. Even if branches are not compensated a reference measurement makes it possible
to measure the local group velocity dispersion. As a result interesting eﬀects, such as pulse
compression, pulse spreading and pulse reshaping become accessible in the measurement.
In chapter 5 we investigate the eﬀect of multiple modes propagating in our model structure.
When waveguide modes overlap in time intriguing phase patterns are observed. Phase singularities, arising from interference between diﬀerent modes, are normally expected at equidistant
intervals determined by the diﬀerence in the propagation constants of the modes. However,
in the pulsed experiments the distance between individual singularities is found to change not
only within one measurement frame, but it even depends strongly on the reference time. To
understand this observation it is necessary to take into account that the actual pulses generating the interference signal change shape upon propagation through a dispersive medium. This
implies that the spatial distribution of phase singularities contains direct information on local
dispersion characteristics. At the same time also the mode-profiles, wave vectors, pulse lengths,
and group velocities of all excited modes in the waveguide are measured. The combination
of these parameters with the developed analytical model shows that the unique spatial phase
information indeed yields a direct measure for the group velocity dispersion of the individual
modes.
In chapter 6 we follow, for the first time, fast and slow pulses as they propagate simultaneously
inside a so-called W3 photonic crystal waveguide (PhCW). We observe the excitation of multiple pulses with diﬀerent modal distributions. For the modes propagating inside the PhCW
the phase and group velocity is obtained. Particular modes demonstrate a strong pulse reshaping upon propagation due to a very strong group velocity dispersion. Based on our analytical
model we calculate the GVD for the strongest dispersed mode. By using multiple excitation
wavelengths the dispersion diagram is measured. Comparison with 2D FDTD simulations reveals the presence of a flat band in the measured dispersion diagram. At the corresponding
optical frequency we observe a complex localized modal pattern associated with this flat band.
Movement of the light field is hardly discernable. If a group velocity should be assigned it is
less then c/1000 with c the vacuum velocity of light.
Chapter 7 continues the investigation of light propagation in photonic crystal waveguides. This
chapter shows how a phase-sensitive NSOM is used to measure both the eigenfield distribution
as well as the band-structure inside a PhCW. Bloch modes, which consist of more than one
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spatial frequency, are visualized in the PhCW. In the band-structure multiple Brillouin zones
due to zone folding are observed in which positive and negative dispersion is seen. The negative slopes are shown to correspond to a negative phase velocity but positive group velocity.
Furthermore, for each individual mode observed in the band-structure we retrieved the modal
distribution. A sum over all observed modes separated by reciprocal lattice vectors yields the
Bloch mode. The lateral mode profile for Bloch harmonics separated by one reciprocal lattice
vector is found to be diﬀerent. Chapter 8 investigates the coupling between modes with huge
diﬀerences in group velocity. In the measured bandstructure we observed crossing modes with
diﬀerent modal symmetry and large diﬀerences in group velocity. It is shown with high spatial
and temporal resolution that this phenomenon is associated with a complex modal pattern,
which is completely confined to the first 25 µm of the photonic crystal waveguide and remains
stationary for more than 3.5 ps after the excitation pulse has moved away. We believe that
this pattern is associated with a so-called mini-stopband. Finally we observe that modes with
diﬀerent symmetries are continuously being excited by this localized light field.
The results described in this thesis open doors for new developments, because now it has become experimentally possible to verify theoretical predictions concerning the propagation of
short pulses in complex (non)linear dispersive photonic structures. Our scanning probe based
technique is able to directly address the functional heart of the devices under study with high
spatial and temporal resolution. In chapter 9 future research directions for scanning probe based
measurement of optical fields inside complex (non)linear photonic structures are presented.
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Samenvatting
Dit proefschrift beschrijft de resultaten van een onderzoeksproject op het gebied van tijdsopgeloste nabije-veld raster-scannende optische metingen (NSOM) gericht op het zichtbaar
maken van de amplitude en fase van ultra-korte lichtpulsen terwijl zij zich voortplanten in
fotonische kristal structuren.
