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Chapter 1

Introduction

The term ‘photonics’ is derived from the Greek word ‘photo-’ (or ‘phos’, mean-
ing ‘light’) and resembles the commonly known ‘electronics’. In line therewith, it
comprises the general processing of signals of light, including, e.g., their genera-
tion, detection and modulation [1]. Over the last decades, the field of photonics
has attracted increasing attention from both academic research and industry [2,3].
Modern advances in micro- and nano-scale fabrication technologies enable to realize
such photonic applications more and more on chip scale [4]. These chip-scale pho-
tonic systems often are composed of several building blocks with different specific
purposes.

For various photonic building blocks, an effective temporal and spatial confinement

of light is required. Such a confinement is feasible using different kinds of micro-

scale optical resonators [5,6], including so-called whispering gallery mode (WGM)

cavities. These WGM cavities are able to confine light for a comparably long time

in a small volume and can be realized with an overall footprint of only tens of square

micrometers [7,8].

Numerous WGM-based micro-scale photonic building blocks have been demonstrated,
including low-threshold lasers or spectral filters [9-12]. Furthermore, phenomena of
cavity-quantum electro dynamics (cQED) like an enhancement of light-matter inter-

action have been observed in such resonators [13-15]. The area of possible applica-

tions of WGM-based building blocks is further increased by introducing a tunability

of the spectral position of the underlying optical modes. Following this route, e.g.,

tunable low-threshold lasers can be realized [16,17]. In the context of cQED, such

a spectral tunability is indispensable, as the WGMs must be tuned to match the

optical transition of the emitter of interest [18,19].
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An optical coupling of ensembles of cavities in close spatial proximity to so-called
photonic molecules (PMs) is feasible due to the evanescent field of WGM res-
onators [20,21]. Based on such PMs, spectral higher-order filters or optical delays
in coupled resonator optical waveguides (CROWS) have been realized [22,23]. Also,
topologically protected single-mode lasing and robust lasing at exceptional points in
hybrid PMs have been reported [24-26].

A tunability of the coupling among the individual WGM cavities of a PM facilitates
additional possible applications as, e.g., CROWSs with a tunable optical delay [27].
PMs at exceptional points can be driven in and out of their state of broken parity-
time symmetry via a change of the inter-cavity coupling [28].

WGM-based photonic building blocks are mostly fabricated from materials such as
semiconductors or silica which enable the realization of high-quality cavities with a
strong temporal and spatial confinement [29,30]. However, a distinct tunability of
the key characteristics of the underlying optical modes is usually not feasible due
to the inflexibility of these materials. At that point, photonic building blocks on
an all-polymeric platform come into play. The vast field of existing polymers with
different material properties significantly extents the range of possible designs of
photonic building blocks. Including polymers with an elastomeric character, also
highly tunable photonic building blocks are conceivable [31,32].

Conventional non-polymeric materials are usually structured using electron-beam
lithography [29,30]. The fabrication of polymeric building blocks on the other hand
is often feasible employing cost-efficient and parallelizable methods such as deep-UV
lithography, nano-imprint lithography or 3D laser printing [33-35]. Also, the general
material costs are often significantly reduced. Hence, an all-polymeric approach does
not only enable the tunability of optical key characteristics of photonic elements,
but also promises a cost-efficient future upscaling of their fabrication processes.

The present thesis aims at a realization of a chip-scale and all-polymeric platform for
WGM-based tunable photonic building blocks. The intended tunability is achieved
by incorporating a special class of smart polymers, so-called liquid crystal elas-
tomers (LCEs). Due to their molecular order, these elastomers undergo a strong
and reversible anisotropic actuation behavior under various external stimuli [36].
Therefore, this exotic material class paves the way for even more elaborate designs
of tunable building blocks. In the scope of the present thesis, all chip-scale polymeric
structures are fabricated using upscalable optical methods. High-quality WGM cav-
ities are realized using novel processes based on 3D laser printing [37].

The potential of the all-polymeric chip-scale platform is demonstrated by tuning two
exemplary key characteristics of WGM-based photonic building blocks: the spectral
positions of the resonances of an individual WGM cavity as well as the inter-cavity
coupling of a PM consisting of two WGM resonators in close spatial proximity.




To realize spectrally tunable WGMs, disk-shaped cavities entirely made from LCE
are 3D laser printed. The in-plane expansion of the LCE is used to increase the
radius of the cavity’s disk and thereby tune its resonance wavelength. Herein, also
the reversibility of this tuning mechanism is investigated. Comparable approaches
have already been reported but lack either a sufficient spectral tuning of the optical
modes [38] or a fabrication process suitable for future upscaling [16].

The tunable evanescent coupling of a PM is achieved by printing polymeric but
rigid disk-shaped WGM resonators onto a chip-scale LCE substrate. The reversible
contraction of the LCE is used to decrease the distance between the cavity disks and
therefore increase their degree of evanescent coupling. The potential of this building
block as a tunable add-drop filter is demonstrated.

Organization of this thesis

The present thesis is subdivided into seven chapters. Following the introduction,
the fundamentals of the physical concept of whispering gallery modes are addressed
in Chapter 2. Important figures of merits are introduced. The spatial and spectral
mode structure of WGMs in disk-shaped cavities is presented. Incongruous differ-
ences of spatial mode structures obtained from analytical effective-index calculations
and finite-element simulations are found. Based thereon, an alternative classification
scheme of WGMs in disk-shaped cavities is derived and its advantages are discussed.
Finally, a short overview of photonic applications of WGMs is given. Herein, both
individual WGM cavities as well as PMs are addressed. The impact of a spectral
tunability of single WGMs and a tunable evanescent coupling of PMs on possible
applications is included.

The experimental investigations of the spectral mode structure of WGMs in this the-
sis are based on fiber-transmission spectroscopy. Hence, this method is introduced
in Chapter 3. Its fundamentals are recapitulated, the intensity transfer between fiber
and WGM resonator is analytically described using coupled-mode theory (CMT) and
the established experimental methodology is outlined. Afterwards, two newly devel-
oped extensions to the investigation scheme are presented. Firstly, fiber-transmission
spectroscopy using two tapered optical fibers simultaneously is introduced. This in-
cludes a CMT-based analytical description of the modified measurement configura-
tion, a fabrication process of bent tapered optical fibers and the required modifica-
tions of the experimental setup. Secondly, two approaches of polarization-sensitive
fiber-transmission spectroscopy are introduced and compared. One of these meth-
ods analyzes the polarization of the fiber transmission, while the other employs the
directional radiation of the WGM of interest.
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In Chapter4, the fabrication processes of all-polymeric tunable photonic building
blocks are outlined. At first, the material class of liquid crystal elastomers is intro-
duced, including their chemical composition and mechanical and optical properties as
well as possible approaches to manipulate their molecular order. Then, the fabrica-
tion of chip-scale LCE substrates is demonstrated. The actuation of these substrates
is evaluated using a novel investigation scheme based on polymeric micro-scale mark-
ers. Afterwards, the 3D laser printing of micro-scale rigid photonic elements onto
such substrates is demonstrated. The quality of these structures is evaluated based
on scanning-electron micrographs as well as their optical key characteristics. Finally,
the 3D laser printing of chip-scale photonic elements entirely made from LCE is in-
troduced. The quality of the structures is again assessed based on scanning-electron
micrographs and optical key characteristics.

The spectral tunability of WGM resonators entirely made from LCE is demonstrated
in Chapter5. The fundamentals of the spectral tuning of WGMs are introduced
and the expected tunability of such LCE cavities is estimated. Afterwards, their
spectral tuning is experimentally investigated and compared to these expectations.
The impact of the advancements of the respective fabrication process presented in
Chapter4 is evaluated. Also, the reversibility of the spectral tuning of the LCE
resonators as well as a possible adjustment of their absolute tuning response via a
change of the LCE’s chemical composition are addressed.

In Chapter 6, the tunable coupling of WGMs in photonic molecules on LCE sub-
strates is demonstrated. The fundamentals of this evanescent coupling are reca-
pitulated and the tunability of the inter-cavity gap is demonstrated using optical
micrographs. The evanescent coupling is then analytically described based on CMT.
Herein, optical waveguides are introduced into the calculations and expected signa-
tures of a tunably coupled PM in fiber-transmission spectra using one or two tapered
optical fibers are computed. Experimentally obtained single-fiber transmission spec-
tra of a tunable PM are compared to the respective calculations. The PM’s tunable
coupling strength is derived from the resonance splitting of delocalized supermodes.
Finally, the controllable intensity transfer through a tunably coupled PM in add-
drop configuration is demonstrated. The enhancement of the transferred intensity
is compared to the expectations based on CMT.

Finally, Chapter 7 concludes the results presented in this thesis and evaluates the
potential of the developed chip-scale and all-polymeric platform of WGM-based
tunable photonic building blocks for future applications. An outlook on possible
prospective research activities building on the results of the present thesis is given.




Chapter 2

Whispering gallery modes in photonic
building blocks

In this chapter, the fundamental concept of whispering gallery mode (WGM) cavi-
ties as well as important figures of merit are recapitulated in Sec.2.1. Within this
context, a short analytical description of a WGM resonance derived from a harmonic
oscillator is given. In Sec. 2.2, the spectral and spatial mode structure of such cavi-
ties is covered in more detail. Therein, spatial mode structures obtained using the
analytical effective index method are compared to those derived from finite element
simulations. Based thereon, the systematic of WGM resonances in disk-shaped cav-
ities is discussed and a novel classification scheme of these modes contradicting the
established classification is proposed. This novel scheme takes the inseparability and
non-orthogonality of such WGMs into account. Finally, a short overview of different
possible applications of WGM resonators in the context of photonic systems is given
in Sec.2.3.

2.1 Whispering gallery modes and their figures of merit

Whispering gallery resonators confine light by the total internal reflection of light
that propagates within a dielectric resonator material [7,8]. If the refractive index of
the resonator material n, is larger than the one of its surrounding ng and light hits
the interface under a sufficiently small angle, it is totally internally reflected. If the
interface between the resonator material and its surrounding forms a closed path, the
light is guided along that path. If furthermore the optical length of that path matches
an integer of the wavelength of the guided light, constructive interference after one
round trip leads to confined optical resonances. In the present work, rotationally

>
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Figure 2.1: (a) illustrates a WGM resonance in a rotationally symmetric structure of
radius R with a refractive index n; larger than the one of its surrounding ns. The require-
ment of constructive interference leads to solutions with an integer number Ny of field
maxima along the outer rim. Since the light is confined by total internal reflection, a part
of the mode is evanescently guided outside the cavity. This effect is demonstrated in (b),
where the electric-field distribution of a WGM resonance with Ny = 35 is depicted. The
exponential tails reaching beyond the edge of the cavity (black line) are visible. In (c), an
SEM micrograph of a polymeric disk-shaped WGM cavity with a radius of R = 251m is
depicted. (a)/(b) adapted from [39]/[40], sample in (c) fabricated by Roman Oberle [41].

symmetric, disk-shaped WGM cavities (as exemplary depicted in Fig.2.1(c)) are
investigated. For such cavities, a resonance condition in the form of

27 R X neg = Nyho with Ny € N (2.1)

holds. Herein, R is the radius of the rotationally symmetric cavity and Ny is the
number of field maxima along the azimuthal direction ¢ of the cavity. In Fig.2.1(a),
a rotationally symmetric refractive-index distribution and the formation of resonant
modes due to constructive interference is illustrated.

Due to the guiding of light by total internal reflection within the dielectric cavity, a
non-vanishing but exponentially decaying part of the electromagnetic field is located
in the cavity’s surrounding. This evanescent part of the mode leads to an effective
refractive index nqg of the WGM, for which the condition

Ng < Nt < Ny (22)

holds. In the case of tightly confined modes in polymeric cavities surrounded by
air, the approximation n.g =~ n, is mostly sufficient. Nevertheless, the evanescent
field of the WGMs is of high importance, since it enables an efficient evanescent
coupling between such cavities and tapered optical fibers within the scope of fiber-
transmission spectroscopy [8,42] (see Ch.3). Figure2.1(b) depicts an exemplary
distribution of the electric field component of a WGM resonance obtained from finite-
element method (FEM) simulations. The evanescent tails of the mode reaching into
the cavity’s surrounding are evident.
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The time dependence of the field amplitude within a WGM cavity can be determined
from the differential equation of a lossy harmonic oscillator [43,44]

00 = (10— 5 ) ) (23)

where a(t) represents one of the field components, wy is the resonance frequency of

the mode and 7 is the lifetime of a photon limited by the cavity’s loss mechanisms.
Solving this equation leads to a time dependence of

al(t) = ag exp (iwt) exp <—2i) (2.4)

T

As expected for a lossy harmonic oscillator, the field amplitudes in the cavity oscillate
with frequency wy and an exponentially decaying envelope.

Via a Fourier transformation, the spectral dependence of the intensity /(w) inside a
cavity can be calculated from Eq. (2.4):

1
—.

) = o) o g

(2.5)

Hence, the WGM resonances are expected to show a Lorentzian line shape centered
at wp with a full width half maximum (FWHM) equal to the inverse photon lifetime:

AWFWHM = T_l. (26)

Quality factor

The capability of a cavity to confine light over time is often described using the so-
called quality factor ). It is defined as the ratio of the energy stored in the cavity
to the power dissipated from the cavity within one period of the mode’s oscillation:

stored energy

Q=w

. 2.7
Odissipated power (2.7)

As the stored energy is given by |a(t)[* (with the field amplitude a(t) in Eq. (2.4))
and the dissipated energy by its time derivative, this leads to a quality factor of

Q = WoT, (28)

meaning the quality factor is directly proportional to the photon lifetime of the
cavity. The highest quality factors achieved in WGM resonators up to date have
been found by Grudinin et al., who showed values larger than Q = 6 x 10! in

7
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cylindrical cavities made from CaFy [45]. This corresponds to a photon lifetime in
the order of 35 ps.

All loss mechanisms of a WGM cavity directly connected to the material or shape of
the resonator itself are combined in the so-called intrinsic quality factor );. There are
mainly three different loss channels contributing to this combined intrinsic quality
factor Q;:

e Radiation losses
Within a WGM cavity, the light is forced to travel along a bent path. This
leads to radiation losses, which can be understood in both a wave as well as a
particle picture.
To preserve the rotational symmetry of the system, the wavelength of the
evanescent part of a WGM mode increases with larger distance from the cavity.
This also leads to an increasing phase velocity. At a certain distance from the
outer rim of the cavity, this phase velocity exceeds the speed of light c¢g/ns.
Therefore, this part of the mode is not guided anymore, but radiated from the
cavity. [42]
Considering photons within the WGM cavity, the contrast of the refractive
index at the boundary of the cavity can be seen as a finitely high potential
wall trapping the photons inside the cavity. Hence, the photons are able to
tunnel through that potential wall and leave the cavity. The height and shape
of this barrier are both mainly depending on the radius of the cavity as well
as the refractive index contrast to its surrounding. As it can be shown from
calculations using the Wentzel-Kramers-Brillouin approximation, the quality
factor depends exponentially on the cavity’s radius. [46-49]
The cavities investigated in this work are made of polymeric materials with
refractive indices of around 1.5 and radii of 20 pm to 30 pm. For light near the
infrared (IR) c-band, this leads to an expected radiation limit of the quality
factor in the order of 10?3 [47].

e Absorption losses
As in linear waveguides, a part of the light propagating in a WGM cavity
is lost due to intrinsic absorption as well as scattering within the dielectric
bulk [44,47]. These processes are combined in the material-specific absorption
coefficient o and also limit the quality factors of WGM resonators. This limit
can be calculated using [50,51]:

2mn,

Qmat - Ny

(2.9)

Besides the explicit dependency of (Q,.c on A, the absorption coefficient « also
changes with wavelength.
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The rigid polymeric cavities in this work are made from the commercially avail-
able photoresist IP-S (see Sec. 4.3 for further information). For this material,
only very few absorption measurements are found in literature. To estimate
the quality factor near the IR c-band, a value of o measured at a wavelength
of 1100 nm in [52,53] is assumed. Using Eq. (2.9), this leads to an estimate of
the absorption-limited quality factor of Qma ~ 6.5 x 10%.

The flexible resonators investigated in this work are fabricated from a custom-
mixed liquid-crystal resist. Hence, there is no absorption data available and
the respective limitation on the quality factor can not be estimated.

e Scattering losses

The third important loss mechanism limiting the intrinsic quality factor of
WGM cavities is scattering due to surface roughness. The imperfections of
the surface act as scatterers and couple intensity out of the cavity. The extent
of this effect is mainly influenced by the degree of surface roughness [54, 55
and is described by the scattering-limited quality factor Qg.s. In contrast to
both other contributions to the intrinsic quality factor, the influence of this
loss channel can be reduced via an improvement of the fabrication process of
the respective cavities.

