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Preface

Light technologies have been rapidly developing in past years leading to
enormous explosion in field of photonics. Various application of light based devices
were not only proposed by research groups and institutes, but also conquered a
significant part of the market. Two of the most diffuse examples that entered lives
of many people are fiber-optic telecommunication systems and medical diagnostic
systems based on light scattering. As this work started almost together with
International Year of Light we made an attempt to broaden humanity’s knowledge

about photonic devices and their applications.

In Chapter 1 we present the relevant background information that is necessary
for understanding the results further. In this chapter we shortly introduce waveguides
and whispering gallery mode resonators — the main building blocks of all the
integrated photonics. Then, the second part of the chapter is devoted to the two main
fabrication techniques for the polymeric photonics - direct laser writing and electron
beam lithography. Both techniques are used in the current work to produce various

structures.

In Chapter 2 we present a novel technique for diagnostic of integrated
photonic circuits. Based on optical gating principle, the technique combines
capabilities of static and time-resolved measurements and allows to image light
propagation in photonic structures on sub-picosecond scale. A number of system
parameters can be accessed taking advantage of the presented technique. The
apparatus has been built in the framework of this research and its application

together with a comparison with similar techniques is shown in this chapter.

Chapter 3 shows the basics of liquid crystalline networks — class of smart
materials that are responsive to light irradiation. We discuss the composition and the
main characteristics of the material that bring us to the main idea behind actuation

mechanism and optomechanical applications of the material.



In Chapter 4 we present a new advance in micro robotics — a microscopic hand
that is remotely controlled by light. We discuss the designing and fabrication of the
robotic structure and show that differences in design have advantages and
disadvantages in terms of complexity of fabrication and overall performance of the
structures. At last we show that the micro hand is capable of autonomous action and

it can distinguish colors.

In the final Chapter 5 we merge two different worlds described in the previous
chapters and try to demonstrate the principle of optomechanical control of two micro

lasers on liquid crystalline network microfilm.

This work has been conducted within Erasmus Mundus Joint Doctorate
program “EUROPHOTONICS” that implies collaboration between the research
institutes in Europe. The most part of the research described in Chapters 1-4 carried
out at European Laboratory for Non-Linear Spectroscopy (LENS) — University of
Florence (Florence, Italy). However, the electron beam lithography was performed
at Institute of Microstructure Technology — Karlsruhe Institute of Technology
(Eggenstein-Leopoldshafen, Germany). Research about the optomechanical control
of micro laser coupling was completely (including the fabrication of the samples)
conducted at Institute of Applied Physics - Karlsruhe Institute of Technology
(Karlsruhe, Germany).

The research was supervised by:

e Prof. Diederik Sybolt Wiersma, LENS, Universita degli Studi di
Firenze, Firenze, Italy
e Prof Heinz Kalt, APH, Karlsruher Institut fiir Technologie, Karlsruhe,

Germany



1 Integrated photonic components: description, fabrication

techniques

Fundamental equations from which classical description of light can be
retrieved in different media are Maxwell equations - a set of equations fully
describing system of charges and currents. Here we report them in the most general

form:

oB
VXE+—=0, (1)
ot
rxm-22_ @
T =/,
vV-D=np, 3)
V-B=0, @)

where E is electric field vector, H is magnetic field vector, D - electric displacement
vector and B - magnetic induction vector; p and J are electric charge density and

electric current density vector, respectively.

An exhaustive demonstration of field calculation in different media is beyond
the scope of this work. However, we will derive solutions of Maxwell equations for
waveguides and whispering gallery mode resonators describing the most important

steps.

1.1 Basics of optical waveguides

The key components of integrated photonic circuits without a doubt are
waveguides. Serving the same purpose as a conductor in electronics, they guide light

without significant losses for relatively long distances. However, their functionality
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is not restricted only by light guiding — one of the examples is a directional coupler

that serves as power divider in integrated circuits.

The theory of light propagation in waveguides is fully described in numerous
books and articles [1]-[3]. The complete description starts from the Maxwell
equations and wave equation in a dielectric medium and the field confined inside a

linear waveguide is described as a propagating mode.

Considering a system of coordinates with the z axis parallel to the waveguide
axis, the characteristics of a waveguide are determined by the transverse profile of
its dielectric constant g(x, y), which is independent of the longitudinal (z) direction
(wave propagation axis). The dielectric waveguide permittivity can be therefore

described as:

g(x,y) =em’(x, y) )]

where g is vacuum permittivity. The function n(x, y) is the refractive index profile
of a waveguide. In case of slab waveguide the function is independent on one of the
coordinates, while with rib of rectangular waveguides the function fully describes

the material composition of the structure.

A waveguide mode described by electric and magnetic field has a form of the

following equations:
E(x,y,z,t) = En(x,y) exp(—=ifnz — wt), (6)
H(x,y,z,t) = H,,(x,y) exp(—ify,z — wt), (7

where f,, 1s a propagation constant of a mode with number m, w — angular frequency,

E..(x,y) and H,,(x,y) describe the transverse profile of a mode.

Inserting (6) and (7) into Maxwell equations it is possible to obtain a complete

system that can be solved for each vectoral field component, as discussed in detail
6



in [3]. The resulting solutions for dielectric waveguides, are guided modes (bound
states), where the energy is confined near the axis, and radiation modes (unbound

states) with their energy leaking to the medium surrounding the guide.

The guided modes are characterized by a set of discrete values of propagation
constants f,,, while the radiation modes belong to a continuum. The discrete
solutions correspond to the fundamental mode (m=0) and to the higher modes
(m=1, 2...). In waveguides a cut-off frequency exists and defines the frequency, but
which guided modes cannot exist. The cutoff frequency is defined by the refractive
index and geometrical dimensions of a waveguide. Other relevant solutions are
represented by the evanescent modes, defined by a complex propagation constant

Pm=—la, that decays as exp(-auz).

The exact analytical solution is derived for planar waveguide[4], but no
analytic solution is available for ridge or strip waveguides. However, it has been
shown that approximated solutions can be retrieved applying specific simplifications
[1], [2]. Except for those few exhibiting special geometric structures, such as circular
optical fibers, non-planar dielectric waveguides generally do not have analytical
solutions for their guided mode characteristics. In these cases numerical methods,
such as the beam propagation method[5], are typically used for analyzing and
designing such waveguides. In this work, we use a finite element method based
software to design the photonic structures, and calculate the electric field distribution

inside the dielectric structures.

One more important parameter describing propagation of light in dielectric
waveguides 1s the effective refractive index n.s which i1s defined through the

propagation constant of the mode and wavenumber in free space k.

Bm
Nefr = 73— ®
fr ko



In current work we will work only with polymeric waveguides, that are
fabricated by one of the two most common lithographic methods: direct laser writing
or electron beam lithography. Polymeric waveguide’s advantages are easiness of
fabrication and integration (comparing with optical fibers) together with possibility
to modify the physical properties of the materials chemically. However, most of the
polymers suffer from low refractive index values that defines low refractive index

contrast and therefore a low mode confinement.

1.2 Basics of whispering gallery mode (WGM) resonators

Whispering gallery resonance was first discovered by Lord Rayleigh in 1878
in St. Paul’s Cathedral in London. He noticed that acoustic waves can travel near
wall of the dome so whisper from one side of the cathedral could be clearly heard
near the opposite side [6]. Some years later, it had been discovered that the same
phenomenon can occur with light waves. This phenomenon can be described as
a light wave travelling and being reflected at grazing incidence along a circular

border of two media, and after a roundtrip constructively interferes with itself.

In modern light technology WGM resonators play a key role, serving
numerous purposes such as optical filters[7]-[9], biosensors [10], [11], applications
in cavity quantum electrodynamics[12], [13], optomechanics[14], [15], topological
physics [16]. In case when WGM resonator is doped with an active medium it turns

into a WGM laser [17].

Whispering gallery mode resonances occur when a path of propagating wave

is equal to several wavelengths in media:

ZﬂRneff =Am, 9)

where R is radius of curvature of an element (ring, disk, bottle, etc.).



The spatial and temporal confinement of WGM depend on the geometry, the
cavity material, surrounding material and roughness of the dielectric structure. The
most important value that describes any cavity/resonator is its quality factor Q — the
value that describes the ability of a cavity to store energy inside.

Estored
= Tw,, (10)

Q= wo
P diss
where @y -angular frequency of a resonance, Ej,.q— energy stored in a cavity, P

- power dissipation, 7 - a time-constant, describing energy decay rate.

Based on different mechanisms of energy dissipation, several contributions to
overall quality factor is differentiated. The three main intrinsic loss mechanisms are
absorption (Quss), radiation (Q,.s) and surface scattering (Qscq). Extrinsic loss (EM
energy leaking into a bus waveguide or a fiber) is accounted as Q.. In this case the

overall quality factor is calculated as

1 N 1 N 1 N 1
Qabs Qrad Qscatt Qext

1
0 aan

The polymers used in this work have negligible absorption for near-infrared
part of spectrum therefore allowing us to omit Q, from the consideration. The
radiation losses in case of WGM resonator disks and rings are defined by the radius
of curvature and, in case of considered wavelengths and structure sizes considered
in the present work it can also be safely disregarded. Therefore, two main
mechanisms remain. While Q. is ruled by the coupling (i.e. gap) between the
resonator and bus waveguide, the surface roughness depends on the fabrication

method, material and can be reduced, for instance, by thermal treatment.



Another important characteristic of the cavity is the free spectral range (FSR)
being the spectral distance between two resonances. FSR is derived from (9) and is
equal:

FSR = Jo” 12
B Zaneff + /10 (12

The simplest configuration to exploit and investigate the WGM resonator
properties is a unidirectional coupling through a fiber or a waveguide. In both cases,
the output is affected by the cavity properties and we can retrieve the spectral
dependence starting from (10). From this equation, we can reconstruct the time

dependence

U(t) = Uyexp (— %Ot> (13)

This equation shows that the cavity Q-factor can be directly determined by
measuring the temporal decay of the energy U in so-called cavity-ringdown
measurements. An alternative and more practical way to determine the (O-factor is
the measurement of the resonance linewidth in the frequency domain. This approach
is derived and discussed in the following. Due to the relation U(?)=E”(t), the time
dependency of the electric field £ is given by

wol .
E(t) = eyexp (— E) exp(—iwyt) (14)
Fourier transform of equation (14) results in the Lorentzian-shaped intensity

I distribution of the resonance

1

I(w) x o
(0= 00)” + (59’

(15)
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This Lorentzian lineshape has a full width at half maximum of dw=wy/Q.
Considering this, the Q-factor can be calculated trough transmission measurements

as follows:

Q=—nrn— (16)

And in this case 04 is the full width at half maximum of the peak as function

and can thus be directly inferred from the linewidth of the resonance.

The interaction of the WGM resonator with bus waveguide is described by
coupled mode theory and in details reported in [2], [3], [18]. However, here we will
show the most important result of those calculations — the transmission spectrum

dependence from the frequency of the signal.

Torr T ) + (@ = wp)*
T(w) = el’“ ‘ft > 17
_ 2
Text + Tint) + (w wO)

where 7, is time constant characterizing an energy decay rate through the external
mechanisms and z;,, i1s time constant characterizing an energy decay rate through the

internal dissipation.

The transmission properties are commonly characterized as over-coupled,
critically coupled and under-coupled. Under-coupling refers to the case where the
waveguide coupling is weak and the cavity decay rate 7, | exceeds the cavity
coupling rate 7., ’. In this case the amplitude of the cavity leakage field is much
smaller than the amplitude of the transmitted waveguide field. The cavity leakage
field exhibits a phase shift of 7 > ¢ > 0. In the over-coupled regime, instead, the rate
of cavity coupling exceeds the cavity decay rate, 7., / > 7;,, . The amplitude of the

cavity field in this case is larger than transmitted pump field, and reaches a value of
11



twice the waveguide amplitude in the case of strong over-coupling. But the most
interesting case in optics is the critical coupling. Critical coupling occurs when the
external lifetime is matched to the intrinsic cavity decay rate 7., ' =z, ’. In this case
the transmission after the resonator ideally vanishes, and a complete power transfer
of the optical power, carried by the wave to the cavity mode, occurs. The signal
vanishes due to the interference of the cavity leakage field and transmitted pump

field, which exhibit equal magnitude but a relative phase shift of 7 [19].