De subtiele beïnvloeding van interferentie eﬀecten is cruciaal in fotonische kristallen. Om deze
reden hebben kleine variaties in de geometrie, al dan niet opzettelijk geïntroduceerd, een grote
invloed op de voortplanting van ultra-korte lichtpulsen. Tegelijkertijd biedt het gebruik van
pulsen met een hoge piekintensiteit de mogelijkheid om de niet-lineariteit van deze optische
materialen te benutten voor nieuwe mogelijkheden om licht volledig optisch te manipuleren.
Om deze redenen is het wenselijk om op een nanometer lengteschaal de lokale optische eigenschappen in de structuur zelf te onderzoeken. Om de dynamische interactie van licht met een
fotonische structuur te begrijpen is karakterisatie van zowel amplitude als fase noodzakelijk.
Doordat de relevante afmetingen kleiner zijn dan de golflengte van het licht zelf kan dit alleen
worden gedaan door een scherpe probe met sub-golflengte afmetingen in de directe nabijheid
van het sample te brengen. Wij hebben een dergelijke scanning probe techniek verbeterd om
dynamische eﬀecten binnenin fotonische structuren zichtbaar te maken op een sub-golflengte
schaal. De aldus verkregen combinatie van optische en topografische informatie verheldert de
invloed van de geometrie op de propagatie van licht. Vice versa geeft het meten van alle eigenschappen van het locale optische veld de mogelijkheid om de dielectrische eigenschappen en
structuur van het fotonische kristal te karakteriseren. De toenemende interesse van onderzoekers in tijds-opgeloste studies op het gebied van de interactie van licht met fotonische (kristal)
structuren word besproken in hoofdstuk 1 waar ook een overzicht van dit proefschrift wordt
geschetst.
De eerste directe meting van femtoseconde pulsen terwijl ze propageren in een kanaal golfgeleider is beschreven in hoofdstuk 2. Met een taps toelopende optische fiber wordt het optische
veld vlak boven een golfgeleider structuur met sub-golflengte nauwkeurigheid in kaart gebracht.
De topografie van het sample wordt simultaan met de optische informatie gemeten met behulp
van een “shear-force” hoogte-regelings systeem. Het plaatsen van de NSOM tezamen met het
sample in één arm van een Mach-Zehnder interferometer maakt het mogelijk om de amplitude
en fase van het locale optische veld direct zichtbaar te maken. Heterodyne interferometrische
detectie van het interferentiesignaal word bereikt door middel van accousto-optische modulatie
van de referentie bundel. In het experiment word gebruik gemaakt van vrijwel bandbreedte
begrensde ultra-korte pulsen. Bovendien is een instelbare optische vertraging geïntegreerd in de
referentie-tak van de interferometer om de temporele overlap tussen referentie en signaal puls
te kunnen regelen. Op deze wijze definieert de lengte van het referentie-pad een referentie-tijd.
Het resulterende interferentie-signaal wat wordt gedetecteerd bevat de locale amplitude en fase
informatie van de puls terwijl deze propageert door de golfgeleider. Uit deze tijdsafhankelijke
en fase-gevoelige metingen kunnen zowel de fase- als de groepssnelheid model onafhankelijk
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worden bepaald. De gemeten snelheden komen goed overeen met de snelheden die theoretisch
worden berekend met behulp van een eﬀectieve index methode.
In hoofdstuk 3 worden experimenten op een complexere structuur gepresenteerd. In dit hoofdstuk volgen we pulsen terwijl ze propageren in een micro-resonator. Hierbij brengen we direct
the resonator modi in ruimte en tijd in kaart. We nemen zwevingen tussen de verschillende
modi waar, wat bewijst dat er sprake is van meerdere aangeslagen modi in de resonator. Onze
tijds-opgeloste en fase-gevoelige methode geeft direct toegang tot de fase- en groepssnelheid in
termen van hoeksnelheden voor de verschillende modi in de resonator. Door slim gebruik te
maken van het optreden van zogenaamde fase-singulariteiten is het mogelijk om de koppelconstantes tussen de golfgeleiders en de resonator te meten.