The combined intrinsic quality factor ); of a cavity is calculated as the inverse sum
of all of its single contributions [44]:

Q' = Qb + Qe + Qleny.- (2.10)

Comparing the magnitude of the different contributions to the intrinsic quality fac-
tor, radiation losses can be neglected in the case of the polymeric cavities in this
work. As the influence of surface scattering should be controllable by the applied
fabrication method, the material-specific quality factor Qna¢ acts as a fundamental
limit of the investigated cavities. Regarding the optimization of the cavities’ fabri-
cation processes (see Ch.4), it is one of the main goals to achieve a small surface
roughness. If the surfaces are sufficiently smooth, the scattering-induced quality fac-
tor is large compared to the absorption-induced one (Qgcat >> Qmat) and the cavities’
overall quality factor is given by their absorption limit: Q); ~ Qnas-

As described in Sec.3.1.1, the FWHM of the Lorentzian of a WGM resonance is
broadened if an optical fiber is coupled to the cavity. This also holds for other kinds
of light-guiding structures as, e.g., prisms. Such a broadening of the resonance can
be described with an additional coupling quality factor ().. This leads to an overall
quality factor of

Q' =Q7 "+ Q. = Qray + Qe + Ques + Q2 (2.11)

9
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Mode volume

Besides the confinement over a certain time, WGMs are also tightly confined in
space. The spatial extent of the respective field distributions is hereby described
using the so-called mode volume V. It is defined as the ratio of the total energy
stored in the cavity to the maximum energy density within the cavity [29, 56]:

S EEPaV
max [e(r) |E(r)|2]

(2.12)

Herein, E(r) is the electric field strength and e(r) is the dielectric function. In close
spatial proximity of the WGM cavity (so €(r) = 1), |E(r)| is non-zero due to the
evanescent part of the modes. Hence, also these evanescent fields contribute to the
mode volume.

Free spectral range

Another important characteristic of WGM cavities is the periodicity of their mode
spectrum. This periodicity results from the recurrence of the WGMs with their
azimuthal mode number Ny and is described using the so-called free spectral range
(FSR) A)psr. The FSR is defined as the spectral distance between two modes with
identical mode characteristics except a difference in the azimuthal mode number
of [AN,| = 1. This leads to [42]

¥ ox
2TR X Neg + g 2T R X Neg’

Adpsp = (2.13)

wherein the approximation holds in the case of R > \g. In the case of the polymeric
cavities (n, &~ 1.5) with radii of R = 20 pm to 30 pm in this work, the free spectral
range is in the order of AApsg &~ 8 nm to 12 nm.

The free spectral range of a WGM cavity is of particular importance regarding their
spectral tunability. A resonator is called fully tunable, if the spectral positions of
its modes can be shifted over more than one FSR. In this case, it is possible to tune
a fundamental mode of the cavity to any spectral position of interest. [57]

10
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2.2 Spatial mode structure of WGMs in disk-shaped
resonators

As already introduced and illustrated in Fig. 2.1, WGM resonances can be charac-
terized by their integer number of field maxima N, along the azimuthal ¢-direction
of the cavity. To fully understand the spectral and spatial mode structure of disk-
shaped WGM resonators, the radial (p) and axial (2) field distributions also need to
be considered.

In the following section, the spatial mode structure is analytically derived from the
cylindrical Helmholtz equations following an established approach using a separa-
tion ansatz. Afterwards, the mode classification resulting from these calculations
is compared to numerical simulations of spatial field distributions and the validity
of the underlying assumptions of the analytical calculations is assessed. Based on
the found incongruous differences of the spatial field distributions, a classification
scheme of WGMs contradicting the established classification is proposed. This novel
scheme takes the inseparability and non-orthogonality of such WGMs into account.

The results presented in this section have been obtained in close cooperation with
Lukas Rebholz within his Master’s thesis [40] and can be found there in further
detail.

Analytical calculation of modes in disk-shaped resonators

An analytical description of the spatial field distributions in the case of disk-shaped
WGM cavities is well-established in literature [58-60] and is also covered in more
detail in [40,61,62]. It is based on the cylindrical scalar Helmholtz equations:

11
Op + 00t 505+ 04 ko0 (p,2)| Flp, 6,2) = 0. (2.14)

This differential equation containing the wave number k£ as well as the refractive
index n holds for all six components of the electromagnetic field: F = {E,H}. The
cylindrical symmetry has been taken into account by the spatial distribution of the
refractive index n(p, 2).

In analogy to the analytical solution of modes in slab waveguides [58,59], two classes
of approximately independent field components have been assumed: {E,, Hy, H.}
and {H,, Ey, E.}. These solutions are called modes with transverse-electric (TE)
and transverse-magnetic (TM) polarization, respectively.

11
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Figure 2.2: Contour plots of analytically obtained intensity distributions in the (p, z)-plane
of WGM resonances in a disk-shaped resonator. All depicted modes share an azimuthal
mode number of Ny = 139 and TE polarization. The different intensity distributions can
be described as a two-dimensional array of maxima with (NN, + 1) being the number of
columns and (N + 1) the number of lines. TM modes as well as modes with differing Ny
show a similar behavior. Adapted from [40].

S norm. energy density —

Using the separation ansatz F(p,¢,z) = ®(¢) - G(p, z), as well as the periodic-
ity ®(¢) = ®(¢ + 27), the solution in azimuthal direction

O (¢p) = exp [£iNg¢] with Ny € N (2.15)

has been found. For the remaining part of the differential equation G(p, z), a sep-
aration ansatz is not feasible since the spatial distribution of the refractive index
can not be split into independent components. Approximate solutions have been
calculated using the so-called effective-index method (EIM). Therein, such a sepa-
ration ansatz is done despite the inseparability of the refractive index. The mutual
dependency of the two differential equations has been considered by means of an
effective refractive index. Via this effective quantity, the influence of the spatial
distribution of the refractive index in z-direction has been incorporated into the
differential equation describing the field distribution in p-direction, and vice versa.
Numerical solutions to these mutually dependent equations can be found in an iter-
ative approach. [58-60]

The solutions in z-direction Z(z) are given by standing waves within the resonator
disk and exponentially decaying tails in its close surrounding. From the mirror
symmetry of the system with respect to the plane perpendicular to its rotational
axis, a set of solutions with different integer numbers of field extrema along the
z-direction (N, + 1) has been found.

12
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The solutions in p-direction R(p) have been calculated to be given by oscillating
Bessel functions within the cavity as well as exponentially decaying Hankel functions
of the second kind in its surrounding. Again, the solutions can be characterized by
their integer number of field extrema along the p-direction (N, + 1).

Summing up these results, the spatial field distribution of a WGM within a disk-
shaped cavity can be fully described using the three mode numbers Ny, N,, N, as
well as their polarization state (TE or TM). To illustrate the influence of N, and
N, therein, the intensity profile within the (p, z)-plane of exemplary TE modes with
Ny = 139 and differing mode numbers N, and N, are depicted in Fig.2.2. As it
is evident from these mode profiles, the intensity distribution is given by a two-
dimensional array of maxima with the numbers (N, +1) and (N, + 1) describing the
number of columns and rows, respectively. These intensity distributions can also be
understood as a superposition of the individual solutions R(p) and Z(z). TM modes
show similar intensity distributions with only slight variations. The classification of
WGNMs in disk-shaped cavities based on Ny, N,, N, and their polarization state is
well-established in literature [39,61,63-67].

Modes in disk-shaped resonators obtained from finite-element simulations

An alternative approach to calculate the field distributions in disk-shaped WGM
cavities is given by numerical simulations using the finite-element method (FEM).
Herein, the rotational symmetry of the system has again been used to separately
determine the ¢-dependency of the solution in the form of Eq. (2.15).

To calculate the remaining electromagnetic field components, the (p, z)-plane of the
WGM cavity has been triangulated and Maxwell’s equations have been solved within
the finite area elements. Then, boundary conditions have been applied to determine
the overall field distribution of interest as well as the respective resonance frequency.
Although the results have been obtained numerically, no approximations despite the
triangulation into finite area elements itself have been done within the calculations.
Especially, neither a separability of the spatial distribution of the refractive index
nor the existence of two independent classes of field components (meaning TE and
TM modes) has been assumed. FEM simulations have been extensively used in this
research group to determine the field distribution of resonances in WGM cavities,
hence a more comprehensive description of this numerical approach can be found
elsewhere [40,61,68,69].

In this work as well as in [40], FEM simulations are used to test the validity of the
analytical field distributions calculated using EIM. This is done based on a qualita-
tive comparison of the spatial intensity distributions. In Fig. 2.3, exemplary intensity
profiles in the (p, z)-plane of modes with N, = 139 obtained from FEM are depicted.
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Figure 2.3: Contour plots of the intensity distributions in the (p, z)-plane of WGM res-
onances in a disk-shaped resonator obtained from FEM simulations. Most of the modes
show a strong similarity to those obtained using EIM. These modes are found in two ver-
sions with a preferential electric-field orientation along either the p- or the z-direction,
corresponding to analytical TE and TM modes. However, some of the modes (highlighted
in red) are not within the set of the analytical solutions and do not show a preferential
field orientation. Under close inspection, these modes can be identified as a superposition
of analytical solutions. Adapted from [40].

For most of the calculated modes, a strong similarity to the results obtained from
the analytical EIM calculations is found. These modes also show preferential field
orientations corresponding to either TE or TM polarization. Nevertheless, some
of the modes (highlighted in red) do not show a two-dimensional array of maxima
and, hence, cannot be described as a superposition of a single radial R(p) and axial
analytical solution Z(z). Therefore, these modes are not within the set of solutions
obtained from EIM. Furthermore, these modes do not show a preferential orientation
of the electromagnetic fields and, hence, cannot be allocated to a TE or TM polar-
ization [40]. Under further inspection however, these modes can be understood as
a superposition of two modes that are within the set of analytical solutions (mean-
ing each of these modes j = 1,2 is a superposition of its own radial R;(p) and an
axial part Z;(z)). In the depicted case, the highlighted modes are identified as a
superposition of the mode on their left-hand side (corresponding to the analytical
mode with (N,, N,) = (0,1)) with the respective mode above (corresponding to
(N,,N.) = (1,0) and (2,0)). Herein, these two contributions again show either a
TE- or TM-like polarization. This observation suggests the assumption of a coupling
of the modes obtained from analytical EIM calculations.

The deviation between the numerical FEM simulations and the analytical solutions
is expected to be caused by the underlying assumptions of the analytical calculations.
By assuming a separability of the differential equation (2.14), possible solutions with
a non-separable field distribution (as the ones highlighted in Fig.2.3) have been ig-
nored. Additionally, the existence of independent TE and TM modes adapted from
slab waveguides does not generally hold. Therefore, these assumptions lead to an
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2.2 Spatial mode structure of WGMs in disk-shaped resonators

incomplete picture of the mode structure of disk-shaped WGM cavities. Further-
more, they demonstrate the limited utility of the description of WGMs based on the
mode numbers Ny, N,, N, and their polarization state.

In the following, a classification of WGMs in disk-shaped cavities based on properties
that are conserved under the coupling of single modes is proposed.

Alternative classification scheme of WGMs in disk-shaped cavities

In both EIM and FEM, the azimuthal dependency of the field distribution of WGM
resonances is derived from the separation ansatz given by Eq. (2.15). This separation
is not based on any approximation but only harnessing the rotational symmetry of
the problem. Hence, Ny is conserved and therefore a useful number to characterize
the respective WGM resonances.

Another symmetry of the system is the mirror symmetry with respect to the plane
perpendicular to its rotational axis. Based thereon, the regarding z-parity P, of a
WGM, meaning the eigenvalue of the field distribution under the mirror transforma-
tion z — —z, is expected to be conserved. Regarding the modes from analytical EIM
calculations, TE modes with an even N, and TM modes with an odd NV, share the
same z-parity, and vice versa. Based on the symmetry of the underlying problem,
no further conserved quantity can be expected.

To further understand the structure of WGM resonances in disk-shaped cavities, the
interaction of the modes (as indicated in Fig. 2.3) has been investigated in detail. To
that end, the resonance frequencies of several modes obtained from FEM simulations
have been taken into account. As the extent of such mode interactions is expected
to depend on the spectral distance between the contributing modes, this distance
has been tuned via the change of a geometrical parameter of the cavity. In Fig. 2.4,
the resonance frequency of 12 WGMs is depicted versus the thickness of the cavity.
Herein, the expected conservation of N, and P, is already considered: All depicted
modes share the same azimuthal mode number of N, = 139. Modes with a z-parity
of P, =1 and P, = —1 have been divided into the two separate plots Fig. 2.4(a) and
Fig. 2.4(b), respectively.

In both plots in Fig. 2.4, several points of spectral degeneracy between two WGMs
seem to arise. Under close inspection however, the resonance frequencies of the con-
tributing modes always show an avoided-crossing behavior which is a typical charac-
teristic of optical coupling. The only modes not showing any avoided crossings (gray
lines) are the fundamental modes with analytical mode numbers (N,, N,) = (0,0)
that have a large spectral distance to all other WGMs over the whole investigated
range of the disk’s thickness. The modes of highest angular frequency (blue lines)
also undergo avoided crossings with modes of even higher frequency, that are not
shown here. This causes the single kinks of these lines. Beyond that, there seem to
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Figure 2.4: Resonance frequency of 12 WGMs versus the disk’s thickness. All modes
share the same azimuthal mode number Ny and are divided into two plots regarding their
z-parity of (a) P, = 1 and (b) P, = —1. In both plots, several potential crossing points
arise (black circles). Taking a closer look, an avoided-crossing behavior is found for each
of these points. This finding indicates an optical coupling between all modes of one plot
that are spectrally close. (For the mode in (a) with highest frequency, some data points
are missing due to numerical issues.) Partly adapted from [40].

be no avoided crossings with a missing coupling partner. Thus, an avoided cross-
ing is observed if and only if two modes of the same N, and P, come spectrally
close. This observation strongly indicates that a mode with pre-defined N4 and P,
couples to all other modes sharing these characteristics but to no other modes. As
the contributing modes gradually interchange their characteristics along an avoided
crossing, this also demonstrates the conservation of the mode numbers N, and P, as
well as the absence of any additional conserved quantities. In particular, the mode
numbers N, and N, are not conversed.

These findings can also be related to the spatial mode profiles depicted in Fig. 2.2
and Fig.2.3: If the resonance frequency of a WGM in Fig.2.4 is far from that of
any other resonance of the same N, and P,, a spatial mode profile similar to that
of an analytical solution is found. In these cases, the modes also show a preferential
electric-field orientation in either p- or z-direction. In the following, such modes are
referred to as modes with a TE-like or TM-like polarization, respectively. Changing
the disk’s thickness and thus getting closer to an avoided crossing, the mode pro-
files of both modes gradually interchange and are thereby losing their preferential
field orientation. The exemplary profiles highlighted in Fig.2.3 correspond to the
points of minimum spectral distance between the coupling modes. Changing the
disk’s thickness even further, the mode profiles gradually change into those of the

respective coupling partner. A detailed discussion of all these phenomena is given
in [40].
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2.3 Photonic applications based on WGMs

Regarding a reliable classification scheme of WGMs in disk-shaped cavities, the
spectral order of the modes can be utilized. Since for a given set of Ny and P, the
modes only show avoided crossings, this order does not change. Hence, the integer
spectral order number Ny starting with Ny = 1 for the mode corresponding to the
fundamental mode with analytical mode numbers (N,, N,) = (0,0) (gray lines) is
conserved. Consequently, a whispering gallery mode in a disk-shaped cavity can be
fully characterized by the three mode numbers Ny, P, and Nj.

Compared to the established system based on N, and N, this classification is ben-
eficial as its completeness and correctness do not depend on the dimensions of the
cavity. Additionally, it incorporates the modes with a complex spatial field distribu-
tion and missing preferential field orientation that are not covered by the analytical
solutions from EIM calculations. In the future, a more thorough understanding and
treatment of these modes and their coupling might be useful to realize various novel
WGM-based devices as for instance chip-scale polarization converters.

2.3 Photonic applications based on WGMs

Whispering gallery resonators are of great use within various fields of modern pho-
tonics. Their field of application reaches from simple building blocks like filters and
switches to topical research in quantum and topological photonics. Herein, both
single cavities as well as ensembles of coupled resonators are deployed. (A detailed
introduction into the physical concept of coupled WGM cavities is given in Sec. 6.1.)
For both cases, a non-comprehensive overview of established photonic applications
is given in the following.