1.3 Fabrication techniques: Direct Laser Writing (DLW)

1.3.1 Two-photon absorption polymerization

First predicted in the beginning of 20-th century, the first time two-photon
absorption was first demonstrated in 1961 in [20]. Two photon (or 2-photon)
absorption is a third-order non-linear process when two photons of energy E;
absorbed simultaneously, leading to a change of energy state of a system with a value
2E;. The absorption coefficient in this process depends on the intensity and,
therefore, it occurs only at sufficiently high intensities. The two photon absorption
is used in many areas of science and technology, from diodes for autocorrelators

[20] to fluorescence microscopy [21].

When applied to DLW, two-photon absorption provides sub-diffraction
resolution thanks to a small volume where the intensity of the laser exceeds the

threshold (Figure 1).

12



Focused laser

beam

. Polymerization

volume

Figure 1. Two photon polymerization voxel appearance.

1.3.2 Direct laser writing

Direct laser writing (DLW) is a unique non-linear lithographic technique

based on ultra-localized polymerization.

Considering the variety of employed materials and the three-dimensional
fabrication of arbitrary elements by this technique, DLW is widely spread in
microphotonics. Being based on local polymerization of a photoresist, it allows to
realize complex 3D micro- and nano-structures for diverse applications in
microoptics [22], photonics [23]-[25], micro-fluidics [26],biomedicine [27] and

microrobotics. Some examples are shown in Figure 2.

13



Figure 2. Examples of structures, fabricated with direct laser writing. a)-Microlens, that is used on top of a

fiber (adapted from [22]); b)- bioinspired functional surface (adapted from [28]; ¢)-3D metamaterial
mimicking p-type semiconductor can be made of an n-type semiconductor (adapted from [29]).

Furthermore, it allows integration of several components and combination of

a few of the above mentioned functions [30]. DLW technique is attractive due to its

versatility to materialize differentiated 3D models (also using CAD platform) made

of a wide spectrum of materials on the desired substrates [30]-[32]. Moreover, DLW

technique allows to pattern many geometries using different polymers opening to

applications in many fields.

It is based on a non-linear photo-polymerization process that allows to
transform the liquid resist in the desired polymeric structure. Laser induced photo-
crosslinking and polymerization can be achieved by tightly focusing ultra-short
pulses inside photo-sensitive mixtures [33]. A point-by-point exposure of a resist
allows to write connected lines and surfaces. In 3D DLW, a pulsed laser is focused
into a diffraction-limited spot inside the volume of a drop photoresist. Pulsed laser
excitation provides high intensity inside the focus area that allows to employ non-
linear processes within polymerization. A typical layout for direct laser writing

system is showed in Figure 3.

14



Inverted microscope

Polarizer

Power meter

Figure 3. A typical layout of DLW system (here AOM stands for acousto-optical modulator, A/4 stands for

quarterwaveplate).

However, a possibility to achieve higher resolution has been demonstrated
introducing the concept of stimulated emission depletion exported from fluorescence
super-resolution optical microscopy by S. Hell [34]. If this idea is applied to optical
lithography, the depletion DLW system (STED-DLW [35]) allows, inhibiting
partially the polymerization and then effectively reducing the photoresist sensitivity,
to reach a lateral resolution of 65 nm. Additionally, beam shaping techniques
employing spatial light modulators (SLM) or diffractive optical elements (DOEs)
can be used to obtain parallel processing and dramatically increase fabrication

throughput [36].

Nonetheless, high resolution is not the most remarkable feature of this
lithographic technique. In comparison with other fabrication techniques, for instance
UV photo-lithography or electron beam lithography(EBL), it allows to create truly
three-dimensional structures. The unique possibility of fabricating three dimensional
structures, even employing different materials and even combing them within one
structure (in several step fabrication process [37], [38]), is the key feature that

differentiates DLW from e-beam lithography. Moreover, being a mask-less system,
15



with a simpler hardware than EBL, DLW is a low-cost technique not only in terms
of purchase, but also servicing and fabrication. However, the disadvantage of the
technique is that the fabrication process is time-consuming (the downside of high

lateral resolution) and barely applicable for mass-production.

Exploiting two-photon absorption, the effectively exposed volume is
restricted to the focal region and only in the central part of the laser spot, the light
intensity overcomes the polymerization threshold. This threshold process leads to

the polymerization of an ellipsoidal volume element, called a voxe! (

Figure 1). The size and shape of voxels depend on the iso-intensity surfaces
of the microscope objective, and the exposure threshold for multiphoton processes
of the photosensitive medium. The lateral resolution of DLW in this case can reach

values as low as 120 nm[39].

Despite of a variety of commercial and custom-made systems, in the present
work all the DWL patterning was performed with DLW NanoScribe GmbH, that is

owned by both institutes where current research has been conducted.

Laser assembly

Figure 4. A photograph of DLW NanoScribe.

Two main configurations of DLW might be used for different substrates and
resists. In conventional DLW an oil-immersion objective is used as depicted in

Figure 5. In this case the maximal height of the structure is limited by a working
16



distance of the objective (usually not exceeding 40um). However, so called dip-in
laser lithography (DiLL) is also implemented in the used machine. The main
difference from the conventional configuration is that in case of DiLL the immersion
oil and photoresist is the same substance and, therefore, the fabrication process is
reversed in the z-direction. Considering this, the limitation of the maximal height of
the structure is removed (of course, the development process and the structure

stability are yet limiting factors).

Resist
a) b) I
Oil A Resist
100X 100X
Objective Objective

Figure 5. Conventional DLW (a) vs. DiLL (b).

A main concern while performing DiLL DWL is a proper choice of substrate
— it must provide a sufficient refractive index contrast with the resist to maintain

proper interface correction.

1.3.3 Materials for DLW

Numerous materials are available to be applied with a technique. By company
itself several resists are proposed, which are optimized to achieve certain values of
different qualities, such as resolution, shrinkage or surface roughness [40]. However,
the possible materials are not limited by the company products and many custom-
made resists exist. Interesting classes of the materials to be used with DLW should

be noted separately are smart materials, for instance hydrogels[41] or liquid crystal

17



networks[42], [43] that have been already demonstrated to be compatible with this
lithographic technique.

1.4 Electron beam lithography

One more wide spread fabrication method for photonic applications is electron
beam (e-beam) lithography (EBL) [44]. The crux of electron beam lithography is the
same as any other lithography - a resist changes its properties under exposure. Very
often for photonics application poly(methyl methacrylate) (PMMA) is used. It has
good optical properties as transparency in the visible and infrared region and good
rigidity (more elastic that Ip-Dip of Nanoscribe with a lower Young modulus of
2—3GPa). As in our case, it is employed as a common high resolution positive resist
for electron beam lithography. Polymeric chains are broken by the electron shower
and using a developer, the exposed part is removed. PMMAs use with e-beam
lithography is well established and it represents one of the most popular e-beam
resists, offering extremely high-resolution, ease of handling, excellent film
characteristics, and wide process latitude. The refractive index of PMMA is
commonly 1.48 for NIR. However, several modifications of the process are
proposed, to increase the refractive index contrast. In one of them PMMA structures
are written on a silicon structure and afterwards etching is performed [45] followed
by thermal reflow. This process allows to form whispering gallery mode cavities

with quality factors up to 106,

The fundamental condition, that the EBL substrate should satisfy, is to be
conductive to not accumulate the incident electric charges that would then deflect
the electron beam. The most widely used substrate is silicon with a thin insulating
layer of silicon dioxide on top. Other possible substrates that can be used are glass
plates coated with metal (ITO [46], chrome on glass, widely used in mask

production).

18



The main parts of apparatus are resembling scanning electron microscope:
electron gun (source), magnetic lenses and a stage, where the sample is mounted.
However, the fact that all the system must be kept in vacuum makes the e-beam

lithography more complex in terms of supply and maintenance.

1.4.1 Photonic components made with combination of poly(methyl methacrylate)

and lift-off resist

It is worth discussing separately a technique proposed in [47]. Although the
proposed sample fabrication process is used for preparation for UV-lithography, in
current work we adapted it to be used with e-beam. The basic idea behind the process
is to use a material, that can be chemically etched the same way as silicon in [45] .
The sacrificial layer between resonator and substrate has to allow for selective and

isotropic etching without damaging the PMMA resonators or polymer substrates.

For this purpose polydimethyl glutarimide-based lift-off resist is used (LOR
30B, Microchem Corp.). The full process is described in Figure 6.

The layer of lift-off resist is spin-coated on a substrate (it can be a silicon
wafer or glass or any other substrate) and baked on a hot plate for thermal annealing.
On the second layer PMMA (PMMA 950k, MicroChem Corp.) is deposited. Then
after the lithographic exposure, the PMMA is subsequently developed in a 1:1
mixture of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA), leaving a
layer of LOR with structures on top. With this last step a selective wet etching is

performed under-etching the PMMA structures.
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a) Spin-coating of LOR b) Deep-UV exposure

and PMMA
VY s
N Lift-off
IURGCEN - N
c) Developing of PMMA d) Wet etching of LOR

mmessumys I R

Figure 6. PMMA and lift-off resist processing (adapted from [47]).

For non-conductive substrates, a = 50 nm layer of chromium is sputter-coated

on top before the e-beam exposure and removed afterwards.

1.4.2 Advantages and disadvantages of the technique

The main disadvantage of the EBL is that all fabricated structures are
restricted in two dimensions (or quasi two dimensions as described in [47]). The
other disadvantage is connected with a complexity of the device and its expensive

maintenance (vacuum pumps, sources, etc.).

However, the e-beam production of structures is defined by high throughput ,

extremely high resolution reaching sub-10 nm values [48], and high reproducibility.

20



2 Diagnostic tool for integrated photonic circuits.

2.1 Existing methods of photonic circuit diagnostic

In modern telecommunication technology for scientific application the variety
of tools for complex diagnostics is not as wide as needed. Several techniques have
been developed for fiber-based systems, for instance optical-frequency domain
reflectometry (OFDR) [49] or optical time domain reflectometry (OTDR) [50],
while situation with integrated circuits is slightly more complex. A coherent
frequency domain reflectometry was adjusted to study integrated waveguides [51],
but still could not overcome the resolution of 10um. Furthermore, the requirements
for more complex systems, such as coupled resonator waveguides [52], [53],

demand sufficiently different way of inspection.

In order to study integrated photonic components different kinds of
approaches like far field scattering microscopy (FScM), [54] or scanning near field

optical microscopy (SNOM)[55]-[57] have been proposed in last years.

At last, ultrafast photomodulation spectroscopy (UPMS) technique for
complex analysis of various integrated photonic components has been proposed
[58]. Using local photomodulation of refractive index of a specimen with UV
femtosecond pulse, the technique allows to see the effect in the transmission signal
of the system. Two main drawbacks of that approach are perturbation of the sample

and scanning nature of signal acquisition.

In current chapter we introduce a new approach to perform a complex
diagnostic of integrated photonic circuits. Based on the optical gating principle, the
technique allows to access various system parameters while using a single
configuration. At first, we introduce the detailed apparatus description and then as

fully as possible describe the sample study methods.
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2.2 Ultrafast imaging and complex diagnostic of photonic circuits

Here we report a novel apparatus that had been constructed for diagnostic,
testing, and complex investigation of various photonic circuits. The idea of using
pulsed laser for different kind of non-linear applications is caused by high energy

per pulse value.

In many cases the time resolution of the imaging technique is defined by the
detectors used in a given apparatus. While commercially available single
photodetectors can reach time resolution up to several nanoseconds, array detectors
are barely able to overcome a limit of tens of microseconds. However, if one has a
desire to track a phenomenon connected with light propagation inside diverse media
- either highly scattering disordered photonic structures or photonic crystals or even
inside the integrated photonic circuits, much high temporal resolution is becomes
mandatory. A task of building a device that is capable of femtosecond time
resolution in the imaging process confronts some physical restrictions. Nonetheless,

a completely different way exists to address this problem.

After invention of stroboscope (or, how the inventor called it
"Phenakistoscope") in 1832 by Joseph Plateau it became a very popular tool for
image projection of moving images. Within almost two centuries the principle of
operation of the stroboscope remains relevant for various applications. The main
idea of a stroboscope is to make cyclically moving object appear to be slowly and
smoothly moving by briefly and repeatedly illuminating the object at different time
during its periodic motion. Thus, if one turns on the illumination only in one
particular moment of the cyclic process, then the object will appear static, “frozen”
in that particular moment of the cycle. One of the well spread examples is when
rotational frequency of a wheel or helicopter blades coincides with an acquisition
frequency of a camera or matches with the physical “refresh rate” of the retina,

producing the so-called wagon-wheel effect.
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It turns out that the same trick can be performed with laser pulses and various
photonic structures. Repeatedly exciting a structure with a laser pulse, with period
equal to pulse repetition rate of the laser, one creates a cyclic process. Then a
triggering mechanism, which is an equivalent of the flashes in stroboscope, should
be turned on. All those requirements bring us to the idea of optical gating [59], that

uses two pulses and non-linear media as a triggered acquisition mechanism.