In hoofdstuk 4 onderzoeken we de lokale meting van pulspropagatie in een kanaal golfgeleider
in meer detail. Een analytisch model is ontwikkeld dat laat zien hoe de geobserveerde signalen
kunnen worden geïnterpreteerd. De waargenomen lengte van de omhullende van de gemeten
puls word verklaard met behulp van dit analytische model. De waargenomen verbreding van
de puls kan worden toegeschreven aan groepssnelheidsdispersie (GVD) in de fibers die ongelijk
van lengte zijn in de twee takken van de interferometer. Het model laat zien dat door het balanceren van de dispersieve media het mogelijk is om de groepssnelheidsdispersie lokaal te meten.
Zelfs als de twee takken niet gebalanceerd zijn kan een referentie meting worden gebruikt om
alsnog de GVD te meten. Hierdoor worden interessante eﬀecten, zoals pulscompressie, pulsuitsmering en -vervorming, toegankelijk in de meting.
In hoofdstuk 5 onderzoeken we het gevolg van verscheidene modi die zich simultaan in onze modelstructuur voortplanten. Wanneer golfgeleider modi overlappen in het tijdsdomein
worden interessante fase-patronen waargenomen. Fase-singulariteiten, die ontstaan door interferentie tussen verschillende modi, worden normaliter verwacht op equidistante afstanden
gegeven door het verschil in propagatie-constantes van de modi. Maar in de gepulste experimenten verandert de afstand tussen de individuele singulariteiten niet alleen binnen één meting,
maar is ook nog eens sterk afhankelijk van de referentie-tijd. Om deze observatie te begrijpen
is het nodig om mee te nemen dat de pulsen die het interferentie-signaal genereren van vorm
veranderen terwijl ze door een dispersief medium propageren. Dit impliceert dat de ruimtelijke
verdeling van de fase-singulariteiten directe informatie bevat over de locale dispersiekarakteristieken van de structuur. In dezelfde meting worden simultaan de modeprofielen, golfvectoren,
pulslengtes en de groepssnelheden gemeten van alle geëxciteerde modi in de golfgeleider. De
combinatie van deze parameters met het ontwikkelde analytische model laat zien dat de unieke
ruimtelijke fase-informatie inderdaad een directe maat geeft voor de groepssnelheidsdispersie
van de individuele modes.
In hoofdstuk 6 volgen we, voor de eerste keer, snelle en langzame pulsen terwijl ze zich simultaan voortplanten in een zogenaamde W3 fotonische kristal golfgeleider (PhCW). We nemen
de excitatie van meerdere pulsen met verschillende mode-distributies waar. Voor de verschillende modi propagerend in de PhCW wordt de fase- en groepssnelheid bepaald. Specifieke
modi vertonen een sterke vormverandering terwijl ze zich voortplanten als gevolg van een zeer
sterke groepssnelheidsdispersie. Door middel van ons eerder gepresenteerde analytische model
kunnen we de GVD berekenen voor de sterkst gedispergeerde mode. Door gebruik te maken
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van verscheidene excitatie golflengtes is het mogelijk om het dispersiediagram te meten. Vergelijking met 2D FDTD simulaties laat zien dat een vlakke band zichtbaar is in het gemeten
dispersiediagram. voor de bijbehorende optische frequentie zien we een complex gelocaliseerd
veldpatroon dat behoort bij deze vlakke band. Beweging van dit licht veld is nauwelijks waarneembaar. Als er een groepssnelheid zou moeten worden toegekend, dan is deze minder dan
c/1000 met c de snelheid van licht in vacuüm.
In hoofdstuk 7 vervolgen we het onderzoek naar de propagatie van licht in fotonische kristal
golfgeleiders. Dit hoofdstuk laat zien hoe een fase-gevoelige NSOM kan worden gebruikt voor
het simultaan meten van de eigenmode distributie en de bandenstructuur in een PhCW. Bloch
modes, die bestaan uit meer dan één ruimtelijke frequentie, worden zichtbaar gemaakt in de
PhCW. In de bandenstructuur zijn meerdere Brillouin zones zichtbaar ten gevolge van het vouwen van de zones. In de Brillouin zones is zowel positieve als negatieve dispersie zichtbaar.