In line with the experimental results presented in Ch.5, the potential impact of a
spectral tunability is emphasized in case of single cavities. Regarding the application
of ensembles of coupled resonators, the advantage of a tunable coupling strength is
highlighted in accordance with the experimental results presented in Ch.6. A more
comprehensive overview of established areas of application of WGM resonators can
be found elsewhere [42,63,70,71].

Applications of individual WGM resonators

The first experimental proof of WGMs was found by Garrett et al. in 1961 in the
tangential emission of CaFay-spheres doped with Sm™"-ions [72]. This was also the
first realization of a WGM-based micro laser. To enable laser emission of a WGM
cavity, the dielectric resonator material is doped with an emitter in which popula-
tion inversion and hence stimulated emission is generated. Various systems, e.g.,
rare-earth ions [9, 72], quantum dots [73-75] or organic dyes [10, 16, 17] have been
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employed as an emitter. Following this approach, micro lasers with very low lasing
thresholds have been realized [9, 10, 76]. Regarding these micro lasers, a potential
tunability of the WGM’s wavelength directly implies a tunability of the laser’s out-
put wavelength.

Another established application of WGM cavities utilizes their wavelength selectiv-
ity. Using the narrow-band resonances, optical signals in waveguides can be filtered
based on their wavelength [11,12,77,78]. Such spectral filters have also been realized
in an add-drop configuration [79,80]. Alternatively, a switching of optical signals is
feasible [81,82]. This switching is often achieved using nonlinear optical effects as
the Kerr effect [30,83-85]. In the context of filtering/switching, a tunability of the
spectral position of the WGM resonance gives direct control over the wavelength of
the signal to be filtered /switched.

Due to their large quality factors and small mode volumes, WGM cavities are suit-
able to enhance light-matter interaction in the context of so-called cavity-quantum
electrodynamics (cQED) [5,13-15,86-89]. One popular example thereof is the so-
called Purcell effect: the enhancement of spontaneous emission of a source within
an optical cavity [90-92]. This effect can also be observed in micro lasers based on
dye-doped WGM cavities under continuous-wave excitation [39,93]. Employing a
parametric down-conversion process, various single-photon sources based on WGM
cavities have been realized [18,19,94,95]. Within these cQED applications, the tun-
ability of the wavelength of the regarding WGM resonance is of critical importance,
as it has to be tuned to match the optical transition of the investigated emitter of
interest. Recently, also a modulation of the Purcell enhancement via a detuning of
the respective WGM resonance has been demonstrated [96].

Applications of ensembles of coupled cavities

Spectral filters can also be realized using more than one WGM cavity. Such higher-
order filters provide a steeper slope of their transfer function as well as a stronger
attenuation of signals with non-resonant wavelengths [97-102]. An additional de-
gree of freedom herein is the arrangement of the coupled cavities which allows
for filters with various characteristics [42]. Additionally, the group velocity of
an optical pulse through a series of coupled WGM cavities depends on the cavi-
ties’ coupling strength [103-105]. By sending optical signals through such coupled
resonator optical waveguides (CROWS), delay lines can be fully realized on chip
scale [22,23,106-108]. A control of the coupling strength between the cavities would
enable a tunability of the delay time in the order of picoseconds [27].

Within recent years, the research field of exceptional-point photonics has gained high
interest [109,110]. Herein, the PT-symmetry of non-hermitian photonic systems is
intentionally broken. In this context, exceptional points (EPs) describe points in
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2.3 Photonic applications based on WGMs

the parameter space of the system, at which at least two eigenstates as well as their
eigenvalues coalesce and exotic properties of the photonic system arise [111-113]. In
pairs of coupled WGM cavities, EPs can be realized comparably easy by a balanc-
ing of optical gain and loss [28]. Following this route, high-power single-mode micro
lasers [26], micro lasers with reversed pump dependence [114], and robust lasing
modes [115] as well as a significant enhancement of the sensitivity of WGM-based
sensors [116-118] have been realized. By tuning the coupling strength of the two
WGM cavities, the system can be driven in and out of its EPs [28]. EPs have re-
cently also been observed in CROWs [119-121].

Furthermore, WGM cavities are of major interest in the upcoming field of topo-
logical insulator photonics. Therein, it is made use of topologically protected edge
states in periodic structures with a photonic bulk bandgap [122-124]. Hafezi et al.
demonstrated topological edge states in a periodic ensemble of WGM cavities on a
silicon platform [125]. Robust and single-mode lasing from such topologically pro-
tected edge states has been reported [24,25]. Recently, even electrically pumped
topological insulator lasers [126] have been demonstrated.
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Chapter 3

Fiber-transmission spectroscopy of
whispering gallery modes

This chapter covers the investigation of whispering gallery modes using so-called
fiber-transmission spectroscopy (FTS). In Sec. 3.1, the fundamentals of FTS includ-
ing an analytical description based on coupled-mode theory as well as the established
experimental methodology are given. Afterwards, two extensions to the established
method that have been realized within the scope of this work are presented: In
Sec. 3.2, fiber-transmission spectroscopy using two tapered optical fibers is intro-
duced. Herein, again a short analytical description of the system, as well as necessary
adaptions of the experimental methods are covered. This includes the fabrication
of bent tapered optical fibers. In Sec. 3.3, polarization-sensitive FTS is addressed.
The polarization analysis of the fiber transmission itself as well as of the directional
radiation of the investigated WGMs is introduced.

3.1 Basics of fiber-transmission spectroscopy

For WGM cavities to be included into more complex photonic systems, an efficient
method for the incoupling and outcoupling of light is required. Hereby, the coupling
to free-space light is not feasible in an efficient manner due to the cavities’ rotational
symmetry [8,127]. One of the most popular methods to achieve an efficient coupling
is the evanescent coupling to an optical waveguide in plane of the whispering gallery
mode [128-130]. If the propagation constant of the modes guided in both resonator
and waveguide match and so-called critical coupling is achieved, theoretically the
whole intensity of a mode propagating in the waveguide is coupled to the WGM
cavity for resonant wavelengths, and vice versa.
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Chapter 3. Fiber-transmission spectroscopy of whispering gallery modes

Regarding the detection of whispering gallery modes in disk-shaped cavities within
the fundamental investigations in this work, evanescent coupling to a waveguide is
the method of choice. Instead of lithographically structured and substrate-bound
waveguides as used in integrated photonic systems [131,132], tapered optical fibers
are used. This approach offers a higher flexibility, as the propagation constant of the
fiber and the coupling to different WGMs can be chosen on the spot. This method
of fiber-transmission spectroscopy allows for the investigation of the spectral mode
structure of WGM cavities and has been extensively used within the scope of this
work. Additionally, this investigation method has been further developed to give
access to additional measurands beyond the spectral distribution of the WGMs.

Within the measurement method of FTS, the tapered part of an optical fiber
is brought into close spatial proximity of the WGM cavity of interest to enable
an evanescent coupling between the modes propagating in the fiber and the res-
onator [128-130]. In this state, light from a tunable laser source is fed to the optical
fiber and the wavelength of the mode propagating in the fiber is changed with time.
If the wavelength of the fiber mode fulfills the resonance condition of a WGM, it
is evanescently coupled to the cavity and dissipated there by the intrinsic losses.
Therefore, this light is missing in the transmission of the fiber and appears as a
Lorentzian dip, if the optical output at the end of the fiber is detected using a photo
diode. Following this approach, the spectral position of WGM resonances is given
by the center wavelength of the Lorentzian dips and the quality factor of the modes
can be calculated from the full width half maximum (FWHM).

To achieve an efficient evanescent coupling of a tapered fiber to a WGM cavity,
several conditions have to be fulfilled. One important aspect is the so-called phase
matching, which describes the degree of agreement of the propagation constants of
the fiber and resonator modes [133]. Since the propagation constant of a WGM is
fixed by the geometrical properties and the refractive index of the regarding cavity,
a sufficient phase matching has to be ensured via a precise control of the diameter of
the tapered optical fiber. This diameter is typically slightly smaller than the vacuum
wavelength of the propagating laser mode [59,133]. Since FTS is usually performed
using light in the visible or near-IR spectral regime, this requirement corresponds
to a fiber diameter in the order of hundreds of nanometers. The tapering of such
fibers is done in a semi-automated fashion, as further described in Sec. 3.1.2.
Another condition for the efficient evanescent coupling is a large and time-stable
coupling coefficient due to a sufficient spatial overlap of the evanescent fields of the
two modes. This fiber-resonator coupling coefficient |u;,| mainly depends on the rel-
ative position of fiber and resonator. To ensure a sufficient and stable coupling, the
position of the fiber needs to be precisely controlled in the order of ten nanometers.
This is done using a 6-axis positioning unit based on a 3D piezo stage. A description
of the established F'T'S measurement setup is given in Sec. 3.1.2.
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3.1 Basics of fiber-transmission spectroscopy

In the following, first a short analytical description of the coupling of fiber and
resonator mode is given using so-called coupled-mode theory (CMT). Afterwards,
the established experimental methods to meet the necessary requirements of FTS
listed above are presented.

3.1.1 Intensity transfer between resonator and fiber in coupled-
mode theory

The analytical description of the intensity transfer between resonator and waveguide
is based on coupled-mode theory [59,97,133-135] and is also found in more detail
in the Master’s thesis of Osman Karayel [62].

The transfer of electromagnetic energy between a waveguide and a WGM cavity
is possible by means of an evanescent coupling of the propagating optical modes.
The coupling mechanism is hereby based on the fact that the evanescent part of
an unperturbed waveguide mode penetrates the bulk of the cavity, and vice versa.
Within the cavity, the waveguide mode induces a polarization of the material and
hence also a propagating cavity mode. The extent of this effect is strongly depending
on the spatial overlap of the field distributions of waveguide and cavity mode within
the cavity and thus on the relative position of waveguide and cavity. This is also
illustrated by the schematic depiction of the cross section of the coupling region
in Fig.3.1(a). The coupling coefficient |u;,| can be calculated by integrating the
product of the electric-field distributions of the unperturbed waveguide and cavity
mode over the cross section of the WGM cavity. Therein, also the relative orientation
of the modes’ polarizations needs to be taken into account. This aspect is however
ignored in the following, as it is covered in detail in Sec. 3.3.

Assuming the coupling coefficient || to be known, the coupling of waveguide and
cavity mode can be calculated based on the differential equation used earlier to gen-
erally describe WGM resonances. As presented in Sec. 2.1, the field amplitude a()
within a whispering gallery resonator can be described using the differential equa-
tion of a lossy harmonic oscillator with eigenfrequency wg and photon lifetime 7, due
to its intrinsic losses (see Eq. (2.3)). Within this concept, the intensity transfer from
and to a waveguide can be described as a perturbation in the following manner:

%a(t) = (iwo B ) a(t) — ipnsi(t). (3.1)

217 2T

Here,
si(t) = Sp expiwt (3.2)
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Figure 3.1: Schematic illustration of the concept of FTS. (a) depicts the spatial overlap of
the unperturbed field distributions of fundamental waveguide (red) and cavity mode (blue)
in the coupled case. The coupling coefficient |ui,| is proportional to the spatial overlap
of the modes within the cavity (cyan rectangle). (b) demonstrates the investigation of
WGMs using FTS. Laser light is coupled to the input port and propagates as waveguide
mode with field amplitude si(t) in the fiber. If the frequency of s;(t) matches that of a
WGM wy, the light is coupled to the cavity within the coupling region (gray box) by |puin]|
and excites a mode with field amplitude a(¢). The WGM is dissipated by its intrinsic
losses with a photon lifetime of 7;. The additional loss due to fiber coupling is accounted
for by the photon lifetime 73,. In the transmission T; of the waveguide mode with field
amplitude s¢(t) propagating from the coupling region to the through port, a Lorentzian dip
centered at wp is found. Elements with green background illustrate measurements using
two fibers (see Sec.3.2): The second waveguide is coupled to the cavity via a coupling
coefficient |pout|, introducing another photon lifetime 7,y¢. Light coupled to the second
waveguide travels towards the drop port with field amplitude sq(t). A Lorentzian peak
of the transferred intensity Iy centered at wq is detected. Due to the directionality of the
coupling, the waveguide mode at the add port usually carries a field amplitude of s, (t) ~ 0.

is the field amplitude of the mode coupled to the input port and propagating in the
waveguide towards the coupling region. This mode is coupled to the WGM with a
coupling coefficient p;,. The additionally introduced photon lifetime 7, of the cavity
accounts for the loss channel of a possible intensity transfer from the resonator back
to the waveguide. Based on the assumption of a stationary state of equal energy
flows into and out of the cavity, a relation between p, and 7, is found [62]:

1
— = |l (3.3)

m

A schematic depiction of waveguide and resonator including the discussed loss chan-
nels and coupling region is given in Fig. 3.1(b).
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Using a continuous-wave laser source, the WGM resonator under waveguide exci-
tation with frequency w is an approximately stationary system. Hence, only the
particulate solution of Eq. (3.1) is of interest:

alt) = ~lHim si(8). (3.4)

i(w—wo) + %Tfl + %Tigl

In the context of fiber-transmission spectroscopy, the transmission detected at the
through port at the end of the waveguide can be calculated from the amplitude
of waveguide mode si(t) propagating away from the coupling area. Assuming the
propagation directions in waveguide and resonator to be equal within the coupling
region, this mode amplitude can be calculated using [136]

si(t) = si(t) — inya(). (3.5)

Combining Eq. (3.2) to (3.5), the transmission of the waveguide at the through port
is given by:
‘,uin ’2 7—'71
=1- . et (3.6)
(w—wo)” + 411 (Ti t Tinl)

Equation (3.6) describes a Lorentz-shaped dip in the waveguide’s transmission spec-
trum. This dip is centered at the resonance frequency of the WGM wy and can
therefore be used to identify the mode. The transmission at the minimum of this
resonance dip in the case of w = wy is given by:

Ty = wo) = (;) (37)

—1 —1
T+ Ty

and can hence vanish in the case of the critical coupling coefficient

a2 = T =7 (3.8)

crit — 'in i

In this case, the external losses due to the coupling to the waveguide are equal
to the intrinsic losses of the WGM resonator. Since the coupling coefficient |y |
strongly depends on the distance between resonator and cavity, there is a certain
critical coupling distance. If the distance between waveguide and resonator is larger
than this critical value, not the whole intensity propagating in the waveguide can be
coupled to the cavity. If this distance is smaller than the critical distance (and the
coupling coefficient therefore larger than the critical coupling coefficient), some of
the intensity is coupled back from the resonator to the waveguide within the coupling
region. In both cases, the waveguide transmission does not completely vanish.

As derived in Sec.2.1, the quality factor ) of a WGM is directly proportional to
the lifetime 7, that is given by the inverse FWHM of the mode’s Lorentz-shaped
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resonance peak. Due to the high spectral resolution of FTS, these quality factors
can be investigated employing this method. However, the FWHM of a resonance
dip described by Eq. (3.6) is given by

Awpwan = 771 + 74, (3.9)

Therefore, the determination of the intrinsic quality factor would only be possible in
the theoretical limit of |u;,| = 0, where no resonance dip is present. Thus, all quality
factors derived from FTS measurements can be taken as lower limit to the cavities’
intrinsic quality factor. In the case of critical coupling, the measured quality factor
equals half the intrinsic quality factor of the cavity.

In summary, FTS offers access to the spectral position as well as a lower limit
of the quality factor of the WGM modes within a cavity. The precision of the
determined quantities is mainly limited by the resolution of the used tunable laser
source. Hence, this method is well-suited to reliably and flexibly investigate the
spectral mode structure of WGM resonators within this work.

3.1.2 Established methodology of fiber-transmission spectroscopy

The investigation method of FTS has been introduced into the research group the
present work has been done in more than 10 years ago [64] and used extensively
since [10,16,33,39,64,66,137,138]. In this time, well-developed experimental setups
for both the fabrication of tapered optical fibers as well as for the conduction of FTS
itself have been established. Since these methods have been used to investigate the
spectral mode structure of various WGM cavities within the scope of this work, they
are shortly introduced here. These sections also lay a foundation for the description
of realized extensions to the method of F'T'S given in Sec. 3.2 and 3.3.

Fabrication of tapered optical fibers

The home-built setup used to fabricate tapered optical fibers has been adapted
from [139,140] and built by Philipp Brenner within his Bachelor’s thesis [141].