Using pulsed laser to achieve temporally resolved information has been
realized several times by different groups to explore ultrafast dynamics of light in
different systems. Several sorts of systems, starting from fluorescence measurements
[60] and, so-called, light bullets [61] and covering the vast range of applications up
to biological[62] and disordered photonic samples[63].

2.3 Cross-correlation optical gating principle

In a typical optical gating apparatus, two synchronous, collinear probe and
gate pulses are made to impinge on a nonlinear crystal. The probe pulse at frequency
o, (interpreted as the central frequency of the pulse bandwidth) interacts with device
under study (DUT), acquiring a time-delay or experiencing any other time-
dependent transformation, thus leading to the time profile /,,;(z). Conversely, the gate
pulse propagates unaltered in free space preserving its original temporal profile
1,2(1). When the two pulses eventually reach the crystal, an upconverted signal at
frequency w; +w; is generated and intensity depends on the degree of spatial and
temporal overlap. This frequency mixing process is known as sum-frequency
generation (SFG) or upconversion and occurs in nonlinear media with finite second-
order susceptibility y®. The intensity profile of the sum-frequency signal is given

by the convolution integral of the intensities

lyz = f 1,1 (01, (t — T)dt, (18)
0
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where 7 represents time-delay of one pulse with respect to the other. For a
fixed delay z, the resulting train of signal pulses /,3(At) has now a stationary
intensity that can be detected and integrated with a slow detector. By scanning over
the delay 7 it 1s possible step by step to record the temporal evolution of /,;(?) using
the unperturbed /,,> (¢) pulse as a temporal gate (hence the name of the technique),

by performing a deconvolution operation.

In our particular case, we have built an apparatus that is capable of probing
photonic structures with femtosecond pulses produced by Ti:Sapphire laser
(Tsunami, Spectra-Physics) and femtosecond optical parametric oscillator (OPAL,

Spectra-Physics).

The pulses produced by Ti:Sapphire are characterized by length of At=120 fs,
wavelength A=819 nm with spectral width of AA=5 nm as a full width at half
maximum (FWHM). The output power can go up to P=2.1 W with repetition rate
v=80.5263 MHz. Each pulse passing through an optical parametric oscillator (OPO)
is converted into two pulses with different frequencies (19), which are called signal
and idler. In this case, a single photon is split into two, following energy

conservation law.

hvpump = thignal + Wigier (19)

However, due to limited efficiency of non-linear processes not every photon
experiences a conversion process, thus leading to the existence of the residual pump

beam in the output of the OPO.

In our setup, we do not use the idler beam, working only with signal beam
(called probe, due do its application) and residual pump beam (called gate), serving
as a trigger for the detection part of the apparatus). The signal wavelength can be
tuned across a relatively wide range (1.2-1.6 um), thus allowing for tunability of the

probe pulse. The wide wavelength range broadens the application of the apparatus.
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However, if the wavelength tunability of the signal beam does not cover one’s need,
there is a possibility to use idler beam instead, which is tunable in the range of A=1.6-
2.25um. Most of the photonic components are designed to be used in C-band of

telecom communications that is A=1.55 pm.

The repetition rate of the OPO is equal to Ti:Sapphire laser therefore the
produced pulses are synchronous and coherent. The average power output of signal

beam is P=130mW.

The typical spectrum of the probe pulse (i.e. the one interacting with the

specimen) is shown in Figure 7.
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Figure 7. The spectrum of the probe pulse.

Precisely tuning the optical path of the two pulses it is possible to achieve
their coincidence in time and space. Optical gating technique requires a nonlinear

medium to be used. In the most cases crystals designated for frequency conversion
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are used [61], but in some cases Kerr effect is employed [60]. In our case BIBO
(BiB3Og) nonlinear crystal was used. The conversion efficiency of BIBO crystals
has been reported to significantly exceed the LBO (LiB3;Os) and BBO (BaB,0,) for
sum-frequency generation for the same conditions [64]. The crystal thickness should
be chosen accurately to have an optimal value within the interplay between imaging
distortion and sum-frequency power generation. However, following the
experimental process we discovered that at the initial stage of research the low
upconverted signal intensity can be simply compensated by increasing the exposure
time. Therefore, the crystal thickness has been chosen to be 0.5mm to decrease

spatial and temporal walk-off effects.

In order to study not only temporal delay of the light in various samples, but
also its spatial distribution, it is necessary to implement an optical imaging scheme.
However, since the frequency conversion of the signal is involved a standard
imaging design is not suitable. We implement two-stage imaging as follows: the
image of the sample with use of an objective and a tube lens is constructed between
front and back facets of the crystal, thus leading to a reduction of image distortion
during the frequency upconversion process. After the crystal, a dichroic mirror cuts
out all the wavelengths except for the sum-frequency generated signal. Using a lens,
a pattern, which was constructed between the facets of the crystal and upconverted,
is imaged on a CCD detector (Andor iKon M912) of an ultra-sensitive camera or
focused in one spot inside a photo-multiplier tube (PMT). PMT allows to collect
overall transmission through the sample resolved in time. Meanwhile the camera is

able to register also the spatial distribution.

A chopper installed in the optical path of the gate beam is used for automatic

background subtraction in the case when the PMT is used.

The schematic representation of the apparatus is presented in Figure 8.
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2.4 Phase-matching and angular acceptance

The up conversion that lies in the base of the optical gating idea critically
depends on the phase-matching of the two interacting pulses, as a momentum

conservation law requires.

ko, +k,, =k,, (20)

3

where k is a wavevector of a wave with angular frequency o, indices 1,2,3

correspond to waves participating in the upconversion process.

In the collinear case, when all the waves propagate in the same direction,

Eq. (20) turns into scalar equivalent:
w1n(w1) + wn(w;) = (w1 + w)n(w3), @1

where n(w) — refractive index of a media at angular frequency w.

Considering a birefringent crystal medium, one can exploit the variation of
refraction index depending on the direction of propagation. Choosing the direction
and polarization of incoming waves carefully it is possible to satisfy Eq. (21). In a
uniaxial birefringent crystal with optic axis, both ordinary and extraordinary

(polarization perpendicular to the plane) rays are defined, seeing refractive indices
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of n, and n. respectively. Each intermediate combination will yield a
correspondingly weighted value of the effective refractive index along that direction,

which allows to satisfy (21) by tuning the angle of incidence.

Uniaxial crystals are classified as “negative” if n, < n, and “positive”
otherwise. In the former case the possible polarization combinations are o+o—e or
ote—e with the sum-frequency necessarily polarized along the extraordinary
direction, while for positive crystals it must be ordinarily polarized, i.e., eto—o0 or
et+e—o. Irrespective of the sign of the birefringence, the interaction is termed of type

I if the incident beams have parallel polarization, and type II otherwise.

The angular acceptance on the crystal is an important parameter for the
upconversion process and in details is discussed in [63], [65]. However, since in our
case we use an objective with infinity corrected tube lens leading, in principle, to

parallel rays, and therefore, in our case we exclude this issue from consideration.

2.5 Spatial and temporal resolution

In order to describe the apparatus, we perform spatial and temporal resolution
characterization of the technique. Temporal resolution of the system is defined,
mainly, by duration of both pulses participating in sum-frequency generation
process, and, more precisely, by cross-convolution of the two pulses and precision

of the translation stage position.

The translation stage allows to position the set of mirrors with a precision of
1um. Using (22) we easily get a value of =3.3 fs. However, as it will be shown later,

this contribution is not significant for our case.

Ax
At = —, (22)
c
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where 4x -positioning precision of the translation stage expressed in units of length,
At- precision of positioning of the translation stage, expressed in units of time, c-

speed of light.

We still can fully describe temporal resolution simply performing the
scanning of time-delay in absence of any sample. This measurement reveals a main
peak full width at half maximum being of roughly 290fs (this value slightly changing
from one experiment to another, being dependent on lasing conditions and,
therefore, being affected by external parameters like, for instance, temperature

variation in the laboratory) - Figure 9.
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Figure 9. Time-resolution characterization: cross-correlation measurements.

Nevertheless, there is one more factor affecting signal acquisition: as well
known, the pulsed lasers produce no single pulses, but rather trains of pulses. In this
case the main pulse, like the one in Figure 9, are orders of magnitude more intense

comparing to secondary and other satellite peaks following the main one. However,
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those peaks play significant role in case of weak signals. As it will be shown later,
the free range of time delay (in other words, time delay between main pulse and first
secondary pulse) is around six picoseconds, that is enough for current application.
If, however, one might need to measure effects that occur on longer time-scale, the

effect of secondary pulses can be removed during data processing.

The spatial resolution depends on several factors: set of the objectives, non-
linear crystal thickness and properties, detection camera. We must note, that the
desired signal is carried by infrared (1.55 pum beam) and then is upconverted into
green beam that facilitates the detection and, therefore, improves the quality of the
final detected image. However, since the imaging is performed with use of non-
linear media, the images suffer from aberration, caused by image doubling due to

birefringence.

We used standard resolution test targets for resolution calibration (USAF 1951

negative, ThorLabs, Inc.) and varied collection objective from 10x magnification

(Figure 10-a) to 50x magnification (Figure 10-b).

Figure 10. Spatial resolution test.
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Obviously, the smallest feature of the resolution target is the bigger than
maximal resolution achievable using a 50x magnification objective, therefore, we
have to estimate the resolution using structures that we use in our research. As it will
be shown later, the smallest feature size that can be imaged with use of 100x

objective is approximately 1 pm.

2.6 Objects under study.

The complex tool for characterization and study of integrated photonic circuits
should be capable of various types of analysis of different samples. To demonstrate
versatility of the designed technique we perform investigation of the properties of

linear and non-linear elements.

In the present work, we demonstrate the analysis of the following types of

devices:

e Optical waveguides

e Polymeric single whispering gallery mode resonators

1.1.1. Optical waveguides.

The waveguides to be studied are designed using finite element method with

help of commercially available software (COMSOL).

A waveguide for our application is designed to support only fundamental TE
mode. The refractive index of the polymer is known to be np.gip=1.54 while fused
silica glass substrate has refractive index ngpsirate=1.46. Including those parameters
into the model and optimizing parameters, we calculate the effective refractive index
to be nes=1.4831 for a rectangular waveguide with the size of 2.2um x2.2 um for

TE mode at the wavelength A=1.555 pm.
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Figure 11. Mode analysis of polymeric waveguide: Electic field norm.

In order to be able to excite the mode from free space with an objective (trying
to avoid micromanipulation and with a fiber) a grating coupler, based on the Bragg’s
law is designed using 2D geometry and effective refractive index approximation.
Although achieved coupling efficiency is below 5% and relatively low comparing
to analogous devices, it satisfies the needs of current research (Figure 12).
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Figure 12. Grating output coupler model output showing non-zero power flux in y direction.

The shape of the waveguide is designed to have 90-degrees change of the
direction along its overall path, in order to facilitate the background subtraction

while the measurement using polarization selective detection. The curvature of the
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bent region is set to 30um to keep the losses small. The very basic information to be
extracted from a single-mode waveguide is an effective refractive index of the

structure.

Let us describe a typical experimental procedure that is applied to any further
measurements. The probe beam is focused by an objective (usually 10x
magnification) into an input coupler of the device under test (DUT). At the first step,
the collection objective is focused on the same input coupler to collect direct
transmission. This measurement defines the exact moment when the probe pulse
enters the structure, therefore, it is chosen as origin of coordinate axis of time delay.
In a second step, depending on the region of interest, the light is collected from it.
To distinguish effects introduced by different parts of DUT from effects of a
substrate and other components of the setup, it is necessary to perform the same kind

of transmission measurements, but using only a substrate.
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Figure 13. Time trace of transmission through the input coupler of a waveguide.

On the Figure 13 we show the time resolved transmission through the input

coupler of a waveguide(black) and through a substrate alone(red). A clear difference
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between the curves occurs at the time delay of At=2.03ps corresponding to a
backscattering from the far end of the waveguide under study. The mismatch of
intensity of the remaining signal can be explained by the power variation during long

term laser operation.

The conclusion about the backscattering nature of the peak discussed above is
done combining time-resolved transmission measurements together with ultrafast

imaging, showing the bring region at the position corresponding to input coupler.