We laten zien dat de negatieve helling correspondeert met een negatieve fase-snelheid van een
mode die echter een positieve groepssnelheid heeft. Op hetzelfde moment bepalen we voor
elke individuele mode zichtbaar in de bandenstructuur de bijbehorende mode distributie. Een
sommatie over alle modes die onderling op afstanden liggen overeenkomstig een integer veelvoud van de reciproke golf-vector geeft de Bloch mode. We zien dat de laterale modeprofielen
voor Bloch harmonischen, gescheiden door de reciproke golfvector, verschillend is. Hoofdstuk
8 onderzoekt de koppeling tussen modi met grote verschillen in groepssnelheid. In de gemeten
bandenstructuur zien we kruisende modes met een verschillende symmetrie en grote verschillen in groepssnelheid. We laten met een hoge ruimtelijke en temporele resolutie zien dat dit
fenomeen geassocieerd is met een complex mode patroon dat volledig gelocaliseerd is in de
eerste 25 µm van de fotonische kristal golfgeleider. Dit patroon blijft meer dan 3.5 ps bestaan
nadat de excitatie puls is verdwenen. Dit gelokaliseerde en stationaire patroon houdt verband
met een zogenaamde mini-stopband. Tenslotte zien we dat een aantal modi met verschillende
symmetrieën continu worden geëxciteerd door dit gelokaliseerde licht veld.
De resultaten beschreven in dit proefschrift maken nieuwe ontwikkelingen mogelijk doordat
het nu experimenteel mogelijk is om theoretische voorspellingen betreﬀende de voortplanting
van korte pulsen in complexe (niet)lineaire dispersieve fotonische structuren te verifiëren. Onze tip-scannende techniek maakt het mogelijk om direct het functionele hart van een structuur te bestuderen met hoge ruimtelijke en temporele resolutie. In hoofdstuk 9 worden toekomstige onderzoeksrichtingen voor tip-scannende metingen van optische velden in complexe
(niet)lineare fotonische structuren gegeven.
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Het schrijven van een proefschrift heeft soms wel iets weg van het rijden op een Poolse snelweg. Iedereen lijkt te verwachten dat je met het gaspedaal helemaal op de vloer gedrukt soepel
slalommend langs alle trage verkeer de eindstreep haalt. In werkelijkheid heeft het echter meer
weg van een slechte B-weg, kortom een “echte” Poolse snelweg. In theorie kun je heel hard,
maar de werkelijkheid is anders. Op zulke wegen kun je bij donker en slecht weer alleen vaart
houden zolang er iemand voor je rijdt die de weg lijkt te kennen. Tijdens mijn promotie heeft
Jeroen deze rol met glans vervuld. Of het nu kapot springende scanners, niet perfecte optische
tafels of elektronica betrof. Jeroen had het antwoord al klaar voordat ik de vraag kon stellen.
Jeroen, duizend maal dank. Zonder jou waren we nooit zo ver gekomen.
Onderweg op deze B-weg hebben Kobus en Niek regelmatig hun licht laten schijnen over de te
volgen route. Tot wanhoop van beiden werd er echter toch regelmatig van de route afgeweken
om eens wat meer van de omgeving te kunnen zien. Snel een experiment op z’n houtje-touwtje
afraﬀelen was duidelijk niet zo aan mij besteed. Ik kan me de keren nog goed herinneren dat
jullie blik meewarig over de optische tafel ging als ik samen met Jeroen alles weer eens uit elkaar
had gesloopt. Dat leek toch echt nooit meer goed te komen.
Ik hoop dat de resultaten in dit boekje uiteindelijk het tegendeel hebben laten zien. Ook in
het doorgronden van mijn metingen bestond deze neiging tot perfectie, zodat hoofdstuk 4 en
5 uiteindelijk toch wel erg lijvig leesvoer zijn geworden. Ik wil jullie allebei bedanken voor de
enorme vrijheid die ik in de loop der jaren heb gekregen om te doen wat mij het beste leek.