Tapered optical fibers are produced from commercially available single-mode fibers
suited for the intended wavelength range. In the case of FTS near the infrared
c-band, the fiber SMF-28 (Corning, Inc.) is used. As a first step, the fiber’s poly-
meric coating layer is mechanically removed, leaving back the core and cladding
material with a combined diameter of 125um. Then, the fiber is clamped to two
opposing linear motors. The taper of the fiber is produced by using the linear mo-
tors to pull both ends of the fiber in opposing directions while a small part of the
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coating-free fiber is heated above its glass transition temperature using a gas flame.
The used combination of the actual values of gas flow and pulling speed of the linear
motors has been thoroughly engineered [39, 141].

The thinning of the fiber can be observed in a live fashion from the transmission
of laser light through the fiber. Under the decreasing fiber width, the diameter of
the core gets too small to guide any modes. Therefore, the core and cladding can
be treated as one effective medium with the refractive index of the cladding. The
light is then guided by the refractive-index contrast between the cladding and the
surrounding air and higher-order modes are excited. Due to the sightly shifted res-
onance wavelengths of these non-fundamental modes, this leads to a slow beating of
the fiber’s transmission. As the fiber gets thinned further, the higher-order wave-
lengths slowly diverge, increasing the beating frequency. This process ends, as soon
as the tapered part is too thin to still guide any higher-order modes. From that point
on, the fiber promptly switches back to a single-mode propagation. At that point,
the final thickness of the tapered single-mode fiber is controlled by the time the fiber
is further tapered after the transition to single-mode propagation. Following this
approach, the propagation constant of the tapered fiber can be precisely controlled
and thus adapted to any specific needs. In the context of FTS of polymeric WGM
cavities near the IR c-band, a relative intensity transfer to the cavity of more than
90 % is feasible (also see Fig.3.3(a)), demonstrating a strong phase matching.

Established measurement setup

The fiber-transmission spectroscopy setup used in this work has been designed and
built by Mario Hauser [64] and slightly modified within the following years. The
description given here comprises the current version of the setup, excluding the
extensions realized within the scope of this work, since they are covered separately
in Sec. 3.2 and 3.3.

A schematic illustration of the FTS setup is shown in Fig.3.2. Therein, all com-
ponents without colored background constitute the established FTS setup. The
physical basis of FTS is the precisely controlled spatial overlap of the evanescent
fields of a tapered optical fiber and the WGM cavity. To that end, the tapered
optical fiber is attached to a nano-positioning unit via a custom-built fiber mount.
The positioning unit enables a precise control of the fiber position in all six spa-
tial degrees of freedom, including a resolution of all three translations in the order
of 10nm due to closed-loop piezo actuators (NanoMaz, Thorlabs, Inc.). The WGM
sample is mounted to a copper-made sample holder, which can be heated from room
temperature to around 80°C (100 °C) with a resolution of 0.1 K using a Peltier ele-
ment (heating resistor) in combination with a Pt100 temperature sensor and a PID
temperature control unit. The sample as well as the tapered optical fiber can addi-
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Figure 3.2: Components without colored background schematically visualize the estab-
lished FTS measurement setup: Light from a widely tunable ECD laser is coupled to a
single-mode optical fiber (blue). After passing a variable attenuator, the fiber is mounted
to a piezo stage via a custom-built fiber mount. The tapered part of the optical fiber is
brought into coupling distance to the WGM cavity of interest (also see magnified inset).
The sample is placed on a heatable sample mount. At the end of the fiber, its transmis-
sion is detected using a photo diode and sent to a computer for further processing. WGM
resonances appear as Lorentz-shaped dips in the fiber’s transmission spectrum. Compo-
nents with an orange background are part of the 2FTS extension of the setup described
in Sec. 3.2, those with a green background are part of the polarization-dependent setup
extension described in Sec. 3.3.2.

tionally be observed using two microscope cameras, one above the sample and one
near the plane of the resonator disk. These cameras are not shown in Fig. 3.2.

As a light source, a continuously tunable external-cavity diode laser (CTL, TOP-
TICA Photonics AG) with a tuning range of 1460nm to 1570nm, a linewidth
of 10kHz, an absolute wavelength precision of 150 pm and a relative precision
of 10pm is used. The laser light is coupled to the input port of the single-mode
fiber and the intensity is controlled using a variable optical attenuator.

Behind the coupling region to the WGM cavity, the transmission at the through
port at the end of the fiber is detected using an InGaAs photo diode. The intensity
at the photo diode as well as the wavelength of the light (given as output from the
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Figure 3.3: Exemplary fiber-transmission spectrum of a WGM cavity. (a) depicts the fiber
transmission over a large spectral region. The FSR is evident from the periodicity of the
spectrum. Within one FSR, four to five resonances are found. In (b), the dip of a single
WGM resonance (also indicated in (a)) is shown. A quality factor @ of approximately
5 x 10* is estimated from the applied Lorentzian fit.

laser itself) are sent to a computer for further processing. During a measurement,
the wavelength is continuously tuned with an approximately constant speed of a few
nanometer per second. The allocation of the intensity signal to the wavelength is
then done using the point of time of each measurement.

Regarding the detected intensity, one has to account for the wavelength dependency
of both the intensity of the laser source as well as the transmission of the fiber due to
material-intrinsic attenuation as well as imperfections of the taper and possible scat-
terers attached to the fiber. Therefore, a background measurement is performed for
which a fiber-resonator distance of several 10 pm is chosen to prevent any coupling
to the cavity. Afterwards, the intensity of the measurement under coupling condi-
tions is normalized to that background measurement to obtain the Lorentz-shaped
transmission dips due to the evanescent coupling to the WGM resonances.

Figure 3.3 depicts an exemplary fiber-transmission spectrum of a polymeric WGM
cavity. In (a), a measurement over a large spectral region is shown. Within the
plotted spectral region, several Lorentzian dips with varying depth are found. From
the periodicity of the spectrum, a free spectral range AApgg (also see Sec.2.1) of
around 6.7 nm can be concluded. In this exemplary measurement, 4 — 5 WGMs are
detected within one FSR. This demonstrates the existence of higher-order modes
within the investigated cavities. The varying, but also approximately periodic depth
of the different WGM resonances is expected to be mainly due to a differing fiber-
resonator coupling. This differing coupling is mainly influenced by varying spatial
mode profiles of the regarding (partly higher-order) modes and therefore changing
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spatial overlaps with the evanescent field of the mode within the tapered fiber. Fig-
ure 3.3(b) shows the transmission dip induced by a single WGM resonance, including
an applied Lorentzian fit. A spectral position of the resonance of 1498.58 nm is de-
termined from the fit with a relative precision in the order of 10~7. This precision
is therefore mainly limited by the absolute and relative wavelength precision of the

used laser source. A lower limit of the quality factor can be estimated from the
FWHM of the applied fit to be around 5 x 10%.

3.2 Fiber-transmission spectroscopy using two optical
fibers

In Ch.6, FTS is used to investigate the tunable coupling of a photonic molecule
made from two WGM cavities with changing inter-cavity distance. Although this is
feasible using the resonance splitting of bonding and anti-bonding supermodes (for
example see Fig. 6.4), this method also yields several drawbacks. The most essential
of these drawbacks is the fact, that resonant supermodes in an F'TS spectrum can
not be directly distinguished from single-cavity WGMs. Therefore, an identification
of supermodes is only possible performing a thorough comparison of FTS spectra
detected from both coupled cavities consecutively.

A more sophisticated approach is the investigation of the intensity transferred from
the tapered fiber through the coupled photonic molecule into a second tapered fiber.
In such a configuration, only resonant supermodes contribute to this intensity trans-
fer and appear as Lorentz-shaped peaks. Hence, it allows for a direct and isolated
detection of delocalized supermodes. Furthermore, several potential applications of
a tunably coupled photonic molecule, such as filters or switches (also see Sec.2.3),
base on that so-called add-drop configuration using two optical fibers. In analogy to
such add-drop systems, the four ports and two optical fibers are also labeled here:
Light is coupled into the input port of the incoupling fiber, the end of this fiber is
the through port. The signal is then coupled through the cavity/photonic molecule
to the outcoupling fiber and detected at the drop port. The other end of this fiber
is the add port. These definitions are also given in Fig.3.1(b).

Parts of the experimental methods presented in this section have been developed in
close cooperation with Pascal Rietz [142].

In this section, the basic functionality of fiber-transmission spectroscopy using two
tapered optical fibers (2FTS) is demonstrated by coupling both fibers to a single
WGM cavity. This configuration is described using CMT by applying minor changes
to the formulas presented in Sec. 3.1.1. This is done under the assumption, that the
second fiber is coupled to the WGM cavity with a coupling coefficient |fiou|-
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The underlying differential equation (3.1) has to be extended by an additional photon
lifetime 7oy = | uout|_2, which accounts for the loss channel of an intensity transfer
from the cavity to the outcoupling waveguide. This additional loss channel leads
to the substitution 1/(27,) — 1//27,) + 1/(270ut) in Eq. (3.1). This substitution
also applies to the particulate solution of the field amplitude inside the cavity in
Eq. (3.4). In analogy to Eq. (3.5), the field amplitude at the drop port at the end of
the outcoupling waveguide is given by:

salt) = —iptlalt). (3.10)

This leads to a relative transferred intensity from the input port of the incoupling
waveguide to the drop port of
2 |Min|2 |,u0ut|2
5 (3.11)
N2 1 (-1 —1 —1
(W—wo)” + 3 (7’i + 7, +T0ut)

As evident from Eq. (3.11), Lorentz-shaped intensity peaks centered at the spectral
position of WGM resonances are expected at the drop port. Consequently, also
2FTS measurements are suited to investigate the mode structure of WGM cavities.
The FWHM of the resonances is however further broadened in comparison to single-
fiber FTS due to the additional loss channel. Hence, the determination of quality
factors from such measurements is not reasonable. An analytical description based
on coupled-mode theory of 2FTS of a photonic molecule consisting of two coupled
WGM cavities is given in Sec. 6.2.3.

Within the scope of this work, the existing FTS setup has been extended by a
second tapered optical fiber to enable 2FTS measurements. Apart from the obvious
necessary adjustments to the overall setup discussed in Sec. 3.2.2, this also requires
the fabrication of bent tapered optical fibers. The reason for this requirement as
well as the realization of such fibers is discussed in the following.

3.2.1 Fabrication of bent tapered optical fibers

The requirement of bent optical fibers in the context of 2FTS can be understood by
comparing the diameter of the fiber prior to tapering of 125 pum to that of a tapered
fiber of around 1pm. This means that even if two tapered fibers were in direct
mechanical contact of their untapered parts, their tapered parts would still be more
than 100 pm apart. Hence, such two fibers can not be used to simultaneously couple
to two different sides of a PM (or similar photonic system) with an overall dimension
in the order of tens of pms.
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Figure 3.4: Schematic illustration of the fabrication process of bent tapered optical fibers.
(a) The tapered fiber (blue) is glued to its mount in an unbent state. (b) The two sides of
the fiber mount are rotated with respect to each other by 35°. This reduces the mechanical
stress of the fiber and therefore leads to the taper to be free to move. (c) The mechanical
stress is restored by stretching the fiber. The reduction of the motion of the fiber during
this process is monitored using the radiation pattern of laser light coming from the taper.

This issue can be solved by introducing at least one bending radius within the
tapered area to one of the optical fibers. To that end, a new fiber mount (inspired
by [143]) has been designed, that allows for a bending of the optical fiber after the
tapering process. A schematic depiction of this working principle is demonstrated
in Fig. 3.4.

As a first step, a tapered optical fiber is clued to the fiber mount in its unbent
state using a UV-responsive adhesive. As for a standard fiber mount, this is done
with the fiber under mechanical stress to reduce the possible motion of the tapered
part of the fiber. After the adhesive is hardened under UV illumination, the two
sides of the fiber mount (to which the fiber is fixed on the two sides of the taper)
are rotated against each other by 35°. The rotational axis is at the center of the
taper of the optical fiber. Due to this rotation, the mechanical stress on the fiber
is significantly reduced. This leaves the tapered part to move freely under motion
of the whole fiber mount as well as drafts of air. Since such motion of the taper
is inconvenient regarding F'T'S measurements, the mechanical stress is restored by
slowly pulling the two sides of the fiber mount apart using a micrometer screw.
Thereby, enough stress has to be applied to reduce the possible motion of the taper
to the order of 10 nm. However if too much stress is applied, the fiber easily breaks.
Therefore, the stretching process is monitored using the pattern of the forward
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radiation coming from the tapered part if laser light is sent through the fiber. This
radiation pattern is qualitatively investigated on a screen in several meters distance.
Light is emitted from different areas of the taper due to the emission of higher-order
modes, imperfections of the fiber and possible scatterers. All these single emissions
show approximately rotationally symmetric patterns on the screen. The motion
of the taper can therefore by estimated from the dynamically changing relative
displacement of these single patterns. The bent and tapered optical fiber is gradually
stretched until no further dynamical change of the relative displacement of the single
patterns is observed. Assuming a distance of 5m between the tapered fiber and the
screen, the radiation pattern has to be stable in the order of single millimeters to
ensure a sufficiently reduced motion of the tapered fiber. Following this process,
a reproducible fabrication of bent tapered optical fibers without the need of any
additional hardware has been realized.

3.2.2 [Extension of the established measurement setup

To enable 2FTS measurements, not only a second tapered optical fiber, but also ad-
ditional instruments have been included into the established FTS setup. In Fig. 3.2,
these additional components are highlighted via a light orange background.

The bent tapered optical fiber is mounted to an additional piezo stage, which is used
to precisely control the coupling distance to the WGM cavity. The intensity at the
drop port at the end of the outcoupling fiber is detected using an additional InGaAs
photo diode. During a 2FTS measurement, the coupling coefficient of the incou-
pling fiber can be estimated from the depth of the transmission dips at the through
port. For the outcoupling fiber, this is not possible. Hence, this coupling has to be
determined from a previously performed single-fiber FTS measurement using only
the outcoupling fiber. To that end, light from the external-cavity diode laser is sent
through that fiber only for the single-fiber measurement. To realize this while pre-
venting any mechanical disturbance of the overall setup, the signal from the laser
is split using a 50:50 fiber splitter. One of these parts of the signal is permanently
coupled to the incoupling fiber, while the other one is coupled to free-space and then
coupled into the outcoupling fiber. This way, a free-space shutter can be used to
turn the coupling of laser light to the outcoupling fiber on and off. In Fig. 3.2, this
configuration is labeled as switch.

3.2.3 2FTS measurement procedure

The 2FTS measurement is performed as follows: First, both fibers are not coupled
to the cavity /photonic molecule and laser light is sent trough both of them. The
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Figure 3.5: Exemplary 2FTS measurement of a single WGM cavity. The transmission to
the through port T} is depicted in red, the intensity transfer to the drop port Iy in blue.
Distinct Lorentzian peaks of transferred intensity appear at the spectral position of most of
the WGMs. For some of the modes, only very little or no transferred intensity is detected
(highlighted in green). This finding is attributed to a weak coupling of these WGMs to
the outcoupling fiber. The decrease of the quality factor of the modes in comparison to
the FTS measurement depicted in Fig. 3.3 is in accordance with an additional loss channel
induced by the second optical fiber.

outcoupling fiber is coupled to the cavity/photonic molecule and the coupling is
estimated from the depth of the transmission dips at the drop port. Afterwards, the
signal fed to the outcoupling fiber is switched off and the incoupling fiber is brought
into coupling while observing the transmission dips at the through port. Hereby,
the intensity transferred through the cavity /photonic molecule is simultaneously de-
tected.

Figure 3.5 depicts an exemplary measurement of the intensities detected at both
the through port T; and the drop port Iy for both fibers being coupled to a single
WGM cavity. Lorentz-shaped peaks of intensity transferred to the drop port coin-
ciding with dips of transmission at the through port are found. This demonstrates
the basic functionality of 2FTS measurements as they are used to investigate the
controllability of the intensity transfer through a photonic molecule with tunable
coupling in Sec. 6.4.
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3.3 Polarization-sensitive FTS

Using both FTS as well as 2F'TS measurements, the spectral distribution and quality
factors of both single-cavity resonances as well as supermodes in photonic molecules
can be investigated. Nevertheless, no information about the polarization of light
within the cavities can be drawn from such spectra. As described in Sec. 2.2, the
polarization state is an important characteristic of WGM resonances in disk-shaped
cavities. It is indispensable to understand coupling phenomena between WGMs with
varying spatial field distribution (also see Fig.2.3). Even if neglecting such coupling
effects, the spectral position of WGM resonances still depends on their polariza-
tion [144]. This dependency gets even more important, if intrinsically birefringent
resonator materials as liquid crystal elastomers (see Sec.4.1) come into play.
Within the scope of this work, two different approaches to investigate the polariza-
tion of WGM resonances while performing F'T'S measurements have been developed.
The first of these approaches bases on the analysis of the polarization of the fiber
transmission at the through port, while the other one harnesses the directional in-
plane radiation of the WGM of interest. In the following, both these approaches
are shortly introduced and the preferential field orientation of exemplary WGMs is
determined. Hereby, both the potential of these methods as well as their limitations
are discussed.