The next stage in the investigation of the properties of a waveguide is a
measurement of time resolved transmission through the sample. In this case the
collection objective is set in the position to collect transmitted light. Time resolved
trace shows several peaks with small time delay difference. However, it was verified
that the first peak corresponding to the time delay At=0.5 ps is simply a parasite
reflection propagating through the substrate. The second peak, which has a time
delay At=1.3ps is of interest. The position of the peak, meaning the time-delay,
carries the information about effective refractive index of a particular mode of the

waveguide and the calculated value is n.s=1.48 that is in agreement with the model.
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Figure 14. Time-resolved transmission trough a waveguide. Black line indicates signal collected from the
input coupler, red line indicates the signal from output coupler.

More information can be extracted using the CCD camera for collecting
information about spatial distribution of the signal. Time frames are recorded in
correspondence to four different time delays that are indicated by four blue vertical
notches in Figure 14. All four time-frames are taken acquired at time-delays At
(shown in Figure 14) laying in the limits of the peak discussed above. In Figure 15
a)-d) is clearly visible the time evolution of the pulse that due to low efficiency of
the grating coupler propagates for the length of about 20pum (length of the grating).
All the time-frames are normalized in the same way in order to compare the intensity
change. Every frame contains only time-resolved upconverted signal. A simulation,
showing a steady state scattering pattern was performed using FEM (COMSOL) and
the result together with an optical image of the grating is depicted in Figure 15 e)-f).

Measuring precisely the time delay, that the probe pulse acquires while
propagating in the waveguide and precise length of the waveguide it is possible to

calculate phase velocity and, therefore effective refractive index of the mode (23).
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At -c
neff = ] (23)

where n.g-effective refractive index of the mode, A¢ — time delay of the pulse, / —

length of the waveguide (or other object under study), ¢ — speed of light.

= il

Figure 15. a)-d) Sequence of time-frames that describes a pulse being coupled out of the waveguide, ¢) FEM

simulation of intensity distribution for an output coupler, f)- optical image of an output coupler.

The important application of the current technique is imaging of the defects
of the structures. We have designed and fabricated defects in the waveguides of
varying the length and the depth. Since the fabrication process of DLW produces
some number of defects, on one of the waveguide there is an area with polymer
burned, that is also being considered. Introduced defects do not significantly

deteriorate the characteristics of the structures.

In the current experiments, we used low magnification collective objective
(20X) to be able to image the complete structure within field of view. However, the
disadvantage of this approach is that there is no spatial filtering of the input signal

that, in this case, introduces some non-flat background.
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Figure 16. Time-resolved trace from the waveguide with two scattering defects.

The two defects discussed above are situated close to each other comparing to
pulse length —at the distance of around 48um. In this case the overall transmission
is not able to resolve in time events, when pulse reaches the first defect and then the
other. Both those events are merged together into a broad peak from time delay
At=1.25 ps up to At=1.75 ps. However, in this case the imaging helps to sort out
events and even identify both time coordinates. Apart from detecting and
distinguishing defects by the means of imaging, they can be also used to increase the
precision of the effective refractive index calculation. Here and after (if not stated
otherwise) every image is a combination of two frames: the first, is time-resolved
investigated signal (outcoupled through a grating coupler or another way); the
second — an image of the sample that is illuminated by unfocused collimated beam
in order to get information about sample alignment and positioning (however,
acquired with the same mechanism — upconverted image). Then a background image

is adjusted in brightness and contrast and is combined with the useful signal.
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Figure 17. Time frames, showing scattering defects reacting on pulse propagation.

38




1.1.2. Polymeric single whispering gallery mode resonators.

Whispering gallery single mode resonators are fabricated by the DLW with
[P-DIP polymer. To couple the laser radiation into the WGM ring the waveguides
from the previous chapter are used. Each resonator is placed in close proximity to a
waveguide in a way that evanescent fields of the modes of the waveguide and
resonator will overlap, thus leading to energy leak form the waveguide into the
resonator. The light inside the ring, trapped by total internal reflection circulates and
couples out through the same bus waveguide. While usually a waveguide and a ring
remain in the same plane, in our case we study more complicated system when

WGM resonator and waveguide are stacked vertically.
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Figure 18. SEM image of a whispering gallery mode resonator together with a waveguide and grating

couplers.

2.6.1 Resonance linewidth measurements

For the WGMR integrated circuits resonance linewidth measurement we use

a simple transmission setup reported in Figure 19.
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The circuit has been realized to work in the telecommunication band. The
source is a continuous tunable NIR laser (Photonetics TUNICS-plus SC) with a
tunable range from 1460 nm up to 1570 nm and a minimum step of 1 pm. The laser
light is not polarized so in order to have an impinging TE mode on the input coupler,
a polarizer and a half wave plate (for the NIR range) are placed in front of the sample.
The light is then focused on the input grating through a 20X objective (Mitutoyo
Plan NIR). A 4X objective is used instead to collect the light coming out from the
output grating at the end of the waveguide. To selectively detect only the guided
light from the 90° bent waveguide, a second polarizer, is placed after the sample in
a cross-polarization configuration, is placed after the sample. In the sample image
plane, a pinhole is positioned to spatially filter the output grating. This image is then
reconstructed through a doublet or on the NIR camera (Phoenix Camera System

INDIGO) or on the NIR photodiode, using a flipping mirror.

Tunable NIR
laser

. Infrared
camera

Polarizer
1

Photodiode

Figure 19. A layout of apparatus for cavity characterization.

The optical image allows to see when the incoming beam is well focused on
the input coupler. Once the light is coupled into the waveguide, a bright spot appears
at the waveguide output grating, representing the guided and transmitted light. The
spectral measurement is then realized flipping the mirror that switch the light from
the camera to the photo-diode. A wavelength sweep of the tunable laser is set to

record the waveguide spectrum. Because of low efficiency of the grating and a
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resulting low waveguide output, a modulated signal is employed which is later
deconvolved using a lock-in amplifier. The waveguide transmission is then
normalized to the glass substrate transmitted signal. Due to the fabrication parameter
sweep and the not perfectly reproducible lithographic results, cavities with quality

factor from hundreds up to tens of thousands have been fabricated.

A typical spectrum of WGM resonator is shown in Figure 20. Two sets of dips
are clearly visible. They correspond to two modes with quality factors Q,=1225
0,=3100 with FSR=12nm.
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Figure 20. Two resonant mode in the spectrum of WGM laser.

2.6.2 Cavity characterization with time-resolved measurements

The rings obviously have resonances at slightly different wavelengths. Yet,
the probe pulse, being as wide as AA=19 nm (Full Width at Half Maximum) covers

at least two resonances in the transmission spectrum of the ring.
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Quality factors of the resonators can be estimated by a variety of methods. In
our case, time-resolved transmission through the waveguide-resonators assembly
allows to resolve in time each roundtrip of a pulse inside the resonator and thus
calculate Q-factors in a manner that is similar to cavity-ringdown spectroscopy. If
compared to linewidth measurements, this strategy that is much closer to the real

definition of quality factors and more even more intuitive.

The investigation of the coupled cavity-waveguide system is performed in the
same way as for the single waveguides. A time-resolved transmission through the
waveguide without a ring coupled i1s used as a reference to facilitate peak
identification procedure. As clearly seen from the Figure 13 the input signal has non-
flat nature and can be described as a train of pulses. Nevertheless, due to limited
efficiency of the couplers only significantly intensive pulses affect the output signal.
The typical transmission profile for a waveguide without a coupled resonator shown
in Figure 21. The time delay zone up to 6 ps is left undisturbed in the case of our

samples and (as will be shown later) is sufficient for current purpose.
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Figure 21. Time delay range for a study of waveguide-resonator assembly that is free of any side peaks.

Figure 22 depicts the time trace with clear time effect of a resonator. Each
single roundtrip of the pulse is recorded. The dependency shows the exponential
decay of the power stored in the resonator that is in accordance with theoretical
prediction. Considering that information about the time that a pulse needs to make a
roundtrip in the resonator is present the effective refractive index of the mode can

be calculated as in the case of a waveguide.

Each single peak that corresponds to the effect of the WGM resonator is
approximated with a Gaussian fit to calculate the area below it. Then using this
information together with the coordinates of the centers of mass of the peaks the

decaying exponential fit is performed.

X

I=C+1Ipe® (24)
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Since the energy stored in the resonator is decaying to approach zero therefore
the C parameter is set to zero. Using exponential approximation, the decay time and

quality factor are calculated.
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Figure 22. Time-resolved transmission trough the waveguide-ring assembly, showing fringes that imply

energy leaking from a resonator into the bus waveguide with exponential decay.

The exponential decay becomes evident if one plots in a graph only positions
and intensities of the different (Figure 23). Although the peak at Ar=2.3 ps results
from the resonator effect, we excluded it from our analysis, because its intensity is

affected by the stray light at Atz=1.9 ps.
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Figure 23. Exponential behavior of energy dissipation rate.

The time decay parameter extracted from the approximation is z=1.32 ps and

quality factor is Q=1600.

2.7 Direct imaging with the use of scattering particles.

The big disadvantage of the technique described above is that only losses from
photonic circuits allow imaging to be performed. However, in many devices imaging
a mode can be of interest. Near-field techniques can provide this kind of information
both in steady state and resolved in time. In our work within the frame of the
complex diagnostics we make an attempt to acquire the information about light

propagation inside a device under study.

To perform an imaging of the light pulse propagation inside the structure it is
necessary to introduce a mechanism that will extract small amount of energy that

can be detected by the apparatus. For this purpose, we have investigated the
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reversible addition of TiO, nanoparticles in a proximity to the polymeric structure

that we investigate.

We performed a finite element method (FEM) simulation, trying to discover
if presence of titanium dioxide nanoparticles disturbs the propagation mode of a
waveguide. We consider the refractive index nrio2=2.46 at the wavelength of interest
A=1.5 um and an approximate size of a single particle of 200-300 nm. Although in
the current model the considered geometry implies a presence of infinitely long TiO,
rods along the waveguide it is still clear that the mode is not disturbed significantly

and variation of effective refractive index An.y1s smaller than 0.01.
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Figure 24. Mode distribution inside a polymeric waveguide in presence of TiO2 “particles”.

In order to achieve a homogeneous distribution of the particles on the substrate
and the DUT we prepared a suspension of TiO, nanoparticles in isopropyl alcohol
(IPA). The desired amount of nanoparticles (depending on the density and therefore
the area to be covered) is put inside a glass container together with IPA and sonicated
for 15 min in order to break TiO, clusters. IPA is chosen, because this is one of the
solvents that is used during development process after DLW, therefore it does not

damage the structure.
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A pulse propagating in the waveguide loses some fraction of its energy per
unit length. This amount depends on the density of the scattering particles on the
surface of the structure. Firstly, we perform a test on the single mode waveguide
studied in the beginning of this chapter. The substrate with the device is prepared to

study using drop-casting of the suspension.

Despite the fact that distribution of the particles turned out to be significantly
dense and cause serious power attenuation inside the waveguide, the change of the
effective refractive index is below sensitivity of the apparatus thus leading to nearly
the same time-resolved transmission trace. Figure 25 depicts time-resolved traces of
the same waveguide with presence and absence of scattering particles. Although the
peak of transmission is suppressed by several orders of magnitude, it is still clear
that its position is not changed (or the sensitivity of the technique is not sufficient to
detect this kind of a change). However, continuous line without any well pronounced

peaks tells that emission is rather evenly distributed along the waveguide.

Recording the time-frames with CCD camera we can track the evolution of
the pulse inside the structure (Figure 27). Due to polarization depending nature of
the detection mechanism (up-conversion through the non-linear crystal requires two
linear polarized beams), the pulse is not visible at the first part of the waveguide
(Figure 27-a), which is, however, not a limitation of the technique, since detection
of the pulse can be easily performed rotating the sample at 90 degrees. It should be
noted, that a big =150um-sized reflection near the curve of the waveguide is nothing
more than a parasitic specular reflection caused by not perfect perpendicularity of
the incident beam with respect to the substrate and by clustering of nanoparticles

that is rather difficult to avoid.
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Figure 25. Comparison of time-resolved transmission profiles for a waveguide (red) and the same waveguide

covered with TiO: nanoparticles (green).
It should be noted, that since intensity decays rapidly with presence of

scattering particles, for the sake of clearness, we had to gradually increase the

exposure time of signal acquisition.