Kobus wil ik hierbij specifiek bedanken voor de tomeloze tijd en energie die hij heeft besteed
om mijn werk toch nog in goede banen te leiden. De vele discussies, al dan niet via email,
hebben veel bijgedragen aan het plezier in mijn werk.
Voor het rijden op een snelweg heb je een auto nodig, net als je voor het meten aan fotonische kristallen een PSTM nodig hebt. Marcello heeft dit vehikel gedurende zijn promotie
gebouwd en mij met veel geduld alle kneepjes van het besturen bijgebracht in het begin van
mijn promotie. Samen een werkende scanner in elkaar knutselen met soldeerbout, wat lijm,
en stukjes plastic is toch buitengewoon leuk en leerzaam. En dan te bedenken dat dit stukje
“MacGuyver-werk” in de loop der jaren ongeëvenaarde prestaties heeft neergezet. Hierbij mogen ook Joost-Anne en Maria niet onvermeld blijven, omdat zij mij al eerder de fijnere kneepjes
van het “echte” NSOM-werk hebben bijgebracht.
Op een Poolse snelweg heb je altijd “gekken” die je met de meest waanzinnige snelheden durven
in te halen. Hierbij verdiend Tim Karle toch een buitengewone vermelding. De ochtenden dat
ik het gevoel had dat ik het niet kon bijbenen als ik weer vijf of zes nachtelijke mailtjes vanuit
Schotland moest doorgronden waren talrijk. Een buitengewone ervaring om op een dergelijke
manier samen te werken. Hopelijk hebben we nog eens tijd om alle ideeën en inzichten die in
die talrijke emails heen en weer gingen wat verder uit te werken. Dion, jij was net iets beter bij
te houden maar het scheelde niet veel. Ik ben blij dat hoofdstuk 3 er met alle energie die we
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erin hebben gestopt nu eindelijk ligt. Gelukkig hoefden we het niet nog eens te herschrijven.
Als laatste in deze categorie wil ik Erik bedanken voor het vele (mee)denken wat hij gedurende
de jaren heeft gedaan. Hoofdstuk 5 was toch echt niet zo ver gekomen zonder jou, bedankt.
Op de rustigere stukken snelweg is het prettig om eens bij te kletsen met je mede-passagiers.
Velen hebben binnen de vakgroep Optische Technieken deze rol vervuld en als zodanig de reis
enorm plezierig gemaakt. Iedereen rond de koﬃe-tafel in Toren 10, bedankt. Jullie maken
Toren 10 tot een bijzonder lab. Wouter, ditmaal dan toch echt bedankt. Verder wil ik Eliane in
het bijzonder bedanken. Als mede-promovendus op het gebied van fotonische kristallen was je
altijd beschikbaar voor discussie en niet te vergeten de talloze NSOM-tips die je voor mij hebt
gefabriceerd. Bärbel, in dezelfde doegroep beginnen aan een studie Natuurkunde en dan na
iets meer dan tien jaar in dezelfde kamer een promotie afronden. Om het samen te vatten, we
hebben in ieder geval onderweg veel plezier gehad. Bedankt.
Met kleine kinderen in de auto ga je vanzelf voorzichtiger rijden. Dit was zeker ook te merken
tijdens mijn promotie. Met de komst van Roan en Connor werden de nachtelijke meetsessies
toch een stukje minder. In het lab staan totdat de zon opkomt en dan vrijwel meteen na het
in bed kruipen weer gewekt worden door één of beide kinderen is toch niet echt lang vol te
houden. Ania, bedankt dat je zoveel mogelijk dit soort acties toch nog mogelijk hebt gemaakt.
Zonder dat was het eindresultaat nooit dit geweest.
Nu op het einde van de reis is het vehikel in nieuwe handen overgegaan. Rob, Marijn ik heb er
vertrouwen in dat jullie in staat zullen zijn om in de toekomst vele mooie dingen te laten zien.
Ik kan niet wachten totdat de eerste resultaten beginnen te komen...
Henkjan Gersen,
Hengelo 2004.
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