Parts of the experimental methods presented in this section have been developed in
close cooperation with Evelyn Kaiser and Lukas Rebholz. Comprehensive technical
descriptions can be found their respective theses [40, 145].

3.3.1 Polarization analysis of the fiber transmission

To investigate the azimuth angle of the preferential field orientation of WGMs in
disk-shaped cavities within an FTS measurement, the polarization of the light at
the through port at the end of the tapered fiber is analyzed. To that end, the light
is coupled to free space and split by a 30:70 beam splitter. While the large fraction
of the intensity is reflected onto an InGaAs photo diode, the smaller part travels
directly to a polarimeter (PAX1000IR2/M, Thorlabs, Inc.). Within the polarimeter,
a rotating \/4-waveplate in combination with a fixed polarizer is used to convert
the polarization state of the light into a temporal modulation of its intensity. This
intensity is detected using a photo diode and the polarization by means of the az-
imuth angle ¢ and ellipticity angle y as well as the degree of polarization DOP is
determined from a fast Fourier transformations. For a detailed description of the
working principle of the polarimeter as well as the definition of the polarization pa-
rameters, see [40, 145].
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By combining the polarization of the transmitted light with the depth of the trans-
mission dip corresponding to a WGM resonance, the preferential field orientation
of the mode can be estimated: The smaller the angle between the polarization of
the fiber mode and the field orientation of the WGM, the more intensity is coupled
to the cavity. To determine the preferential field orientation of a WGM of interest,
the azimuth angle ¢ of the polarization of the fiber mode is tuned. This is done
using a manual fiber polarization controller (FPC560, Thorlabs, Inc.). Therein, the
polarization within the fiber is changed using the birefringence of the fiber under
the application of mechanical stress [146-150]. Performing FT'S measurements with
different polarizations of the fiber mode, the amplitude of the transmission dips is
expected to follow cos? (1) — ), where 9 is the preferential field orientation of the
mode within the cavity.

To demonstrate the basic potential of this measurement approach, the preferential
field orientation of two spectrally close WGMs within a cavity made from liquid
crystal elastomer (also see Sec.4.4) has been investigated. The amplitudes of their
transmission dips have been determined from Lorentzian fits and are depicted ver-
sus the azimuth angle of the fiber polarization in Fig. 3.6(a). The amplitudes of the
transmission dips are approximately following the expected cos?-like behavior, as in-
dicated by the applied fits. The angles of the preferential field orientation of the two
modes are deduced from these fits to be ¥; &~ —28.5° and vy ~ 62.5°. So although
these angles significantly deviate from the expected values of a TE-like (¢ = 0°) or
TM-like (¢ = 90°) polarization, they differ by around 90°, indicating an orthogonal-
ity of these two modes. The significant deviation from a TE- or TM-like polarization
is assumed to be induced by either the geometrical imperfections of the LCE cavity
causing WGMs without preferential field orientation (see App. B.2) or a rotation of
the polarization of the fiber’s mode within its tapered part (see below).

Despite this successful determination of the preferential field orientation of WGMs,
there are several limitations that have to be taken into account. At first, the ex-
pectation of a cos?-like behavior of the amplitude of the transmission dips is only
justified in case of a linear polarization of the fiber mode, meaning an ellipticity
of x = 0°. Although this can be achieved employing the polarization controller, it
limits the ease of use of the presented method. Furthermore, the conservation of
polarization within the optical fiber itself has to be taken into account. As men-
tioned earlier, a stress-induced birefringence of the fiber can alter the polarization
of the fiber mode [146-150]. This influence of mechanical stress can be minimized
by limiting the distance between the coupling region and the free-space coupler to a
few centimeters without any bending of the fiber. Still, the polarization of the fiber
mode within the tapered part of the fiber is usually not controllable [152-154]. Nev-
ertheless, the change of the polarization of the fiber mode within the tapered part is
expected to be representable by an overall rotation of the Poincaré sphere [155,156].
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Figure 3.6: Exemplary investigation of the preferential field orientation of WGMs using
two different measurement approaches. (a) The normalized amplitude of the Lorentzian
transmission dips of two spectrally close WGMs is depicted versus the azimuth angle of
the polarization og the fiber mode. For both WGMs, the amplitude approximately follows
the expected cos®-like behavior. The angles of preferential field orientation ;2 of the
two WGMs differ by approximately 90°, indicating orthogonality of the modes. (b) The
polarization of the directional radiation of a WGM is detected in parallel with conventional
fiber-transmission spectra. For each dip in the fiber’s transmission spectrum (top), the
azimuth angle of the cavity’s radiation is determined (bottom). A clear separation into
two groups of orthogonal modes with azimuth angles around 0° and 90° (dotted red lines)
is evident. The small deviations from these angles show a periodicity with the free spectral
range AApsg. Sample in (a) fabricated by Stefan Pfleging [151], (b) adapted from [40].

Thus, modes with different polarizations should all undergo the same change of their
polarization angles Ay and Ay. Hence, this influence could be eradicated via an
angle calibration based on the coupling of the tapered fiber to a WGM cavity with
modes of well-defined and known preferential field orientation.

Even under the considerations mentioned above, the exemplary results depicted in
Fig. 3.6(a) demonstrate the basic potential of this method to investigate the prefer-
ential field orientation of WGMs within FT'S measurements.

3.3.2 Polarization analysis of the directional radiation of WGMs

In contrast to the previously discussed investigation of the polarization at the through
port of the fiber, the analysis of the directional radiation of WGMSs gives a more
direct access to the orientation of the fields of these modes. On the other hand,
a more elaborate extension of the FTS measurement setup as well as a thorough
analysis of the obtained data is required.
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The necessary adaptions to the established FTS setup are highlighted in Fig. 3.2
via a light green background. The radiation from the WGM cavity of interest is
collected using a 100x microscope objective (100X Mitutoyo Plan Apo NIR, Mitu-
toyo Corporation) with a numerical aperture of 0.5 and a large working distance
of 12mm. After a matching tubus lens, a pinhole in the virtual image plane is used
to crop the region of interest from which the radiation is analyzed. Afterwards, the
light is collimated and sent to a polarimeter (PAX1000IR2/M, Thorlabs, Inc., for
further information see Sec.3.3.1). Alternatively, a foldable mirror in combination
with a CMOS camera can be used to observe the region of interest and evaluate its
cropping as well as the focusing. The polarimeter data is processed together with
the remaining FTS data using a computer.

The region of interest from where the radiation is analyzed is that part of the outer
rim of a WGM cavity, from which the tangential radiation is collected by the ob-
jective (also see magnified inset of Fig.3.2). Since mainly traveling waves with a
common propagation direction (counterclockwise in Fig. 3.2) are excited in the cav-
ity [64,157], the signal detected in the expected forward direction of these traveling
waves is significantly larger than that from the counter-propagating direction [40].
Contrary to the illustration in Fig. 3.2, the radiation is not actually collected from
the region where the fiber is coupled to the cavity, but in a configuration rotated
by 90° with respect to the fiber. Regarding the depicted case, the radiation of the
right-hand side edge of the cavity to the top of the image is collected using the
microscope objective. This way it is ensured that all collected light is solely coming
from WGMs guided within the cavity.

Due to the simultaneous detection of the fiber transmission and the polarization of
the far field, a direct allocation of the polarization parameters of the detected radia-
tion to the WGM resonances at different spectral positions is possible. To that end,
the azimuth angle v, the ellipticity angle xy and the degree of polarization DOP are
each averaged over the FWHM of a detected WGM. For WGMs with a preferential
field orientation, the dominating direction of the electric field of the mode within the
cavity directly coincides with the dominant polarization of the light at the polarime-
ter. This has been shown by investigating the far-field radiation of WGM resonances
in FEM simulations in [40]. Hereby, an azimuth angle of 0°(90°) corresponds to a
WGM with a TE-(TM-)like polarization within the cavity. A detailed discussion of
the ellipticity as well as the degree of polarization within this context are spared
here but can be found elsewhere [40].

The possible determination of the preferential field orientation of WGMs based on
the analysis of the directional radiation from the cavity is apparent from exemplary
measurements shown in Fig.3.6(b). All WGM resonances in the investigated spec-
tral region show azimuth angles of their far field of around 0° or 90° (dotted red
lines) with deviations of a few degree and are therefore identified as modes with
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TE-like or TM-like polarization, respectively. The deviations of the azimuth angle
show a periodicity with the free spectral range AApsr as pointed out in Fig. 3.6(b),
indicating a physical origin of these deviations.

In summary, the exemplary results shown in Fig.3.6(b) demonstrate the potential
of this method to reliably distinguish between WGMs with a TE- and TM-like
polarization, which is not possible using only the established FTS measurement
approach. Furthermore, this determination can be conducted in a semi-automated
manner and includes the ellipticity angle x as well as the degree of polarization DO P
of the far-field radiation. These advantages justify the required elaborate extension
of the FTS measurement setup in comparison to the polarization analysis of the
fiber transmission introduced in Sec. 3.3.1.

In App. B.2, the polarization analysis of the directional radiation of WGMs is used
to investigate the preferential field orientation of modes in tunable LCE cavities.

Both measurement approaches demonstrated in this section are suited to investigate
the preferential field orientation of WGMs with a TE- or TM-like polarization. To
investigate WGMs without a preferential field orientation (as those highlighted in
Fig.2.3), a more sophisticated approach is necessary. To that end, the directional
radiation of WGMs under a variation of the temperature of the cavity is compared to
expectations based on the far field of such modes calculated using FEM simulations
in [40].
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Chapter 4

Fabrication of chip-scale tunable
photonic building blocks

The present chapter covers the fabrication of tunable photonic building blocks based
on liquid crystal elastomers. A comprehensive overview of the fabrication methods
used to realize the exemplary tunable photonic building blocks demonstrated in
Ch.5 and Ch. 6 is given.

In Sec.4.1, the material class of liquid crystal elastomers (LCEs) is introduced.
Herein, their chemical composition and mechanical and optical properties as well
as possible approaches to manipulate their molecular order are addressed. Actu-
ating chip-scale substrates made from LCE are introduced in Sec.4.2. After the
requirements for such substrates in the context of tunable photonics are discussed,
the applied fabrication process is presented. Herein, the substrates are produced
using mask-based UV lithography. The molecular order of the substrates is verified
by polarizing optical microscopy and their actuation behavior is evaluated using
micro-scale markers. In Sec. 4.3, the method of 3D laser printing is introduced and
its advantages over conventional 2D lithographic methods are demonstrated using
the example of printing rigid polymeric three-dimensional structures onto chip-scale
LCE substrates. The quality of the fabricated structures is shortly assessed. After-
wards, the 3D laser printing of tunable micro-scale photonic structures from LCE
itself is addressed in Sec.4.4. The challenges of printing birefringent LCE as well
possible approaches to overcome these issues are discussed. The quality of the ob-
tained LCE structures is shortly evaluated. Finally, the applied fabrication methods
are assessed and their suitability for a potential future upscaling to larger photonic
circuits is evaluated in Sec. 4.5.
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Within this chapter, fabrication processes of chip-scale tunable photonic systems
in general are presented. However, the illustration of these methods as well as the
evaluation of the quality of the fabricated structures is done using the example of
WGM-based building blocks in accordance with the experimental results in Ch.5
and Ch. 6.

Parts of the methods presented in this chapter have been developed in cooperation
with Jannis Hessenauer, Lukas Mall, Roman Oberle, Osman Karayel, Stefan Pfleging
and Pascal Rietz within the scope of their respective theses [41,62,142,151,158,159]
and are published in [37].

4.1 Liquid crystal elastomers as chip-scale actuators

The focus of the present works lays on the realization of tunable photonic building
blocks based on liquid crystal elastomers. Herein, the mechanical actuation of the
flexible elastomer is used to modulate the configuration of the photonic building
blocks and thereby tune at least one of their optical key characteristics.

Within recent years, several tunable photonic systems based on flexible substrates
have been realized: By modulating the period of gratings, distributed feedback (DFB)
lasers with a tunable emission frequency have been demonstrated [160-163]. Such
resonance tuning via a flexible substrate has also been achieved for WGM resonances
in both self-assembled polymer droplets [31] and nano membrane-based micro tube
cavities [164]. Also, a resonance tuning of the optical response of meta surfaces [165]
as well as photonic-crystal nano lasers is feasible [32,166]. Furthermore, more com-
plex and tunable photonic circuits including ring resonators and coupled waveguides
have been realized [167]. Beyond the tuning of resonance frequencies, flexible sub-
strates are applied for beam steering and efficiency enhancement of second-harmonic
generation in nano-wire arrays [168]. A comprehensive review on photonics employ-
ing flexible materials is given by Geiger et al. [169].

At the Institute of Applied Physics, flexible substrates have been used to realize
both full spectral tunability of so-called split-disk WGM resonators [17] as well as a
tunable coupling of several WGM micro lasers [170].

The results mentioned above are typically achieved by applying direct mechanical
stress to macroscopic substrates from polydimethylsiloxane (PDMS). Despite the
obvious great potential of this approach, it is rather inconvenient regarding a future
integration into more complex photonic circuits: The direct application of mechan-
ical stress is a comparably slow process that requires large and complex mechanical
tools. Thus, such PDMS-based tunable photonic building blocks can not be fully
transferred onto chip scale.
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4.1 Liquid crystal elastomers as chip-scale actuators

These issues can be overcome by using micro-scale structures made from alternative
elastomers with an active actuation behavior under an external stimulus. Within
recent years, several novel material classes providing such an actuation behavior
have emerged [171]. In the context of photonic building blocks, the class of liquid
crystal elastomers is one of the most promising candidates, as they can be operated
at ambient conditions, are composed of a single material with a homogeneous re-
fractive index and can react to various external stimuli as heat, illumination and
electric/magnetic fields [36, 172, 173].  Furthermore, high-quality structures from
LCE on micro scale can be realized employing single- or multi-photon absorption
polymerization [174]. Besides various applications in soft robotics [175,176] and mi-
cro robotics [177,178], micro-scale actuators from LCE have been used in photonics
to achieve spectral tuning of WGM resonances [16, 38| and optical gratings with
adjustable deflection angles and polarization output [179-181]. Herein, illumination
of the LCE has been used as external stimulus.

In the presented work, microscopic substrates from LCE are employed to achieve
a tunable coupling of WGM cavities fully on chip scale in Ch.6. Furthermore, a
precise and full spectral tunability of WGMs is realized using resonators entirely
made from LCE in Ch.5. All the proof-of-principle investigations in these chapters
as well as the characterization of material properties in the following sections use
local heating as external stimulus.

4.1.1 Chemical composition of LCEs

Liquid crystal elastomers were first predicted by de Gennes in 1997 [182] and can
be roughly understood as a polymerized version of liquid crystals (LCs) as they
are used in commonly known LC displays. Such LCs are liquids that consist of
strongly anisotropic molecules called mesogens. The mesogens’ anisotropy is usually
induced by their strongly calamitic shape, which can lead to a directional molec-
ular order of the mesogens on macroscopic scale. Due to this ordering, L.Cs show
strongly anisotropic optical characteristics that are employed in modern display tech-
nology. [183]

A liquid crystal elastomer is composed of LC mesogens that usually share the ap-
proximately same spatial orientation and are loosely crosslinked into a polymeric
network with high elasticity [36,184]. The polymeric LCE networks in the presented
work have been adapted from [177] and fabricated using an illumination-induced
polymerization process of an LLC mixture. This mixture consists of at least three
constituents that are schematically depicted in Fig.4.1(a). Both monomer (red) and
crosslinker (blue) mainly consist of several benzene rings that determine the strongly
anisotropic character of the molecules. These calamitic conformations are the LCE’s
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Figure 4.1: In (a), the different constituents of an LCE resist including the production
of free radicals due to a fission of the photo initiator under UV illumination are shown.
(b) illustrates the radical chain reaction of monomers into an LCE polymer. In (c), a
crosslinked LCE polymer consisting of monomer and crosslinker molecules is depicted. All
mesogens share the same spatial orientation along the director. Adapted from [142].
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4.1 Liquid crystal elastomers as chip-scale actuators

mesogens. While in case of the monomer one end of the mesogen is connected to
an acryl acid group (green) by a carbon chain, two acryl acid groups are attached
to the mesogen of the crosslinker. As these acryl acid groups form the crosslinked
backbone of the LCE after polymerization, the ratio of monomer and crosslinker of
the mixture is mainly responsible for the degree of crosslinking and therefore the
elasticity of the polymerized LCE. The third important molecule is the photo initia-
tor, which is split into two radicals under UV illumination. These radicals initiate
a radical chain polymerization of the acryl acid groups as illustrated in Fig.4.1(b).
This chain reaction is usually terminated by a reaction of two radicals.
Figure4.1(c) represents a crosslinked liquid crystal elastomer with a strong direc-
tional order. The calamitic mesogens all share the same spatial orientation along
their so-called director and are connected to chains by a polymeric backbone (black).
The crosslinker molecules link these single chains to a three-dimensional polymeric
network due to their two acryl acid groups. In the following, the unpolymerized
mixture is referred to as (LCE) resist. Despite its name, this resist is usually solid
at room temperature.