As we are proposing a protocol that, in principle, might be used as a tool for
non-invasive control for mass-production facilities, the protocol must preserve the
sample and should leave all the important characteristics as they were before the
analysis. For this purpose, we developed and tested also the way to remove scattering
particles. The whole substrate with sample covered with particles is put into an IPA
and sonicated for 1 min. This procedure allows to completely remove all the particles
and their clusters even from the narrow and hard-accessed regions like dips in the

grating coupler.
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Figure 26. Waveguide and grating output coupler before and after sonication in IPA. The figure shows that

nanoparticles can be easily removed form the strucutre.

Figure 27 proves the concept of the imaging for a waveguide, but much more
attractive object to study is a ring resonator from the previous subsection. Using
Figure 22 as an evidence of the coupling we prepared a sample for a time-resolved
imaging measurement using the same suspension described above and acquiring
time frames showing pulse propagation in the structure. Looking at the time frames
one can easily track the dynamic of the pulse inside the structure — in the beginning
pulse reaches the resonator and leave part of the energy inside the ring and then
couples out through the grating coupler. Part of the pulse remaining inside the ring
starts to circulating and the injecting part of its energy into the bus waveguide at
each roundtrip. One can see the light inside the ring, however, due to exponential
nature of energy decay the detected intensity is orders of magnitude smaller at each

roundtrip that leads to exponential increase of acquisition time while measurements.
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Figure 27. Pulse propagation inside polymeric waveguide. The pulse impinges in the grating coupler on the
right, then a parasitic scattering takes place. After that pulse reaches first, then second defect and couples out

through the grating coupler. Time difference between the frames At=0.275 ps.
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Figure 28. Time-resolved imaging of laser pulse propagating inside whispering gallery mode resonator and a
waveguide. Pulse enters the assembly trough the gratin coupler at lower left (in last images overexposure of
the tail of the pulse in grating coupler takes place leading to big bright region). Then light propagates and
couples into the ring — this is evident due to several scattering point inside on the image of the ring

(8t=0.275 ps).
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To underline the most important part of this experiment and for the sake of
clarity and visibility we plot the detected signal from the ring (one time-frame) on a
separate image using different look-up table and not overlapping it with background

image (Figure 29).

50 L

Figure 29. Inverted color table for the signal from signal from WGM resonator. Overexposed region
corresponds to the input coupler, while light from the ring is shown in the center of the image (dots on the
lower and upper part of the ring). The ring is coupled vertically to the waveguide.

In Figure 29 we see how part of the pulse couples out of the ring into the
waveguide while the remaining part continues circulating inside the ring. The
discontinuity of the pulse appearing on the left side of the ring is caused by an uneven

distribution of the particles and polarization sensitive detection mechanism.
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At last we should note that in order to increase the quality of the images, we
propose to repeat the cycle of particle deposition and imaging several times,
combining the output images into one. This will let decrease the effect of uneven

particle distribution and lead to better quality of images.

2.8 Complex photonic circuits fabricated with EBL

In order to extend the demonstration of capabilities of the technique described,
we designed several structures (arrays of WGM resonators, mutually coupled WGM
disks coupled to a branching waveguide) to be studied with time-resolved imaging
apparatus. Since DLW in the modification that we can use is not suitable for big

structure fabrication, the EBL approach is chosen.

A combination of lift-off resist (LOR) layer (4pum) and PMMA layer (2.2 pm)
1s fabricated on silica glass to build the structures shown in Figure 30. Design of the

complex strucutures for EBL

a) b)

40 ym 40 pm

Figure 30. Design of the complex strucutures for EBL.
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Those exemplary complex structures allow to demonstrate the capabilities of
the technique, because with static-only or time-only measurements the dynamics of
the pulse propagation is not easy to reveal, while using imaging resolved in time the
ambiguity is removed. All the structures are based on the coupled WGM microdisks.
The bulky structures in the middle of the circular waveguides serve as waveguide
holding scaffolds. The necessity for that kind of structures consequence of the
sample fabrication procedure. When exposed PMMA is already developed, the
under-etching of LOR is performed. The under-etching starts with the same velocity
at all the edges of the structures. In this case to obtain 2-3 um of the rim of the disk
(so the mode will not be affected significantly by a pedestal to be suspended in the
air not being in contact with LOR, since LOR has higher refractive index than
PMMA) the under-etching will completely remove LOR layer below the waveguide,
making it suspended structure. In this case the waveguide holder is a crucial part of
the structure. In our structures the inner bulky part is under-etched, but this, however,
doesn’t affect the stability of the structure. On the other hand, the second holding

point is a taper of the waveguide, where the pedestal is not removed completely.

Unfortunately, fabrication of polymeric structures on transparent non-
conductive glass encounters several problems, for instance the charge accumulation

and interface correction.

The proximity effect [48] requires a calibration of the dose, gap sizes for a
particular thickness of layers, turning the fabrication into an iterative time-
consuming process. While the conductivity problem is well known and can be
removed by coating with ITO, it yet does not lead to good structures. Figure 31
depicts the typical example of EBL fabricated PMMA on LOR microdisks for

photonic applications.
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Figure 31. SEM image of PMMA microdisks on LOR pedestals, fabricated with e-beam lithography.

During optimization process it has been discovered that the defects shown in
Figure 31 are caused by inability of a system to perform an automatic interface
correction process due to a complete transparency of the substrates with polymer
layers. The only possible option to overcome this technological limitation is to
deposit a thin (=30 nm) layer of non-transparent metal (in our case chromium),
perform an exposure and eventually remove the metal by etching agent. Figure 32
depicts some of the elements belonging to described structures. Despite of the
imperfections such as breaking of PMMA (Figure 32-a), collapse of the gratings
(Figure 32-c), under-development of LOR (Figure 32-d) and collapse of the
waveguide (Figure 32-f), the optimization steps reduce the amount of imperfections
at each interaction of the fabrication cycle (to the moment of publication of the
current work all the mentioned problems have been corrected on the level of the
design, but, however, the actual realization of the structures was not complete — the
EBL is performed in Eggenstein-Leopoldshafen (Germany), while the rest is done
at LENS (Italy)).
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Figure 32. The details of EBL fabricated double layer polymeric structures. The experienced issues:breaking

of PMMA (a), collapse of the gratings (c), under-development of LOR (d) and collapse of the waveguide (f).
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2.9 Conclusion

In the present chapter we introduced a new way to test integrated photonic
circuits. Based on this idea an apparatus was built and characterized. Several
examples of application of the technique was described in detail using linear and
non-linear elements. At last a protocol for imaging of pulse propagation inside

complex photonic circuits is proposed.

To our knowledge, the presented technique overcomes most of the approaches
used to extract the same parameters of photonic systems. The most important

advantages of our technique are:

e High temporal resolution

e Spatial resolution close to that of optical imaging in visible regime

e The technique relies on far-field detection (unlike SNOM[57] or
PSTM [66])

e Wide field imaging — does not require scanning process (unlike [57],
[58], [67], [68])

e No special requirements for a substrate and material of photonic circuits
(unlike [58])

e Visualization of the signal is preformed directly by optical imaging, not
reconstructing signal from transmission suppression

e Apart from TiO, -assisted imaging, the technique is non-perturbing

e The spectral information can be accessed a by tuning the probe

wavelength which, however, is a sequential procedure

Concluding the list above we claim that the proposed method combines
advantages of the other available characterization overcoming several of the

previously reported limitation.
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However, applications of the technique are not limited to the described
systems. A recent work of Shen et al. [69] describes how photonic circuits can be
employed in the building all-optical neural networks. Although the system is based
on finely adjusted interconnected Mach-Zehnder interferometers (Figure 33), the
non-linear components could be included in the network in order to introduce some
other functionality making it interesting to study time evolution of the light in the

network.

Optical interference unit

P i

Figure 33. All optical neural network, based on Mach-Zehnder interferometers (adapted from [69]).

Another interesting system to scrutinize are ring resonator based photonic
insulator structures. Arrays of coupled ring resonators with carefully engineered
gaps and properly designed shapes and lengths might exhibit some peculiar
properties not common for photonic structures[16], [70]-[75].
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Figure 34. Edge state propagation in a homogeneous magnetic field (8x8array). a—d, Light enters from one
corner and exits from the other. The experiment shows that, depending on input frequency, the light takes
the short edge (a) or the long edge (b). The experimental results (a,b) are in good agreement with the

simulation results (c,d). e, SEM image of the system (Adapted from [16]).
In this case each ring resonator with photons circulating in it mimics a
cyclotron orbit of electrons for the case of quantum Hall effect[76], [77]. Therefore,
the ring resonators play the role of magnetic field for the case of chargeless photons.

Time-resolved transmission combined with the time-resolved imaging can reveal

interesting features of light propagation in edge mode.

Paper related to this chapter: D. Nuzhdin, S. Nocentini, L. Pattelli and
D. Wiersma “Complex spatio-temporal characterization of integrated photonic

components”’, 2018 In preparation
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3 Basics of Liquid Crystalline Networks (LCNs)

3.1 Whatis LCN?

Liquid Crystalline Networks (LCNs) are one of many smart materials, that are
able to perform shape change under external stimuli, such as light [78], electricity
[79], ph-value [80], humidity [81], etc. In fact, this name covers a huge class of
substances composed of various molecules. These materials combine properties both
of polymer matrix, such its as solid and elastic nature, and that of liquid crystals(LC),
implying molecular ordering. The Young’s modulus of LCN commonly lies in a
range of some hundred kilopascal (kPa) or below (in the temperature above glass
transition Ty and below the isotropic temperature T.). Such softness leads to huge
shape changing abilities (40-400%) [82], [83]. Large deformability gives
exceptional benefit to external stimulated actuation, and also the realization of

remotely controlled micro robotic systems [84].

The main component of LCN is a liquid crystal monomer that bring to the
systems properties of LC and the presence of a second monomer with two functional
groups that allows to cross-link the systems within polymerization process. Several
alignment techniques, e.g. electric/magnetic field [85], [86], stretching [87], surface
treatment [88], allow to achieve different LC alignments. After the alignment
control inside LC glass cell, a polymerization process is applied to solidify the

structure and build up the entire LCN polymeric network.

Doping LCN with photo sensitive dyes gives access to light controllable
deformation, due to the light induced disordering in the orientated network.
Isomerization and light induced heat are the two main pathways to approach light
controlled deformation in LCN[89]. Depending on the diverse shape and alignment
distribution, various properties of material can be obtained. A lot of approaches have

been proposed for light controlled robotic application based on LCN light driven
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components. Of particular interest is work by K.Kumar et al. [90], where they

demonstrate the ability of LCN film to oscillate under direct sunlight.

3.1.1 Application of LCNs to robotic systems

Within past years a field of LCN applications to robotic systems has been
growing, reaching a number of milestones. Starting from simple actuators, various
structures like micro-walker [37], micro-swimmer [91], caterpillar [92], [93] robots

and even an artificial eye [94] have been demonstrated.

As a result of variety of fabrication techniques, a diversity of actuation
mechanisms, the application of such devices grows quickly. Recently, the
biocompatibility of LCN materials has been proven opening to bio applications up

to regenerative medicine [95].

3.2 LC Monomer Mixture

Despite of the existence of numerous molecules to be used in LCN, all the
experiments in the present work exploited a single monomeric mixture composition,
varying only a dye (see 3.2). The mixture based on nematic LC mesogens (Figure
35), purchased from SYNTHON Chemicals GmbH & Co. (M2). Nematic liquid
crystals are characterized by a uniaxial alignment along one preferential direction
defined by their director. It has a liquid crystal to isotropic phase transition
temperature T, at 54 °C. Crosslinker CLS (SYNTHON Chemicals) has a nematic
phase between 63 °C to 130 °C [84]. Photo initiator (IN1) is responsible for starting
radical polymerization when absorbing a UV photon. At last an azo-dye (D6) is
added to the mixture for light responsive activation of final polymeric structures.
This dye was developed by chemists of the group to be compatible with direct laser
writing, based on 2-photon absorption process (transparency window above 700 nm
and around 390 nm in correspondence of the two photon absorption window) [96].
All the monomers are engineered with acrylate moiety for the purpose of
crosslinking under polymerization.
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The exact proportion of the mixture components might vary, consequently
changing the polymer properties. For instance, an increase of amount of cross-linker

leads to decrease of maximal deformation and to rise of values of generated forces.
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Figure 35. Molecules used for LCNs.

However, only one composition of the mixture, which has proven its
applicability in number of works[37], [42], 1s used in current work: 78% me of M2,
20%mo1 0f CLS5, 1%mo1 of INT and 1%pm01 0f @ dye (usually D6).