A detailed listing of all used chemicals is given in App. A.1, a more detailed presen-
tation of the underlying chemical processes can be found in Pascal Rietz’ Master’s
thesis [142].

4.1.2 Mechanical and optical properties of LCEs

Both the mechanical as well as optical properties of LCs and LCEs strongly depend
on the degree and orientation of the directional order of their mesogens.

The state of perfect directional order along a director (as depicted in Fig.4.1(c)) is
the so-called nematic phase. In case the mesogens carry a non-zero electric/magnetic
dipole moment, the orientation of this director can be reversibly altered via the appli-
cation of electric/magnetic fields [185,186]. Using local heating as external stimulus,
the degree of directional order of an LLC can be decreased until no preferential ori-
entation of the mesogens is present anymore in the isotropic phase. Including an
absorber dye into the LC, the degree of order can also be altered using illumination
as an external stimulus. Due to their polymeric backbone, LCE’s under heating
usually do not transition into an isotropic phase, but into a paranematic phase of
decreased but non-vanishing directional order [187].

For the LCE used in the present work, this continuous transition starts at a temper-
ature of Ti, ~ 35°C and goes on beyond temperatures of 100°C [188]. As soon as
the applied stimulus is disabled, the polymeric backbone forces the LCE back into
its initial nematic phase, leading to a reversibility of the stimulus-induced change
of directional order [36]. The overall extent of this behavior depends on the degree
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of polymeric crosslinking of the elastomer network. This degree of crosslinking is
controlled by changing the share of crosslinker molecules in the used LCE resist.
Microscopic actuators made from LCE have been shown to react to temperature
changes within a few milliseconds, allowing for maximum switching frequencies in

the order of 1kHz [177].

The reversible control of the molecular order of the LCE facilitates specific adjust-
ments of their mechanical and optical properties that yield high potential for various
applications in tunable photonic elements. These properties are summarized in the
following for LCEs in general.

Mechanical properties

LCEs are soft elastomers with Young’s moduli in the order of 0.1 MPa to 5 MPa [36].
Under the application of local heating as external stimulus, they show a strongly
anisotropic actuation behavior. The decrease of the degree of directional order of
the mesogens in combination with the polymeric backbone of the LCE leads to
a contraction in the direction parallel to the director as well as an expansion in
the perpendicular plane. The magnitude of these effects strongly depends on the
applied temperature and has been shown up to a contraction(expansion) of a factor
of 400 %(200 %) [189].

While an expansion under thermal treatment is a common property for polymeric
materials, LCE is of special interest regarding the application as actuator in photonic
building blocks due to its comparably large expansion in plane perpendicular to the
director. The potential of this approach is also demonstrated by the temperature-
induced radius increase of a WGM resonator entirely made from LCE that is used
to reversibly tune the cavity’s resonant wavelength in Ch. 5.

The larger temperature-induced contraction of LCE along its director is a property
that is not typically found for conventional polymers. Therefore, it opens up a
wide field of new applications in photonic building blocks. Especially substrates
from LCE can be used to precisely reduce the distance between various photonic
elements using local heating as an external stimulus. Such LCE substrates are used
in Ch. 6 to realize the tunable evanescent coupling of two WGM cavities.

Optical properties

Due to the strongly anisotropic character of the calamitic mesogens, LCEs are bire-
fringent in their nematic phase. The extraordinary axis is given by the director
of the mesogens. For the LCE used in the presented work, the refractive indices
as well as their dependency on temperature have been investigated on macroscopic
films in [190]: At room temperature, the ordinary(extraordinary) refractive index is
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given by n, ~ 1.52(n. =~ 1.68). With elevating temperature, both of these refractive
indices decrease. As the molecular order reduces towards an isotropic state, also
the birefringence itself slightly decreases and the refractive indices approach each
other. At a temperature of 180°C, they have been measured to be n, ~ 1.49 and
ne ~ 1.62. The non-vanishing mismatch of the two indices also demonstrates the
non-isotropic but paranematic state of the LCE even at high temperatures.

The optical properties of LCE come into play, if the LCE itself is used as light-guiding
element. Within the context of resonance tuning via the temperature-induced change
of the radius of a WGM cavity in Ch. 5, the impact of the changing refractive indices
has to be taken into account.

4.1.3 Manipulation of the molecular order of LCEs

As mentioned in Sec. 4.1.2, the fundamental functionality of LCE as an actuator in
photonic building blocks depends on the degree of directional order of its mesogens.
Without an externally defined preferential orientation, LCs and LCEs form domains
of independent director orientation with sizes in the order of 10 pm [167]. Therefore,
a directional order of the LCE resist has to be induced by an external definition of a
preferential director orientation prior to its polymerization. Usually, this manipula-
tion of molecular order is performed at elevated temperatures with the resist being
in its isotropic phase. By then slowly cooling down the resist, it first transitions from
the isotropic into a nematic phase. Herein, its mesogens align along the externally
pre-defined direction. Cooling further, the temperature passes the resist’s melting
point and the mesogen alignment is frozen into the solid resist.

Several methods to align the mesogens within the LCE resist using different align-
ment mechanisms have been established [177,178,180,191-196]. In the following,
only the two methods applied within the scope of this work are covered.

Both approaches used in the presented work base on surface-mediated alignment
mechanisms. Herein, LCE mesogens which are in direct contact to a macroscopic
surface are aligned due to special properties of that surface. Due to a self-ordering
of the mesogens [167], this leads to a macroscopic ordered domain with a thickness
in the order of 10 pm covering the whole macroscopic alignment surface. By sand-
wiching the LCE resist between two alignment surfaces with a pre-defined distance
of several 10 pm, a homogeneous alignment of all mesogens is feasible [177]. That
configuration of LCE resist encapsulated by two surfaces (which are usually carried
by glass cover slips) is called a cell and is widely established [177,193]. Although
this approach enables a reliable and homogeneous director alignment, it does limit
the overall height of LCE structures to a few 10 um. In the context of micro-scale
photonic elements however, this limitation is usually irrelevant.
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The two alignment methods used in this work differ not only by their alignment
mechanism, but also by the orientation of the induced alignment: To fabricate
WGM resonators from LCE with a director orientation along their axis of rotational
symmetry (see Sec.4.4), a mesogen alignment perpendicular to the plane of the cell
is necessary. This is achieved employing silanized glass surfaces. The fabrication of
contracting LCE substrates on the other hand requires an in-plane mesogen align-
ment (also see Sec.4.2) which is realized using mechanically treated polymer layers.

Initiation of the mesogen alignment using silanized glass surfaces

To realize a mesogen alignment perpendicular to the plane of the resist-filled cell,
the surfaces of the cover slips are silanized. Herein, a mixture of long-chain and
short-chain silane molecules is attached to the glass surfaces. The short-chain silane
3-(trimethoxysilyl)propyl methacrylate does not only bind to the glass surface, but
can also bind to the mesogens of the polymeric network of the LCE within the poly-
merization process due to its methacrylate group. Thus, it enhances the adhesion of
the LCE to the glass surface. The long-chain silane molecules dimethyloctadecyl|3-
(trimethoxysilyl)propyl]Jammoniumchloride (DMOAP) do not bind to the polymer
matrix, but their long carbon chains stand perpendicular on the glass surface. If
the concentration of these long-chain silanes is correct, the calamitic LCE mesogens
align in between the carbon chains of the silane molecules, creating a macroscopic
domain with a director orientation perpendicular to the surface [197]. Prior to the
wet-chemical silanization treatment, a thorough cleaning of the glass surfaces of the
cover slips is performed.

The silanization process used within the scope of this work has been established
in close cooperation with Jannis Hessenauer and Stefan Pfleging [151, 158] as well
as Alexander Miinchinger at the Institute of Applied Physics and has been partly
adapted from [198]. It is partly published in [37]. A detailed listing of all used
chemicals as well as process steps and parameters is given in App. A.1 and App. A.2.

Initiation of the mesogen alignment using polymeric orientation layers

To initiate a macroscopic domain with a homogeneous director alignment in plane
of the resist-filled cell, polymeric orientation layers with a special mechanical treat-
ment are employed. These polymeric layers are first fabricated onto glass cover slips
using a state-of-the-art spin-coating process. Afterwards, a preferential orientation
is introduced to these layers. This is done using a so-called rubbing process: The
polymeric layers are repeatedly rubbed along a constant direction (the later director
of the LCE) using a suitable velvet cloth. This technique is widely established in
the context of LC display fabrication [199,200].
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The mechanisms due to which the preferential orientation of the polymeric layers is
passed onto the LCE mesogens in contact with that surface is manifold [201]: On the
one hand, the polymer chains of the orientation layers are aligned along the rubbing
direction. Investigations suggest that the mesogens attach to these aligned polymer
chains in a parallel manner [202]. Further, an influence of a possible anisotropy of
the charge distribution of these polymer chains is discussed [203]. On the other hand,
the rubbing process introduces a directional topology to the polymer layers. If the
size of these microscopic grooves is in the order of the dimension of the mesogens,
they are expected also to contribute to the alignment of the mesogens [204,205].

The rubbing-based alignment process used within the scope of this work has been
partly adapted from [188,206] and advanced in close cooperation with Lukas Mall
and Pascal Rietz within their respective Master’s theses [142,159]. In close cooper-
ation with Pascal Rietz, a mechanical tool for the automated rubbing of polymeric
orientation layers along the lines of [207] has been built. A detailed description of
that tool is given in the respective Master’s thesis [142]. A detailed listing of all used
chemicals as well as process steps and parameters is given in App. A.1 and App. A.4.

4.2 Fabrication of chip-scale substrates from LCE

Micro-scale substrates from LCE enable the precise control of the distance between
different photonic elements fully on chip scale under an external stimulus like local
heating. Therefore, they are promising candidates as actuators in tunable photonic
building blocks. In the following section, first the requirements of such LCE sub-
strates in the context of tunable photonics are addressed. Afterwards, a fabrication
process of these substrates using a mask-based UV illumination is covered. The
mesogen alignment of the fabricated LCE substrates is verified using polarizing op-
tical microscopy. Finally, the temperature-induced actuation behavior is evaluated
based on an automated image processing of micro-scale markers and compared to
the requirements derived earlier.

4.2.1 Requirements for actuating substrates in the context of tun-
able photonics

The fundamental requirement of LCE substrates in the context of tunable photon-
ics is a sufficient actuation mechanism under a moderate temperature change. It
obviously depends on the specific use case, what this exactly means. Nevertheless,
the consequences of this requirement regarding the performance of an actuating
substrate can be estimated in a general manner.
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In the following, only the contraction mechanism of the LCE is considered due to
several reasons: First, this contraction is the more exotic actuation behavior and
therefore opens up various new potential applications that are not feasible using
conventional polymers. Furthermore, by decreasing the distance between single
photonic elements, potential gaps between them due to the resolution limitation
inherent to all (i.e. optical) lithographic methods can be bypassed. Finally, the
temperature-induced contraction is the stronger of the two actuation mechanisms,
making it more likely to be utilised.

To estimate a sufficient contraction behavior of an LCE substrate, the necessary
distance change between single elements is compared to the typical overall dimen-
sion of photonic building blocks. Regarding various potential applications of such
substrates, e.g., tunable DFB [160-163] or photonic crystal lasers [32,166] as well
as (tunably) coupled WGM cavities [17,31,170] ( see Sec.4.1), the distance change
between the respective photonic elements needs to be in the order of the wavelength
of the employed light. Assuming this light to range from the visible spectral region
to the IR c-band (A = 400 nm to 1550 nm), this leads to a necessary distance change
in the order of 1 pm. Compared to the typical dimension of photonic building blocks
in the order of 10 pm to 100 pm, the LCE substrate needs to provide a contraction of
around 1% to 10 %. These values are obviously smaller than the maximum achieved
contraction factor of around 400 % [189].

However, these maximum values have been achieved by heating LCE from room
temperature above its nematic to isotropic phase transition temperature of (in case
of [189]) T} ~ 96°C. Such large temperature changes are inconvenient regarding
future applications as they are hard to realize and significantly limit the switching
frequency of tuning mechanisms. Nevertheless, it can be drawn from [189], that
also at temperatures significantly lower than 7}; the LCE yields a strong contrac-
tion behavior. The contraction furthermore depends approximately linear on the
temperature in the order of 1% K~!. This strong temperature dependency demon-
strates the great potential of LCE substrates in the context of tunable photonics, as
it should be possible to tune the optical characteristics of photonic building blocks
by temperature changes of only a few Kelvin.

A second critical factor regarding the application of LCE substrates in photonic
building blocks is their planarity. While the modulation of the configuration of such
a building block in three dimensions might enable various new applications, usu-
ally a controlled modulation within the two-dimensional plane of the substrate is
favored. Regarding chip-scale LCE substrates with a thickness of only a few 10 pm
as used in the presented work, this planarity is not inherent. This is due to the
general softness of the LCE material as well as potential deviations in the LCE’s
mesogens alignment leading to an out-of-plane actuation behavior. To circumvent
these potential issues, the LCE substrates stay attached to the rigid, macroscopic
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Figure 4.2: Illustration of a contracting LCE substrate (orange) with two WGM res-
onators (green) at different temperatures. The adhesion to a rigid substrate (gray) limits
the contraction of the LCE substrate. As the maximum achievable contraction is expected
to be limited by the angle of the substrate at its outer edges 6, an increase of the substrate
thickness h should lead to an enhanced contraction of its surface. However, h is limited
to a few 10 pm by the fabrication process. Using micro-scale substrates, a larger relative
actuation between two photonic elements is feasible compared to macroscopic substrates.
Adapted from [206].

surface of the glass cover slip after fabrication. This configuration however strongly
limits the possible contraction of the substrate [206], as illustrated in Fig. 4.2 for an
exemplary substrate with two WGM resonators. The maximum achievable contrac-
tion is expected to be limited by the angle 6 at the outer edge of the substrates.
Hence, a larger contraction of the substrate’s surface should be feasible for a larger
thickness h. This thickness is however limited to a few 10 pm by the reach of the
surface-mediated mesogen alignment (see Sec. 4.1.3). To still realize a sufficient con-
traction between two photonic elements, micro-scale substrates are of advantage
compared to macroscopic LCE substrates.

Although LCE yields a sufficiently strong actuation behavior in general, their con-
traction under the adhesion to a rigid surface has to be evaluated in detail. This is
done in Sec. 4.2.4 based on an automated image processing of micro-scale markers.

4.2.2 Mask-based UV lithography of chip-scale substrates from LCE

Parts of the fabrication process of chip-scale LCE substrates have been adapted
from [188,198,206] and have been advanced in close cooperation with Jannis Hessen-
auer, Lukas Mall, Osman Karayel and Pascal Rietz within their respective Master’s
theses [62,142,158,159]. A listing of all process steps is given in App. A.4, a more
detailed illustration of these steps can be found in [142].

To realize a mask-based UV lithography of chip-scale substrates from LCE, the re-
sist (also see Sec.4.1.1) is sandwiched into a cell between two cover slips. The cover
slips are coated with polymeric orientation layers. The distance between these cover
slips defines the later thickness of the substrates and is ensured by self-adhesive
spacer foils at the outer edges of the cell. The cell is covered by a mask and il-
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Figure 4.3: Tllustration of the fabrication of micro-scale LCE substrates. The resist (yellow)
is sandwiched between two cover slips (blue) with polymeric orientation layers (red). Via
these layers, a surface-mediated alignment of the mesogens along a common director in
plane of the cell is realized. The distance between the cover slips is defined by self-adhesive
spacer foil (green) at the outer edges of the cell. The cell is illuminated at 375 nm using
a custom-built UV lamp. Due to a custom-built mask, only small parts of the resist are
polymerized into LCE substrates (orange). After illumination, the cell is opened in a first
development step in deionized water. Via a second development in an organic solvent, the
unpolymerized LCE resist is dissolved. The spacers are mechanically removed.

luminated at 375nm wavelength using a custom-built UV lamp. Due to the used
mask, substrates with radii of 150 pm or 250 pm and distances of several millimeter
arranged in a two-dimensional grid are polymerized. (Without mask, macroscopic
LCE substrates can be fabricated [159].) After polymerization, the cell is opened
in a first development step in deionized water which is dissolving one of the poly-
meric alignment layers. The unpolymerized LCE resist is removed via a second
development in an organic solvent. The fabrication process is illustrated in Fig. 4.3.

4.2.3 Verification of the molecular alignment using polarizing opti-
cal microscopy

The most important property for a strong actuation behavior of the LCE substrates
is a sufficient mesogen alignment. However, various factors within the fabrication of
these substrates can potentially diminish the degree of alignment. Especially surface-
mediated alignment mechanisms as the polymeric orientation layers used here are
susceptible to external influences like shear forces due to incautious handling. Thus,
a qualitative check of the general degree of alignment is performed prior to the
elaborate analysis of the actuation behavior of the LCE substrates presented in
Sec. 4.2.4. This is done using polarizing optical microscopy (POM).
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Within polarizing optical microscopy, a transparent sample of interest is investigated
between two orthogonal polarizers using a transmitting-light microscope. If the po-
larization of the light is not altered while passing the sample, it is blocked by the
second polarizer and the sample appears dark. If an LCE substrate with an intended
mesogen alignment in the substrate’s plane is investigated via POM, the expected
image depends on the relative angle a between the first polarizer and the LCE’s
director: If the director is parallel/vertical (o« = 0°/a = 90°) to the first polarizer,
the light passing the substrate is only affected by the extraordinary/ordinary refrac-
tive index. Hence, the linear polarization of the light is not altered and the sample
appears dark. If the director orientation differs from a parallel/vertical direction,
the polarization of the transmitted light is rotated due to the birefringence of the
LCE and the sample appears bright. The transmitted intensity changes according
to sin? (2a) and is therefore maximal for a a = 45°. [201,208].

As a simple check of the LCE substrates” mesogen alignment, their transmitted in-
tensity in POM images is compared for the cases a = 0° and o« = 45°. The larger the
difference of the detected intensities is, the better the LCE substrates are aligned.
To perform such investigations, two different approaches have been chosen: On the
one hand, a commercial polarizing optical microscope owned by the research group
of Prof. Dr. Martin Wegener at the Institute of Applied Physics has been used
for a spatially resolved detection of the intensity transmitted through single LCE
substrates. On the other hand, a custom-built POM setup has been used to inves-
tigate several substrates at once and thereby evaluate the reliability of the applied
alignment method. This setup has been built in close cooperation with Pascal Rietz
within his Master’s thesis and is described therein in further detail [142].

To evaluate the mesogen alignment of fabricated LCE substrates as well as the reli-
ability of the applied production process, an investigation of three different batches
of LCE substrates based on POM images has been performed. In Fig. 4.4, respec-
tive POM images of these substrate are depicted. The substrates in Fig.4.4(a) have
been fabricated between unrubbed polymeric orientation layers and can therefore
be understood as reference samples. At first glance, no intensity difference between
the images for a = 0° (left) and o = 45° (right) is visible for these substrates. This
also applies to the high-resolution image of a single substrate (inset). Therein, the
expected formation of domains with independent director orientation on the scale
of 10pum [167] is evident from typical nematic schlieren textures [197]. These tex-
tures get approximately inverted under the polarizer rotation of 45°. These findings
confirm the expected lack of an overall preferential mesogen orientation in the case
of unrubbed polymeric layers.

Figure4.4(b) depicts respective POM images of substrates fabricated with rubbed
polymeric orientation layers. The rubbing direction is indicated by red arrows. Al-
though the images in case of & = 45° have been detected with a relative exposure
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Figure 4.4: Verification of the mesogen alignment using POM. For three different samples,
POM images of arrays of micro-scale substrates of radius r with polarizers (black arrows) at
0°/90° (left) and —45°/45° (right) relative to the intended director orientation (red arrow)
are depicted. In (a) and (b), also single substrates with larger magnification are depicted
as inset. Images with gray background have been detected with a relative exposure time
of 33%. The difference in brightness of the substrates is an indicator for the degree of
mesogen alignment. In (a), substrates fabricated with unrubbed orientation layers are
depicted. No difference in brightness is apparent. In (b), aligned substrates are shown:
The brightness of all substrates is significantly larger between diagonal polarizers. The
sample in (c) is comparable to that in (b), except that the substrates come in different
sizes. For some (blue rectangles), a polymeric orientation layer is missing due to fabrication
difficulties. These substrates appear brighter on the left-hand side. Adapted from [142].
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time of only 33 % (indicated by the gray background), a significant higher inten-
sity has been found. Except for small deviations due to surface imperfections, this
also holds for the substrate in the high-resolution image. These results proofs the
generation of preferential mesogen orientation over the whole batch of substrates
induced by rubbing of the polymeric orientation layers. (The two-dimensional grid
of structures visible in the high-resolution POM image in Fig.4.4(b) is formed by
micro-scale markers, also see Sec.4.2.4.)

For the substrates depicted in Fig.4.4(c), the same rubbing treatment as in (b) has
been applied. These substrates again show significant differences in their intensities
between a = 0° and o = 45° independent of their differing radii. This does however
not hold for the most left-hand column of substrates (blue rectangles). For these
substrates, one of the polymeric orientation layers has been missing due to fabrica-
tion difficulties. This finding demonstrates both the importance of both orientation
layers as well as the utility of POM images for an easy and quick identification of
insufficiently aligned LCE substrates.

In summary, most LCE substrates sandwiched between two intact and rubbed poly-
meric orientation layers show POM images with strong intensity differences as pre-
sented in Fig.4.4(b). This proofs a successful and reliable mesogen alignment of
the LCE along a common director. To be able to fully assess the potential of these
substrates as micro actuators in photonic building blocks, their actuation behavior
is precisely evaluated in the following section.

4.2.4 Evaluation of the actuation of LCE substrates using auto-
mated image processing of micro-scale markers

The temperature-induced actuation behavior of LCE substrates is evaluated using
an automated processing of bright-field light microscopy images of two-dimensional
arrays of cylindrical micro-scale markers on these substrates. This method has been
developed in close cooperation with Pascal Rietz within his Master’s thesis and is
explained in detail therein [142]. It is published in [37].

The evaluation method introduced here bases on a comparison of optical micro-
graphs of an LCE substrate at different temperatures. Herein, the contraction of
the substrate along its director and the expansion in the perpendicular direction is
determined simultaneously. A spatial resolution of contraction and expansion within
a single substrate is of interest to estimate the homogeneity of the substrate’s ac-
tuation behavior. To meet this requirement, a two-dimensional array of polymeric
markers parallel/perpendicular to the alignment director is fabricated onto the re-
spective substrate. (The fabrication of these markers is done using 3D laser printing,
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Figure 4.5: Evaluation of the actuation of LCE substrates based on micro-scale markers.
In (a), an SEM micrograph of an LCE substrate is depicted. The two-dimensional grid
of cylindrical markers with a next-neighbor distance of 40 pm has been fabricated using
3D laser printing. The relative distance change between the single markers (dark circles)
on an LCE substrate with a mesogen alignment along the z-axis under a temperature
change of AT = 50K has been determined via an automated processing of microscopic
images and is depicted in (b) by color-coded arrows. Despite a slightly inhomogeneous
actuation behavior, the entire substrate contracts along its director and expands in the
perpendicular direction. Local contractions larger than 4 % and expansions of around 3 %
are evident. Reprinted with permission from [37] (© Optica Publishing Group.

for more information see Sec.4.3.) In the example depicted in the SEM micrograph
in Fig.4.5(a), cylindrical markers with an outer radius of 3 um and a next-neighbor
distance of 40 pm are used. This choice of the next-neighbor distance is adapted to
the use case of tunably coupled WGM resonators with center-to-center distances in
the same order. By using smaller markers with shorter distances, the homogeneity
of the actuation behavior can be investigated in further detail. Using state-of-the-
art cross-correlation methods, these distance changes should be resolvable down to
the order of 1nm [209]. Under a thermal actuation of the LCE, this is however not
feasible due to the general change of the investigation configuration.

To evaluate the actuation behavior of LCE substrates fabricated in this work, a
MATLAB routine using Hough transformations [210] has been used to detect the
position of each marker and calculate the distance between all next-neighbor marker
pairs for each temperature step. Based thereon, the temperature-dependent contrac-
tion and expansion has been derived. Figure4.5(b) depicts an exemplary evaluation
of the actuation of an LCE substrate with mesogen alignment along the z-axis under
heating from room temperature by AT = 50K. The relative distance changes of
next-neighbor pairs of markers (dark circles) are represented by color-coded arrows.
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4.2 Fabrication of chip-scale substrates from LCE

Considering the whole substrate, a contraction of a few percent along the z-axis as
well as a sightly smaller expansion in the y-direction are obvious. These findings
confirm an anisotropic actuation behavior due to the LCE’s preferential mesogen
alignment. Regarding the single next-neighbor distances, a slight inhomogeneity of
the actuation is evident. Nevertheless, all distances along the z-direction decrease
under heating while all distances along the y-axis increase. The maximum rela-
tive local contraction is larger than 4.0(5) % and the maximum local expansion is
around 3.0(5) %. Although other substrates show slightly different actuations, a
contraction along the director orientation and a perpendicular expansion on a scale
comparable to the one presented here is found for most substrates with a prefer-
ential mesogen orientation. For substrates fabricated using unrubbed orientation
layers (see Fig.4.4(a)), an arbitrary actuation behavior is found [142].

The presented method is a useful approach to evaluate the actuation behavior of
chip-scale LCE substrates. While in the present work only large distances in the
order of 10 pm have been investigated, the scale on which an actuation is resolved
can be controlled via the next-neighbor distance of the markers. In the more general
context of configuration modulation in tunable photonic building blocks, this method
could be applied to any kind of micro-scale actuator to estimate the feasibility of
potential applications.

To assess the potential of chip-scale LCE substrates as actuators in photonic building
blocks, the achieved contraction of more than 4 % is compared to the requirements
derived in Sec.4.2.1. Therein, a necessary actuation in the order of 1% to 10%
has been found. Hence, the LCE substrates presented in this section are not gener-
ally suited for all applications of tunable photonic elements. In the case of tunably
coupled WGM cavities as presented in Ch.6, this issue is bypassed by optimizing
the fabrication process of the cavities themselves (see Sec.4.3.3). By minimizing
the initial inter-cavity gap, the required contraction of the substrates is lowered to
around 2 %. Hence, a large share of fabricated cavity pairs on LCE substrates can
successfully be coupled due to a decrease of their inter-cavity distance.

Regarding the entirety of possible applications in tunable photonics, the actuation
of the substrates needs to be further enhanced. This could on one hand be achieved
by optimizing the mesogen alignment by either an improvement of the used align-
ment method based on polymeric orientation layers, or via the application of an
alternative alignment approach [194,196]. On the other hand, a change of the share
of crosslinker molecules in the LCE resist might induce an enhanced actuation be-
havior [189]. Furthermore, an increase of the substrate height should lead to an
enhanced actuation (see Fig.4.2), if the degree of mesogen alignment is preserved.
This might be feasible using not surface-mediated alignment mechanisms, but others
as static electric [196] or magnetic fields [211-213].
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4.3 3D laser printing of rigid elements on chip-scale
LCE substrates

The results presented in Ch. 5 and Ch. 6 of this work have been achieved using sam-
ples fabricated by so-called 3D laser printing (3DLP). 3DLP is a well-established
method for the fabrication of three-dimensional polymeric structures on micro and
nano scale. In the following, the advantages of 3DLP over conventional 2D litho-
graphic methods, especially in the context of tunable photonic building blocks, is
shortly summarized. Afterwards, the 3DLP working principle is introduced using
the example of printing rigid polymeric structures on LCE substrates. Finally, the
quality of these structures is evaluated in the context of photonic applications.

4.3.1 Advantages of 3D laser printing over 2D lithographic methods

Most modern photonic systems are fabricated from rigid materials using electron-
beam lithography [10, 29,30, 137]. This method offers a high resolution (especially
compared to optical methods) as well as a high flexibility due to its mask-less ap-
proach. Nevertheless, a high conductivity of the used substrate is indispensable to
facilitate an efficient acceleration of the electrons. This requirement strongly limits
the applicable configurations and materials, especially in the context of photonic
building blocks based on flexible materials. For instance the fabrication of rigid
structures on flexible elastomer substrates is not feasible.

An alternative approach to overcome some of these issues is given by deep-UV lithog-
raphy, which is also established in the production of photonic building blocks [33].
While deep-UV lithography does not require a conducting substrate and is therefore
applicable to a wider range of materials, it is also mask-based and therefore less flex-
ible than electron-beam lithography. Although the fabrication of rigid structures on
flexible substrates is possible using deep-UV lithography, such approaches typically
deliver insufficient results due to the flexibility of the substrate leading to a weak
mechanical contact between mask and sample [159].

Furthermore, both these established processes are only two-dimensional. Hence, free-
standing structures as disk-shaped WGM cavities on pedestals have to be fabricated
employing complex and time-consuming multi-step processes [10,29,30,33,137]. Fur-
thermore, three-dimensional structures from a single material are typically not fea-
sible using these approaches.

To meet all the requirements mentioned above, 3D laser printing comes into play.
This method enables the 3D printing of quasi-arbitrary geometries from various
polymeric materials with a resolution on nano scale [214]. Therefore, also com-
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plex structures can be produced from single material in just one fabrication step.
Furthermore, there are close to no requirements regarding the used substrate mate-
rial [17,35,37,170,214]. Additionally, 3DLP inherits a high flexibility, as the shape
of the printed structure only depends on the trajectory of the used laser focus and
can therefore be altered in situ. In consequence, 3DLP is the ideal method for appli-
cations in the sense of rapid prototyping. In earlier years, the printing speed of this
serial method was its major drawback. However, this issue has been strongly tackled
within recent years, leading to significantly enhanced printing speeds [215,216].

In summary, 3DLP is a well-suited fabrication approach to realize complex, three-
dimensional photonic structures including different and exotic material types in a
rapid-prototyping approach. Therefore, this method is applied to fabricate rigid
photonic structures on LCE substrates, as well as photonic elements made from
LCE themselves. In the following, a short overview of the application of 3DLP on
these configurations is presented.

4.3.2 3D laser printing on LCE substrates

3DLP is a well established method that has been used in recent years to fabri-
cate WGM cavities [17, 35,37, 170] as well as various other micro-scale photonic
elements [217-222]. Therefore, a comprehensive discussion of the working principle
of this fabrication process is spared here but can be found elsewhere [214,223]. In
the following, only the use case of printing rigid structures onto chip-scale LCE sub-
strates is covered in detail.

Parts of the presented modifications of the 3DLP process have been partly adapted
from [39, 198] and have been advanced in close cooperation with Jannis Hessen-
auer, Roman Oberle, Osman Karayel and Pascal Rietz within their respective the-
ses [41,62,142,158].

3DLP is based on the principle of polymerization of a transparent resist due to multi-
photon absorption. Within this absorption process, a radical chain polymerization
of the resist’s monomers into a crosslinked polymer network is initiated. The prob-
ability of a multi-photon absorption depends on the light’s intensity to the power
of the number of simultaneously contributing photons. Hence, very high photon
densities need to be generated. This is done by using an fs-pulsed laser source and
tightly focusing its light into the resist via a microscope objective. Within the fo-
cal spot, a spheroidical volume element, the so-called voxel, is polymerized. By a
relative displacement of sample and laser beam, this voxel can follow a pre-defined
trajectory through the resist and thereby create nearly arbitrary three-dimensional
structures in a serial manner. The leftover unpolymerized resist is then removed
using an organic solvent. Due to the dependency of the polymerization probability
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on at least the square of the intensity in case of a two-photon absorption, the reso-
lution is significantly increased compared to a single-photon polymerization process,
especially along the optical axis of the objective. [214,223]

To fabricate the samples in this work, a commercially available 3DLP system (Pho-
tonic Professional GT, Nanoscribe GmbH & Co. KG) is used. Therein, an fs-pulsed,
frequency-doubled fiber laser (FemtoFiber pro, TOPTICA Photonics AG) with a
center wavelength of 780 nm, a pulse width < 100 fs and a repetition rate of 80 MHz
is integrated. The laser’s light is focused into the resist using a 63x microscope
objective with a numerical aperture of 1.4. The relative displacement between sam-
ple and microscope objective perpendicular to the optical axis is realized by two
galvanometer-driven mirrors which deflect the beam before entering the objective.
Furthermore, the sample can be moved along the optical axis using a piezo stage.
Using this system, typical voxel sizes are in the order of 400 nm in lateral and 1 pm
in axial direction.