The polymerization and crosslinking process start from the photoinitiator:
after absorbing a UV photon (or by two-photon absorption), one initiator splits into
two parts where each part carries an activated electron. Such electron triggers the
acrylate group to start the chain polymerization process. Mesogens, crosslinkers start

to chemically link to each other forming an entire complex rigid network. Thus, we
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fabricate a solidified structure, in which the original alignment has been conserved

in the elastomer network.

3.3 LCN sample preparation

Sample preparation procedure is the same for direct laser writing of the LCN
structures or for preparation of macroscopic films.All the samples prepared with use
of glass cell — two glass microscope coverslips are covered with one of the polymers
used for alignment of liquid crystals: PVA (Sigma-Aldrich) or polyamide (PI 130,
PI11211) (Nissan Chemical Industries, Ltd.). Different spacers, usually glass spheres
with diameter ranging from 2um to 200 um, are put between the glass substrates to
precisely control the thickness of the structure. The next step is an infiltration of a
monomer mixture inside the cell that is done on a hotplate with a temperature set
above nematic-isotropic phase transition temperature. And finally, the sample is
slowly (in order to achieve single domain alignment) cooled down to nematic state
and LC molecules align according to coating of the glass. Alignment of LC is a

crucial point for achieving various types of movement of LCN structures.

3.3.1 Uniaxial alignment

Two glass substrates are spin-coated with PI 130 or PVA and rubbed by a
satin in a unique direction. Then the cell is assembled using spacers. As a result of
the surface anchoring effect, LC molecules with long rod shapes are trapped into the
nanoscale grooves on a surface of the rubbed layer, and, therefore, orient along the
rubbing direction. The molecular interaction induces uniaxial alignment within some
thickness of monomer mixture. In some cases, we choose PVA coating for one glass
slide and PI 130 for the other glass. Though rubbed PI 130 and PV A layers have the
same aligning properties, the hydrophobic nature of PVA makes it less sticky to
LCN structure compared to PI 130. Thus, all the fabricated LCN structures are

attached on the PI 130 substrate, this provides convenience for sample transfer.
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3.3.2 Twisted alignment

Two rubbed glass substrates with PVA/PI 130 may not be aligned in the same
direction, but rotated with respect to each other by some angle. Surface anchoring
induces LC alignment only within the region close to the surface. Between two
rubbing layers, LC monomers automatically twist, trying to find minimum energy

state being aligned in different directions close to two glass surfaces.

3.3.3 Splayed alignment

Hydrophobic PI 1211 coating is applied to orientate LC molecule
perpendicularly to the substrate surface. With two PI 1211 coating, the cell induces
homeotropic alignment, as shown in Figure 2.3.1 (b). Commonly, PI 1211 layer is
combined with another type of coating layer (PI 130 or PVA), to induce a 90°

homeotropically rotating alignment throughout the sample.
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Figure 36. Alignment of LC in a cell.
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When a glass cell is ready, the last step of structure preparation is
polymerization that is done either by UV lamp (case of macroscopic films) or by

2-photon absorption (case of DLW).

3.4 Actuation of LCN structure

Regardless the type of fabrication procedure, e.g. micro structural fabrication
with use of DLW or macroscopic film polymerization, the actuation mechanism for

reported LCN remains the same.

The root of the shape-change of LCN lies in the destruction of orientational
order of LC inside polymer matrix. When a stimulus applied, it leads to the
molecular reorientation and contraction along the alignment direction and expansion
in the perpendicular direction. In most of the cases the volume is considered to be
constant while deformation. The azo-dyes are famous for their ability to exist in two
forms (stable and metastable form [97]), that could be switched by absorbing a
photon of a particular wavelength (photo-isomerization). However, in our case, the
molecular reorientation is considered to be an effect of thermally induced phase-

transition.

Depending on the initial alignment of LC mesogens in the polymer matrix
various movements can be achieved. Uniaxial alignment leads to a homogeneous

contraction along the alignment direction[98].
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Figure 37. A mechanism behind contractionof LCNs.

For the case of splayed alignment, the resulting structure is capable of
bending[99]. The maximal bending angle depends on length and thickness of
structure, while a force generated is, of course, depends on the mass of the structure

or, in other words, on amount of matter experiencing phase transition.

>

7T R
N\

s K2
+ ' 7

Figure 38. A mechanism behind bending of LCNs.

In the next two chapters we exploit some of the opportunities that described

mechanisms give us.
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4 Light activated micro gripper

The ability to grab and manipulate objects is one of the basic functions of
human hands whereas object handling becomes rarer in microscopic living creatures.
Mimicking such functionality is a fundamental task in robotics, and it represents a
great challenge especially at the microscale [100]. Additionally, very appealing
feature is the remote control of micro-actuators that could be used to enlarge the
functionalities of lab-on-chip microfluidic devices, and even for non-invasive

surgery and diagnostics[101].

The same materials would also consent to add more functionalities to the
structures, such as the self-activation in specific conditions. In this chapter, we
exploit nature Liquid Crystalline Networks to prepare the smallest light-fueled
microgripper sensitive to the local environment and able to capture microscopic
objects. The peculiar novelties, together with its dimensions, are the possibility to
remotely control it and its ability to self-activate in response to the presence of an
absorptive medium in the gripper proximity. We herein demonstrate grabbing of
small objects at the microscale thanks to a soft elastic robotic hand powered and

controlled by light.

4.1 System concept

The easiest design for a microgripper is constituted of two different fingers
able to bend towards the same point allowing to catch an object between them[102].
To achieve a more stable grip of an object, we design more complex structure that
is able to perform an out-of-plane movement that is composed by four opposite
arms[103] (Figure 39). To obtain bending elements we use a procedure described in

previous chapter (page 65).
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Despite other smart materials (e.g. hydrogel), the shape-change behavior is an
intrinsic property of the used polymer and does not require a specific environment
leading to the applicability of LCN actuators in air or in a liquid. Exploiting the LCN
properties we implemented the basic operations enabled by the human hand, such as
grabbing and moving an object, functionalizing a light-remotely-driven robotic

gripper at the microscale.
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Figure 39. Design concept of micro gripper.

4.2 Fabrication

To design a first gripper geometry, inspiration was taken from the hand
structure. To achieve a complete bending of each gripper arm, rigid elements were
used to connect LCN blocks as phalanges in between knuckles (Figure 40-a). In a
second attempt, we simplified the fabrication procedure by the introduction of
simple arms composed only of a monolithic LCN stripes (Figure 40-b). In both
cases, we succeeded to assemble the prototype structures at the truly micrometric
scale using DLW. The splayed molecule orientation was obtained using glass as

described in before (3.3).
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Figure 40. Description of a fabrication process. Optical images (a-f) of the developed structures. For the final

structures, POM images of the two grippers are shown (g-h).

4.2.1 Gripper A

A commercial negative photoresist (Ip-Dip, NanoScribe GmbH) was used as
rigid polymer to create the stiff body elements. Within the first fabrication approach
(Figure 40. Description of a fabrication process. Optical images (a-f) of the
developed structures. For the final structures, POM images of the two grippers are
shown (g-h).Figure 40 - a), the structure, named here as “Gripper A (G-A)”, was
composed by robotic arms consisting in LCN blocks (20 x 60 x 20 um?) connected
by Ip-Dip structures (40 x 40 x 2 um?). G-A was designed to have three short fingers
(with passive-active-passive blocks) and one long finger in order to facilitate the
possible holding of an external object. To prepare this structure, only two
lithographic steps were needed. Simultaneous fabrication of all the LCN structures
was performed, followed by block positioning, which was achieved by mechanical
reorientation of two blocks on the glass substrate. This micro-manipulation (4.3)
step allowed to achieve the desired position of the light-responsive parts of the
structure and, consequently the requested functional deformation of the final gripper.
At the last lithographic step, [p-Dip squares were fabricated between, as connectors,
and at the ends of the LCN parts. This rigid terminal parts limit the stickiness of the

LCN body when they get in contact during bending and allow the correct recovery
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of the initial configuration and a release of trapped object when stimulation is

interrupted.

4.2.2 Gripper B

However, picking up the blocks from the glass substrate and exactly
positioning them in the right configuration is not a trivial operation. Moreover, the
detachment of the structure from the glass might result in deterioration of the
grippers, especially in the point where to different materials are connected. For these
reasons, we developed the second fabrication strategy, so-called “Gripper B (G-B)”
(Figure 40-b) through three lithographic steps. First, a stripe (20 x 200 x 20 pm?) of
LCN is written in a cell with splayed LC orientation. After development in toluene,
the first LCN blocks remain attached to the PI coated glass that was subsequently
used to build up a second splayed cell where the rubbed PV A coated glass mounted
with a perpendicular orientation in respect to the previous cell. The following writing
step is performed after infiltration of that second cell with the same LCN mixture. A
polymeric structure, having a cross shape in which the four-orthogonal arms bend
towards the same point, is obtained. Ultimately, with a third writing step, triangular

Ip-Dip structures (30 base x 40 x 2 um?®) are added at the arm ends.

Despite one more lithographic step is required, pathway B allows more rapid
preparation, avoiding the intermediate time-consuming mechanical manipulation of
the LCN blocks, and results in the best fabrication methods for the easy scaling up
of the process. Moreover, the presence of less components in the structures in favor
of a LCN monolithic cross results in an easier manipulation of the final structures,
which can be quickly detached from the substrate without any damage. However,
pathway A, considering the possibility to mechanically move single blocks, presents
a great potential for the development of more complex folding structures as
demonstrated in the next paragraph. We therefore considered both geometries
interesting for gripper fabrication, and a complete dynamic characterization of the

two designs was performed.
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4.3 Micromanipulation apparatus

The micromanipulation system is based on a custom made reflective
microscope. A 10x objective is mounted on a lens tube placed on a vertically
standing optical breadboard. A 730 nm IR LED light source is used for illumination
through a non-polarized beam splitter. Reflected image is collected by the same
objective and projected on the CCD camera. A diaphragm before the LED source is
used to tune the contrast of the image. A continuous solid state 532 nm laser is
coupled into the objective by a long pass dichroic mirror (50% transmission and
reflection at 567 nm) at the incidence angle of 45°. This dichroic mirror can provide
efficient reflection of >98% for the green laser, at the same time gives high
transparency for the IR light. A loosely focused laser spot of ~150 um diameter
generates maximum illumination intensity of ~10 W/mm2. A band pass filter at 710
+ 20 nm has been set in front of the camera to further block the laser beam. Laser
intensity is controlled by a variable neutral density filter placed in front of the laser
aperture, while an optical chopper is used to modulate the laser beam with frequency

from 1 Hz up to 5 kHz.

Below the objective, a 3D manual translation stage is used for sample
translation. A heating stage installed on the translation stage is used for precise
control of temperature in a range from -20 to 120 °C with 0.5 ° C accuracy. Two
tapered fiber tips mounted on two manual translation stages have been placed on the
left and right side, respectively, near the sample position. Structure micro
manipulation can be realized by precisely moving the tips with use of the translation
stages. A 3D translation stage with 5 um precision is sufficient to transfer the micro
robot on one substrate, but a three-axis water hydraulic micromanipulator (Narishige

Group) with 200 nm precision is necessary for more accurate manipulations.

The described system allows to perform diverse manipulations with

microscopic structures that include detachment from a substrate (the most dangerous
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operation in terms of possibility to destroy a structure) and positioning of structures

in three dimensions (in particular moving the structure in and out the laser spot).

At last, an image collected by the objective can be projected not only on a
simple CCD monochrome camera, but also redirected to an ultrafast camera
(Photron FASTCAM SA4) that is able to record video sequences with sampling rate
up to 10 000 frames per second. This camera allows to record ultrafast processes
happening on a scale of milliseconds, for instance, the dynamics of LCN under the

laser light.

4.4 Light-induced gripper folding

Irradiation of the grippers with a green laser causes the reversible folding of
the structures into a closed shape due to the different alignment directions of each
arm (Figure 41 a-b). The LCN blocks present a progressive bending as the
temperature increases (as a result of the dye absorption). The movement is generated
by different thermal expansion coefficients in the direction parallel and
perpendicular to the alignment and, therefore, by the different behavior of the two
sides of the splayed LCN[104]. Bending angle, being a function of temperature,
directly depends on the intensity of the external stimulus (laser power) and can be
controlled in order to manage partial or complete closure of the grippers. The two
proposed structures were, therefore, studied under different powers of the green laser
to point out the light intensity dependence of the response. A laser modulation

(chopped green laser at 10 Hz) has been used to evaluate their time dynamics.

The stimulus intensity is not the only parameter that introduces the possibility
to control over the gripper movement, in reality, LCN block dimensions (thickness
and length) influence the material deformation and the maximal bending angle. The
increasing bending as function of power and the different time responses (both in
the contraction and relaxation processes) are not two independent effects. In fact, as

the power increases, the bending angle of each single stripe enlarges while
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contraction process rapidly speeds up[105]. These two effects contribute to the
actuation time (Figure 41 - c) that the structure requires to move to a higher bending

angle.

On the contrary, the relaxation time is independent from the power and it is
influenced only by the initial position of the contracted block and by the temperature
of the local environment. From the collected data, represented in Figure 41 c, the
contraction and relaxation times are reported as function of the excitation power.
The actuation threshold for G-B (21 mW) results smaller of a factor of two than for
G-A (37 mW), and the same behavior is highlighted for the complete gripper closure
(90 mW for G-A and 51 mW for G-B). This trend is probably due to the bigger
dimensions of G-A and the introduced structure strain by the rigid polymeric
phalanges of this design. In both cases, the gripper dynamics is confirmed to happen
at the millisecond scale[37] appearing very appealing in robotic application for real

time response devices.

The bending time decreases as the light intensity increases while the
relaxation time follows the expected trend only for G-A. The faster dynamics
(20 ms, time for the complete structure closure) is highlighted for G-A. We supposed
this result to depend from the dimensions of the single blocks that compose such
gripper, that are smaller than G-B arms. Smaller dimensions reasonably lead to a
faster heat diffusion and dissipation for the entire system thus causing a quicker

response.
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Figure 41. Shape-changing behavior of the two micro-grippers under laser irradiation. a) Movement
sequence of G-A and b) of G-B. Once the laser beam is shined on the structure, the gripper started to bend its
fingers up to the complete closure. Turning off the excitation, both grippers relaxed towards the starting rest

position leading to a perfectly reversible action. ¢) Times of contraction and relaxation of the two grippers
under the power excitation value of 21 mW, 37 mW, 51 mW and 90 mW. The time values have been

measured with a fast d) Combination of LCN blocks with different splayed alignments allowed to create a
robotic arm showing a diverse movement. The gripper movement was demonstrated in two diverse

environments: e) air and f) water.

Taking advantage of a fabrication strategy A versatility, we demonstrated how

the mechanical micromanipulation can be exploited to arrange LCN blocks on the
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glass into a more complex assembly (before the lithographic step involving Ip-Dip).
An oscillatory movement can be reproduced by arranging on a line three LCN blocks
with alternated splayed alignment, obtained by turning the central block upside
down (Figure 41-d) and connecting them with IP-Dip junctions. The resulting
structure showed a complex and asymmetric deformation to be further exploited for

swimming and crawling at the microscopic scale.

As a proof of concept, we also demonstrated that our microgripper movement
is independent from the environment and is capable of operation even in water. The
reported G-B structure was firmly attached to the glass fiber thanks to the two
opposite arms connected around it, guaranteeing a tight fiber hug during the
immersion into water. Evaluation and comparison of the bending is thus possible
analyzing the other two arms behaviors in air and in water (Figure 41 e-f). Locally
inside the structure, the LC order-disorder transition takes place and the structure
deforms in both environments. The higher water thermal conductivity does not
prevent the LCN transition although the bending activation power is five times
higher than in air, and it is not possible to achieve a complete closure of the gripper

arms (Figure 41-f) using similar power values.

Although both prototypes showed an efficient structure closure with
comparable millisecond dynamics, but, considering the more complex and time-
consuming fabrication and manipulation of G-A, we pursued on the experiment only

investigating G-B.

4.5 Catching a microstructure with a gripper

The remote actuation of micro-robots through a light stimulus results in an
interesting possibility to drive and control LCN based micro-grippers. By the use of
the micromanipulator it is possible to hold the microscopic hand on a tip of a glass
fiber in a desired position and, using a flat laser irradiation, to control the gripper

closure detaching different micro objects from a support (in our examples another

75



tip of glass fiber). The laser light, shined over a round area of hundreds of squared
microns, modulates the gripper deformation from the bent state (laser on) to the rest

state (laser off). In Figure 42, some examples are shown.

Figure 42. The micro-gripper approaches and catches polymeric block. a) G-B is activated with the green
laser and is able to catch and detach the polymeric micro-cube from the fiber tip increasing the activation
light up to the complete closure (51 mW). b) The same effect is demonstrated for a LCN block.

The gripper was demonstrated able to detach such blocks (40 x 40 x 20 um?
and 20 x 60 x 20 pm?*) from a glass tip (Figure 42 a-b). The gripper was brought into
the proximity of the target, and when the laser power was increased to 50 mW the
arms closed one toward the other. The cube is thus detached from the fiber and the

gripping and holding was performed.

4.6 Autonomous operation of micro gripper

An appealing feature to be exploited is to induce a self-actuation of the
gripper, depending on the selected particles to be caught by keeping the activation
laser close to the threshold bending power value (25 mW). The different interaction
of the target particles with light determines the gripper folding process.

We exploited absorbing and scattering properties of black and white particles
to investigate which mechanism can induce a self-activation of the gripper.
Considering that particles are able to absorb the working wavelength could increase
their temperature under light irradiation and, consequently, release heat in the

surrounding environment resulting in an enhanced warming of the gripper.
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On the contrary, scattering particles deflect light that can enhance the
irradiation power on the robot. To verify these effects, we studied the gripper
behavior during the approach with carbon nanopowder (Figure 43 a-f), a black
material able to absorb a broad wavelength range, and titanium dioxide

microparticles (Figure 43 g-h), a well-scattering material.

At first, we verify that there is no interaction between the particles and the
gripper (like, for example, electrostatic forces) present when the irradiation was

absent.

After proving the absence any possible contribution of attractive interactions,
the laser light, able to induce a partial small bending of the gripper arms, was applied
(25 mW, Figure 43-b) and kept constant. Approaching the carbon nanoparticles, the
gripper is grabbing to the closed form (Figure 43-d).

The closer the particles approach to the gripper, the higher the local
temperature becomes allowing the LCN phase transition to occur and therefore the
gripper complete closure. On the other hand, the approach of titanium dioxide cluster
resulted in a very little change of the gripper shape (Figure 43 g-1) demonstrating as

white scattering particles are not effective to modify the gripper state.
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Figure 43. Micro-grippers folding while approaching nanoparticle aggregates. a-f) Sequence of images

showing how micro gripper interacts with carbon clusters g-i) Sequence of images during the approaching

titanium dioxide particles.

4.7 Conclusions

In this chapter we reported a possible application of LCNs to the field of
micro-robotics. Fabricated with state-of-the-art DLW system, light activated micro
gripper is not only remotely controlled, but also is capable of autonomous action.
The integration of such micro-gripper with other micro robotic devices, such as
micro-swimmer, can be envisioned by the currently available fabrication technique
and would results in efficient ways for transport objects up to real microsurgery

devices.
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5 LCN as tuning element for photonic devices

5.1 Tunability of photonic components

Photonic integrated circuits that bend, split, couple, and filter light have been
demonstrated on different platforms. In most cases, the optical properties of the
structures are predetermined by the structure design and, therefore, cannot be
modified once fabricated. Switches and modulators have been demonstrated by
employing III-V compound materials based on photoexcited free-carrier
concentrations resulting from one- or two-photon absorption [94]. In silicon,
switching has been shown only by use of extremely high powers [106] in large or

nonplanar structures that are inappropriate for effective on-chip integration[107].

Tuning of various parameters of photonic component is of a high demand in
modern technology. Having tunable components on chip-scale photonic devices
allows to diminish effects of fabrication uncertainties and defects, together with
broadening the applicability of the devices. This is a key-feature that is requested
both in fundamental physical experiments and in commercial devices. Among the
optical elements that have been introduced, tunability is a particularly interesting
feature for whispering gallery mode (WGM) resonators and WGM lasers. The other
structure that requires intrinsically a dynamic control in its working mechanism is
the Mach-Zehnder interferometer [ 108] that are predominantly driven by an electro-
optic effect. Mach-Zehnder interferometers and a delay ring resonator in one of its
arms can also be combined in a configuration, the so-called ring loaded Mach-
Zender interferometer [ 109]. This arrangement might serve as an interleaver filter or
as an optical filter with a flat response, depending on the length of the ring and the

path difference between the upper and lower branches.

Peculiar and attractive features of WGM resonators are the small resonant

mode volume and the high quality factors, that hence give rise to sharp spectral
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resonances[19]. Numerous attempts have been made to develop an reconfigurable
components allowing features as optical modulation [110] and optical bistability
[111]. The most common tuning methods are based on electro-optic effect [112],
thermo-optic effect [113], [114], free carrier injection (in semiconductors) [110],
mechanical deformation [115] and liquid crystal layer deposition[116]-[118], etc.
The mentioned strategies suffer from several limitations such as high power-
consumption, low integrability due to on chip invasive structures, small tuning range
and low operational speed. In case of WGM resonators and lasers usually two
parameters are used to control the properties of the circuits, 1.e. radius of the structure
and refractive index of the material. However, in case of coupled ring resonators

[52], [53] the gap between the cavities can also be tuned [119], [120].

In the current chapter we exploit the presence of photoresponsive elements to
tune the properties of photonic components. In particular, LCN is used in various
ways to tune optical properties of whispering gallery mode micro goblet lasers [121],

woodpiles [96], [107], photonic crystals[122], etc.

In our case, we explored the possibility of using liquid crystalline network

(LCN) film to tune a gap between two active whispering gallery mode micro lasers.

5.2 System concept

LCN films are capable of controllable movement on macroscopic level.
Engineering the alignment of liquid crystal mesogens in the polymer matrix
(Section 3.3) allows to control the direction of the macroscopic movement. The
proposed scheme comprises several materials, playing different roles in the final
chip. In scheme the we designed, two polymeric micro disks are fabricated with
direct laser writing on a surface of liquid crystalline film. When the film is activated,
by either laser light or heat, the LCN phase transition leads to mechanical movement
of the film that changes the intracavity gap (Figure 44). Considering the properties

of the materials that are described in Chapter 3 and Chapter 4, stimulus removal
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should lead to restoring of the initial gap, thus leading to reversible coupling-

decoupling process.

Nematic state — Isotropic state

Figure 44. Coupling mechanism employing.

Let us consider the preparation of the structure in more details. The two

possible options of implementation of the optical tuning of the structures are:

e to use the same laser for pumping the micro lasers and activating the

substrate

e to use two different lasers in order to decouple these mechanisms.

Those two options differ, in terms of realization, by the chemical composition
of the LCN mixtures (Figure 45). Considering that custom made azo-dye D6 has a
peak in the absorption spectrum around A=530 nm (Figure 46) and the Pyrromethene
597 laser-dye that is incorporated into polymeric micro-disks is usually pumped at
wavelength A=532 nm, it appears feasible to combine processes of excitation of
micro-lasers and activation of polymer. However, one of the limiting factors of the
current scheme is that although both mechanisms are activated by the same stimulus,

the required stimulus intensity might be different.

Using another azo-dye DO3 (Disperse Orange 3, Sigma-Aldrich) it is possible

to decouple two effects and use different excitation sources. DO3 has absorption
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peak around A=440 nm and, therefore, it’s possible to use He-Cd cw-laser (Kimmon

Koha, Ltd.) with emission at A=442 nm.
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Figure 45. Structure of azo-dyes used in for LCN films.
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Figure 46. Absorption spectra of two dyes used for LCN preparation.
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While the threshold for lasing of the those particular micro-lasers is known
and reported in [119], the activation laser power of LCN film is rather difficult to
estimate. Several values have been reported for cases of different molecular
composition [78], [123]-[125], scale and size [37], [42], [96], [126]. In all the cases

the structures are considered in free-standing or partly attached configurations.

5.3 Notes on using LCN film for changing intra-cavity gap

In our case we consider a polymer film with one side attached to a glass
substrate. This configuration introduces several constraints to the possible

movements of the other surface of the film.

At first, when the film is actuated, and phase transition occurs, the free surface,
where WGM lasers are positioned, is contracting in one direction, and expanding in
the perpendicular direction, while the other surface attached to the glass substrate
remains intact, decreasing the movement of the first surface (Figure 47). This effect
decreases with increasing thickness of the polymer film. However, it is not possible
to fabricate a film thick enough to completely diminish the effect with our film
preparation technique. In fact, it was experimentally proven, that with increasing the
film thickness, the alignment of liquid crystal mesogens degrades rapidly. Polarized
optical microscopy shows, that using the current mixture films up to 30 pm thick
preserve good alignment within the whole volume of the film. Therefore, the optimal

thickness of the film for our purpose is a subject of optimization.
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(Glass substrate

Figure 47. Movement reduction caused by substrate.

Secondly, in consideration of the nature of phase transition that arises from
heat which, in turn, is created by absorbed laser light, the heat dissipation rate could
be an issue. While in [78], [123]-[125] the films response is tested when a film is
not firmly attached to any surface like in our case, the heat dissipation rate is
significantly different. When a film is attached to the surface of a glass without any
air layer between them, heat accumulated in the film easily flows to the substrate

and, increasing the power flow and, thus, laser power activation threshold.

Thirdly, in the configuration that we study, a film is much larger than a laser
spot. Consequently, the phase transition happens only in a region approximately to
the size of the laser spot. The remaining part of the film remains immobile, creating

additional stress to the region of interest.

At last, although previous paragraphs described effects that imply an increase
of activation laser power, we must note that real distance at which whispering gallery
mode coupling occurs is around several hundreds of nanometers (300-400 nm for
A=1.55 um and 100-200 nm for A=610 nm). Therefore, the desired effect of the gap
change does not have to be particularly large, and this might compensate for

restrictions mentioned above.
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Several films with uniaxial alignment were prepared for to be integrated with
WGM micro-lasers. Both possibilities to use same and different excitation sources
for pumping WGM micro disks and LCN film activation are explored by using
different dyes -polymer film(PF) #1 contains azo-dye D6 and PF#2 contains DO3.
In Figure 48 shown two films (PF#1 and PF#2), containing different dyes, which
can be understood by the color. On each film fabricated several pairs of WGM lasers

with intracavity gaps varying from 1 to 5 microns (white dots on the films).

5.4 Optical characterization of micro lasers

Optical characterization of micro lasers i1s performed by micro-
photoluminescence spectroscopy. The micro lasers are pumped with 10 ns pulses of
a frequency-doubled neodymium-doped yttrium orthovanadate (Nd:YVO4) laser at
a wavelength A=532 nm with varying repetition rate. Pulsed excitation with pump
pulses shorter than the typical intersystem crossing rate of the dyes, is required to
investigate lasing in micro cavities because it can prevent fluorescence quenching
of the dyes owing to triplet formation[127], [128]. The pump beam is focused at an
incident angle of ~45° to a spot size of ~100 pm, which allows the homogenous
illumination of both cavities involved in the coupling process. The resonators can
simultaneously be imaged on a camera and on the entrance slit of a spectrometer
using optics that include a long-working distance microscope objective
(magnification of 50x and numerical aperture of 0.4). By doing so, the
photoluminescence emission can be analyzed with a spectrometer (focal
length=0.5 m, 1200 or 2400 lines mm™ grating) equipped with a charge-coupled
device camera. Illustration schemes of the setup can be found in [121]. By orienting
the sample so that the major axis of the PM is aligned parallel to the entrance slit,
the setup allows the emitted light from the resonators to be not only spectrally
resolved but also spatially resolved: WGM lasing emission from the distant rims of

the cavities as well as from the coupling region can be simultaneously recorded and
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can enable the distinction of non- coupled lasing modes of the individual cavities

and lasing super- modes of the coupled photonic molecule [119].

5.5 Direct laser writing of WGM lasers

Direct laser writing of the WGM lasers is performed with the negative-tone
resist OrmoComp (Micro Resist Technology GmbH, Berlin, Germany) that is doped
with 20 umol of the laser dye Pyrromethene 597 (Radiant Dyes Laser & Accessories
GmbH, Wermelskirchen, Germany) per gram of photoresist[31]. The dye-doped
resist is drop casted onto the LCN substrates and covered with a coverslip, using
microscope cover slips as spacers with thickness of 100 um, preventing the

photoresist from falling off the substrate.

Figure 48. LCN film with arrays of WGM lasers.

5.6 Investigation of lasing properties of WGM micro-lasers

Every WGM mode disk is fabricated on a pedestal that is set to be 10 um in

height. However, due to the surface roughness of the LCN film, the precise interface
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finding procedure that is needed for fabrication process is difficult to perform. For
this reason, usually during the fabrication process interface position would be hard-
set below the real interface to ensure that structures are attached to the surface.
Therefore, the real height of the pedestals of the rings might vary. Moreover, during
fabrication of big arrays of resonators that span on the scale of millimeters, for
instance Figure 48, tilt and film thickness variation could reach values exceeding the
set height of the pedestals. In this case the fabricated disks are either washed away
during development process or fabricated directly on surface that leads of absence

of lasing.

Figure 49-a) depicts a pair of WGM disks with fabricated intracavity gap. In
Figure 49-b) demonstrated an optical image of pumped WGM lasers. The pump laser
spot covers the whole area of the disks. The disks themselves are visible due to

fluorescence of the laser dye and red spots indicate lasing of the structures.

Figure 49. a) Optical image of WGL micro lasers with white lamp b) Lasing of WGM lasers. The pump laser
spot covers the whole area of the disks. The disks themselves are visible due to fluorescence of the laser dye

and red spots indicate lasing of the structures.
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The typical spectrum acquired from the micro disks is shown in Figure 50.
The continuous background line corresponds to fluorescence of the PM 597, while
all the peaks except the one at A=532 nm (which matches not completely filtered

pump laser) correspond to lasing modes of both disks.
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Figure 50. Lasing spectrum of WGM disks.

In case of spatially resolved spectroscopy, a slit of the spectrometer is
positioned on the disks and depending on the position it is possible to record lasing
spectra (depending on spatial positioning of emission points). Figure 51 shows
example of spatially resolved spectrum acquired from a couple of WGM disk lasers.
In Figure 51, the x axis corresponds to a wavelength, and the y axis represents y
coordinate on the sample, and x coordinate on the sample is set by a slit position and

is fixed for the whole spectrum. The two thick horizontal lines visible in Figure 51
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correspond to fluorescence of the disks and pedestals and several lasing peaks stand

out of the background on the rim of the top disk.

The clear spectral evidence of WGM lasers coupling is extension of lasing
modes from each single cavity into super-modes, when two disks are considered to
be a single cavity. In this case Vernier effect reduces amount of allowed modes and
might even lead to single-mode lasing [129]. Spatially resolved spectroscopy is used

to verify existence of supermodes.
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Figure 51. Spatially resolved spectrum of two whispering gallery lasers.

The next test to perform is to verify that LCN film is capable of significant
deformation with stimulus intensity that does not damage the micro lasers. For this
purpose, we expose our film to laser radiation varying the power flux (in case of
pulsed laser we are able to change values of power per pulse and repetition rate

separately).

5.6.1 PF#1 deformation investigation

Figure 52a)-c) depict the position of the edge of a film acquired with different
power settings of the excitation 532 nm laser. Figure 52-d) depicts the composition
of images a-c) to clarify the deformation. Here and after Canny Edge detection
algorithm is applied to images followed by forming multichannel color stack, where
each color corresponds to one frame (usually, color) to see the effect of the

contraction more clearly. The absolute value of deformation in the x direction is
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approximately 4 um, which is largely sufficient for our application. However, this
maximal deformation has been achieved with an average power of p=15 mW, low
energy per pulse value, but high repetition rate (around 22 kHz). This repetition rate
value is relatively high, and it does not meet the requirements necessary for laser
emission. Moreover, we considered the edge of the film, where deformation is higher
for several reasons. In this view, the strategy of using two different lasers appears

more promising.

Figure 52. Deformation of PF#1: absence of excitation (a), excitation with 1.45 mW of 532 nm laser, (c)

excitation excitation with 15 mW of 532 nm laser, (d) color composite

5.6.2 PF#2 deformation investigation

Current LCN mixture has never been tested with DO3 azo-dye incorporated

in matrix, and therefore verification of the movement and deformation is required.
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One significant modification is done in order to increase the tuning size range,
based on the issues discussed in the Section 5.3: a film is cut in proximity, meaning
a distance smaller than characteristic size of the excitation area (laser spot size), to
the region of interest. In that case, the unperturbed area of a film does not create
stress preventing the contraction and, therefore, the required excitation power is
decreased. Ideally, the region where the microdisks are located, should be cut out
from all the four sides, which can be easily done manually with a sharp knife and a

sharp eye without the need to resort to direct laser writing.

Figure 53 depicts a deformation in the area near a cut of LCN film (wide
horizontal line across the image). Red contours correspond to the state of film in the
absence of external stimulus, while the green contour marks the position of the film
in the presence of excitation (the laser spot is in the right bottom part of the image).
The appearing yellow color is a result of green and red channels summation -

corresponding to undisturbed area.

91



Figure 53. Deformation near a cut of PF#2.

A white arrow in Figure 53 indicates the area of maximal deformation that is

approximately equal to 10 um achieved with laser power of p=30 mW.

Based on this result we prepared several pairs of WGM lasers close to the
edge of film and close to several cuts (Figure 54). It’s been discovered that
illuminating the PM 597 micro lasers with CW illumination at A=442 nm
(corresponding to absorption minimum of laser dye) still the net effect results in
suppression of lasing and photobleaching of the dye. In order to prevent this from
happening, the reasonable strategy is to reposition excitation (442 nm) laser spot
away from the disks, while still keeping it sufficiently close so as contraction of the

film will move the disks.
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Figure 54. PF#2 with WGM lasers.

A pair with intracavity gap of 3 um is chosen for demonstration of coupling
mechanism (Figure 55). To achieve the change of the gap the excitation laser spot
had to be placed on a side of the disks. That completely eliminated lasing from the
disks. Nonetheless the demonstration of reversible coupling of the disks achieved
with stimulus power p=31.5 mW. Although higher power is available, this might
damage the micro disks lasers. Figure 55 demonstrates the change of the intracavity

gap, with a)- excitation 442 nm is off, b)- excitation is on, c)- color composite.

93



Figure 55. Coupling of two micro disks. a) excitation 442 nm off, b) excitation on, c¢) color composite.

As was mentioned above, once the stimulus removed (in our case, the 442 nm
laser is turned off), the LCN structures expands nearly to the initial stage increasing

the gap, making this process reversible.

5.7 Conclusions and outlook

In this chapter we demonstrated a use of shape-changing liquid crystalline
network film applied to tuning intracavity gap of WGM micro disk lasers. Even
though some technical difficulties are still to be resolved, the overall principle of
optically induced tuning of coupling gap is shown. Applying macroscopic film
fabrication procedure combined with conventional direct laser writing of microlasers
opens a possibility of large scale fabrication of chip-scale devices, where for
example, optical source of excitation can be changed into a heating element to trigger
thermal actuation. In case bigger tuning range is required, the composition of the
LCN mixture should be tuned respectively. At last, for modification of the current

scheme is envisioned, in which, we illuminate the LCN film from the back side of
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the chip. In that case, considering transparency of the glass substrate and opaqueness
of the LCN film at A=442 nm, the film would absorb nearly all the laser light leading
to the local heating and, therefore, contraction of the film, but would not illuminate

the micro lasers and photo bleach the laser dye.
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Conclusions

In this thesis we tried to address several important problems in modern
photonic research, broadening knowledge in the areas of integrated photonic
components and optomechanics. In the first part we developed a novel tool for
complex analysis of integrated photonic circuits and components. The technique
allows to see the time-response of the studied structures on sub-picosecond scale and
even to image the pulse propagation resolving the time-frames on the same scale.
We report investigation of direct laser written polymeric photonic components and
advances in double layered electron beam lithographically fabricated complex
photonic circuits. However, the technique is not limited by choice of the materials
and can be widely applied both to modern commercial industrial products during
development and optimization processes. The described technique can also be
applied in academic research, where, for instance it can serve in the recently

developed of waveguide-based machine learning systems.

In the next part of the thesis, introducing a smart material that is capable of
changing the its shape in response to external stimuli, we show the material
application in fields of photonics and optomechanics. In a separate chapter we
demonstrate a novel micro robotic device, which is being several hundred microns
in size, can be controlled remotely by a laser beam. As presented micro gripper can
catch and release different kinds of particles, it is also capable of autonomous action,
when that act of gripping is triggered by a color of a target. We believe that the

concept of this structure can be used in different areas of science and technology.

In the last part of the thesis we address a well-known issue of photonic
structures tunability. Continuing to search novel approaches of multi-material
combination within a single chip we present a principle of optomechanical tuning of
photonic components with use of smart polymers. We describe a process that does

not require microfabrication facility for smart polymer integration. Although this
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demonstration is not complete, the main principle, however, is evident. As a future
perspective this process can be scaled up to bigger structures, allowing, for instance,

simultaneous tuning of big arrays of coupled resonators.
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