To print rigid polymeric elements onto an LCE substrate, the conventional 3DLP
configuration is inverted [17,39,170]. The rigid structures are printed upside down
to prevent the laser beam from passing the LCE substrate. This is necessary as the
laser beam would get distorted due to the birefringence as well as possible surface
imperfections of the substrate. As a resist, the commercially available /P-S (Nano-
scribe GmbH & Co. KG) is used. This resist is sandwiched between the cover slip
to which the LCE substrate is attached and a second cover slip. Additionally, im-
mersion oil is used to ensure an index matching of objective, oil and lower cover slip.
Following this approach, again nearly arbitrary structures can be structured onto
LCE substrates by inverting their pre-defined trajectory. This inverted configura-
tion is illustrated in Fig. 4.6 using the example of printing WGM cavities.

When printing rigid structures onto an LCE substrate, several new challenges arise.
Compared to a conventional cover slip, the LCE substrates are expected to have a
less planar surface. This is also apparent from the SEM micrograph in Fig. 4.5(a) un-
der close inspection. Furthermore, an overall tilt of the LCE substrate with respect
to the 3DLP system is possible. These issues can cause the automated interface
finder of the 3DLP system that bases on a refraction at the index discontinuity
between resist and substrate to generate erroneous results. This might lead to the
printed structures to be insufficiently connected to the substrate. To counteract
this issue, the interface finder can be deactivated and the pre-defined trajectory
of the printed structures chosen to reach sufficiently deep into the LCE substrate
and therefore compensate for any possible surface imperfections or overall substrate
tilts. The necessary depth of these trajectories into the substrate mainly depends
on the overall size of the structure that is to be printed at once. While for a WGM
resonator pair with a center-to-center distance of around 50 pm (also see Fig.4.7) a
depth of 1 um to 2pm is sufficient, a depth in the order of 10 pm is necessary for a
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Figure 4.6: Illustration of the inverted 3DLP printing of rigid elements on LCE substrates.
Light (red) from a pulsed laser centered at 780 nm is focused into the resist (light green)
using a 63x microscope objective (gray) with a numerical aperture of 1.4. In the focal
point, a small spheroidical volume element (the voxel, violet) is polymerized via multi-
photon absorption. By continuously moving the focal spot through the resist, the rigid
elements as WGM cavities (green) are printed onto the substrate (orange) that is attached
to the upper cover slip (blue). To prevent the laser light from passing the substrate, the
conventional printing configuration is inverted and the cavities are printed upside down.
A second cover slip is used to sandwich the resist. Immersion oil (yellow) is used for index
matching.

marker array as depicted in Fig.4.5(a). This of course increases the overall printing
time of the structure. Nevertheless, both a pair of WGM cavities and a marker array
can be printed in well under one hour.

When the laser spot is focused into the substrate to ensure a sufficient adhesion of
the later structure, heat is dissipated due to the LCE’s material-intrinsic absorp-
tion. This can lead to micro-scale explosion and thus unintended deformations of
the substrate as well as the rigid elements. To prevent this, printing parameters of
such structures have to be thoroughly engineered.

Regarding the printing of tunably coupled WGM cavities, the inter-cavity distance
of the resonators has to be optimized. This is due to the limited contraction behav-
ior of the LCE substrates, also see Sec. 4.2.4.

The minimum achievable inter-cavity distance is limited by the resolution of the
3DLP process. If two structures are printed with a distance below a certain thresh-
old, the so-called proximity effect causes an unintended polymerization of material
in between the two structures [214,223]. If furthermore printed structures still con-
tain insufficiently crosslinked monomers after polymerization, these monomers are
washed out during the development process leading to an overall shrinkage of the
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printed structures and therefore an increase of their distance. This shrinkage can
however be minimized via an adjustment of the 3DLP parameters and is distinc-
tively small for the used resist IP-S [224]. Using cover slips as substrates, a minimum
inter-cavity distance of around 1 pm has been achieved [41].

Another possible issue of reversed nature is based on the swelling of the structures
within the development process due to a temporary absorption of organic solvent.
This swelling increases the disks’ radii and can therefore lead to a mechanical con-
tact of formerly unconnected disks. After the development process, the structures
are dried and the radii decrease. But the adhesive forces between the disks can lead
to the overall cavities to get tilted and remain in mechanical contact. This effect is
especially common on LCE substrates, as the flexibility of the elastomer eases a tilt-
ing of the overall cavities. Under consideration of all these influences, the resolution
of 3DLP of free-standing structures is typically limited at around 2 pm [62, 142].

In App. A.3 and App. A.4, additional information regarding the fabrication of chip-
scale LCE substrates and the 3D laser printing onto such substrates is given. More
details on these fabrication processes can also be found in [37,62, 142].

4.3.3 Evaluation of the obtained quality of structures in the context
of photonic applications

In the following, the quality of rigid structures fabricated by 3D laser printing on
LCE substrates as introduced in the previous section is shortly evaluated in the
context of photonic applications. Herein, two different aspects are of major interest:
the accordance of the printed structures with their intended geometrical shape as
well as the surface roughness as this could potentially introduce optical losses.

A deviation of the shape of the printed structures can be induced by several dif-
ferent influences. Some of these influences, namely closed gaps between structures
in close proximity as well as shrinkage and swelling behaviors have already been
discussed. Furthermore, an insufficient adhesion to the substrate can lead to single
parts of the printed structures to be missing after the development process. If the
amount of energy deposited in the resist is too small, it can induce additional issues
as mechanical instabilities and therefore unintended deformations. If the amount of
deposited energy is too high, micro-scale explosions of the resist can again introduce
deformations. This is especially crucial in close proximity of the substrate, since the
LCE has a higher material-intrinsic absorption than the resist.

Nevertheless, all critical influences on the geometrical shape of a printed photonic
building block can be brought under control via a thorough engineering of the print-
ing parameters of the 3DLP process. Figure 4.7 exemplarily depicts such a photonic
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Figure 4.7: SEM micrograph of an LCE substrate with a radius of 150 pm and two WGM
cavities. The size-mismatched cavities with radii of 20 pm and 30pm have been struc-
tured using 3DLP. The cavities do not show any obvious deviation from their intended
geometrical shape. The inter-cavity distance is in the order of 2 pm. The magnitude of the
cavities’ surface roughness is below the resolution of the depicted micrographs. Reprinted
with permission from [225] (©) Optica Publishing Group.

system consisting of two disk-shaped WGM cavities. For both cavities, no devia-
tion from their intended rotationally symmetric disk shape is visible. Furthermore,
both cavities are tightly connected to the substrate, show no overall tilt and an
inter-cavity distance of around 2 pm. Structures with such quality can be reliably
fabricated using the approach presented in Sec. 4.3.2 as well as suitable printing pa-
rameters. The reliability of this process is also evident from the SEM micrograph in
Fig.4.5(a), where none of the 44 markers that have been produced in a serial manner
is missing or shows any obvious deviation from its intended geometrical shape.
The second crucial quality aspect of the fabricated structures is their surface rough-
ness, that could introduce optical losses to light guided inside the structures. This
surface roughness is estimated from the quality factor of WGM cavities structured
on LCE substrates. This is reasonable, as a potential surface roughness leads to a
scattering of light guided within the cavity and therefore a reduction of its quality
factor (see Sec.2.1). In [142], quality factors of WGM cavities printed on LCE sub-
strates of up to 7 x 10* have been demonstrated. These quality factors are in the
order of other 3D laser printed WGM cavities [39,41,158] as well as other polymeric
WGM resonators in general [33,137,170] and indicate a strong temporal confine-
ment of light within the regarding cavities. Furthermore, this quality factor is in
the order of the absorption limit of the regarding cavities (see Sec.2.1) estimated
from the absorption coefficient of IP-S determined in [52,53]. Hence, the optical
losses introduced by surface roughness are comparable to or smaller than those due
to material-intrinsic absorption and are therefore not a limiting factor. This indi-
cates that the surfaces of the printed structures are sufficiently smooth to realize
high-quality photonic elements.
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In summary, the shape quality as well as the surface roughness of the structures 3D
laser printed onto LCE substrates following the approach presented in this section
is sufficient for a wide field of photonic applications. These applications include the
realization of tunably coupled WGM cavities as presented in Ch. 6 of this work.

4.4 3D laser printing of micro-scale photonic elements
from LCE

In the following section, the 3D laser printing of micro-scale photonic structures
entirely made from liquid crystal elastomer is introduced. At first, the challenges of
printing from an LCE resist are addressed. Thereafter, a route to bypass these issues
and thus optimize the quality of printed LCE structures is presented. Finally, the
quality of the fabricated LCE structures is evaluated in the context of tunable pho-
tonic building blocks through the example of spectrally tunable whispering gallery
resonators (compare Ch.5). As such WGM cavities require a strong mesogen align-
ment as well as a good overall shape and surface quality, the insights taken from
this use case can be transferred to the general fabrication of photonic elements from
LCE.

Parts of the advancements of the fabrication methods presented in this section base
on [16,38] and have been developed in close cooperation with Jannis Hessenauer
and Stefan Pfleging within their respective theses [151,158] as well as Alexander
Miinchinger at the Institute of Applied Physics and are published in [37].

4.4.1 Optimization of the printing quality in birefringent photore-
sists

The requirements for high-quality 3D laser printed photonic elements from LCE can
be divided into three main aspects: a good accordance of the printed structure with
its intended geometrical shape, smooth surfaces and a sufficiently strong mesogen
alignment along the intended director orientation. Within this section, the intended
mesogen orientation is chosen to be perpendicular to the substrate on which the LCE
structures are printed. (Choosing a different orientation direction would however
not change the key aspects and conclusions of the following discussion.) Such an
alignment of the LCE resist is initiated by silanized glass surfaces, as introduced
in Sec.4.1.3. To enhance this surface-mediated alignment mechanism, the resist is
again sandwiched in a cell between two silanized cover slips (compare Fig. 4.3).
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However, a conventional 3D laser printing of LCE structures within such a cell
leads to unsatisfactory results. Both the quality of the geometrical shape of such
structures as well as their degree of mesogen alignment is insufficient for any photonic
application. This has been shown in [158] using bright-field light as well as POM
images and is mainly attributed to the low resolution of the 3DLP process due to
the solid phase of the LCE resist at room temperature. Therefore, the melting point
of the LCE resist has been lowered below room temperature by adding a eutectic
nematic liquid crystal host material (E7, SYNTHON Chemicals GmbH & Co. KG)
in line with [195,226]. This adjustment of the resist’s composition also promotes its
mesogen alignment, as the mesogens of the eutectic host material are easily aligned
by the silanized glass surfaces. Therefore, both requirements stated above can be
met using this alternative composition of the LCE resist.

The mesogens of the eutectic nematic host are not crosslinked into the network
while polymerization due to their missing reactive group. Hence, they are washed
out in the wet-chemical development process and the printed structures undergo a
significant shrinkage that needs to be taken into account.

The nematic host material increases the birefringence of the resist from an maximum
possible index difference of An = 0.15 to around An = 0.18 [37,188,227-229|. In
combination with the promoted mesogen alignment, this enhanced birefringence
introduces a new problem into the process of 3DLP. Due to the high numerical
aperture of the used microscope objective, a significant part of the fs-pulsed laser
light travels along a direction notably tilted with respect to the optical axis of
the objective. As this axis corresponds to the extraordinary axis of the resist, its
birefringence splits the laser light into two separate foci and therefore induces a
simultaneous polymerization of two voxels. This is clearly unwanted in the context
of printing high-quality polymeric structures.

To further understand the impact of this issue, numerical calculations have been
performed by Dominik Beutel at the Institute of Theoretical Solid State Physics.
Within these calculations, the objective lens, the immersion oil, the glass cover slip,
and the birefringent resist in form of an infinite half space have been considered. The
extraordinary axis of the resist has been supposed to be aligned with that of the ob-
jective which has been chosen to be the z-axis. The laser light entering the objective
lens has been assumed to be a Gaussian beam with a width of 5mm and circular
polarization. The field distribution behind the objective lens has been calculated
using the Richards-Wolf method [230]. Afterwards, the field propagation through
the layer stack has been modeled using the 4-by-4 matrix method [231]. These cal-
culations including details on the computational methods as well as robustness tests
are published in [37].
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Figure 4.8: Calculated separation of the 3DLP focus in a birefringent resist using rotational
polarization. (a) The intensity distribution in the zz-plane of the birefringent resist in case
of an ordinary focus depth of d = 17pm is depicted. A separation into two foci with a
distance s ~ 5um of several micrometer along the z-direction is found. (b) The focus
separation s is computed by simultaneously applying two 2D-Gaussian fits and depicted
versus the ordinary focus depth d. A linear dependency over the whole investigated range
is evident. The small deviations from this linear trend for d < 9 pm are due to a significant
spatial overlap of the two foci, which hinders a reliable application of the Gaussian fits.
For d > 9pm, the linear fit yields a slope of 0.30. Reprinted with permission from [37]
(©) Optica Publishing Group.

To estimate the extent of the focus separation, the intensity distribution in the xz-
plane of the birefringent resist has been calculated for 50 different depths of the
ordinary focus d reaching from 1pm to 50 pm. Due to the rotational symmetry of
the system, the xz-plane contains full information of the position of the focal spots.
In Fig.4.8(a), the intensity distribution with an ordinary focus depth of d = 17 pm
is exemplarily depicted. A clear separation of the two foci by several micrometer
along the z-direction is found.

The separation s of the ordinary and extraordinary foci is computed by simultane-
ously applying two 2D-Gaussian fits to the intensity distribution. This separation
is depicted in Fig.4.8(b) versus the ordinary focus depth d. A linear dependency
is clearly evident. For d < 9pm, the data slightly deviates from this linear trend.
This deviation is attributed to a significant spatial overlap of the two foci, which
hinders the reliable application of the two separate Gaussian fits. For d > 9pm, a
slope of the linear dependency of the focus separation of 0.30 is found. Comparing
this slope to the typical voxel size in z-direction in the order of 1jum, a significant
shape distortion of the voxel /separation into two independent voxels is expected for
an ordinary focus depth larger than very few micrometers.
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(a) conventional 3DLP configuration  (b) inverted 3DLP configuration
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Figure 4.9: Illustration of 3D laser printing in birefringent resists between two silanized
cover slips (also compare Fig.4.6). The extraordinary axis of the resist is indicated by
an orange arrow. (a) Due to the high numerical aperture of the used objective, the
birefringence of the resist splits the light of the fs-pulsed laser into two separate foci,
leading to a simultaneous polymerization of two voxels. In case of disk-shaped WGM
cavities, this induces an unintended double-disk shape. (b) By inverting the printing
configuration, the resonator disk is structured under a small ordinary focus depth and
thus with an unseparated voxel. The printing of the pedestal with two separated voxels is
not critical, as the pedestal only requires a sufficient mechanical stability.

The implications of the focus separation on 3DLP photonic elements from LCE
is demonstrated for the case of disk-shaped WGM resonators. The birefringence
of the resist leads to a significant unintended double-disk shape, as illustrated in
Fig.4.9(a). Based on a typical pedestal height of 20 pm to 30 um, a focus separation
(and thus distance between the two disks) in the order of 5 pm to 10 um is expected.
This double-disk shape is clearly unwanted, as it is expected to affect both the field
distribution of the modes inside the cavity as well as the overall confinement of these
modes. Regarding disk-shaped WGM cavities on pedestals, a simple solution to this
issue has been found: By inverting the printing configuration, the cavity disk can be
structured using a small ordinary focus depth, preventing the separation into two
voxels. This inverted configuration is illustrated in Fig. 4.9(b).

Using this inverted 3DLP configuration, the pedestals of the disk-shaped resonators
are mainly structured with two separated foci. This however is not a critical issue,
as these pedestals only require a sufficient mechanical stability. Nevertheless, as
the used laser power is split into two foci, a higher overall power is needed to over-
come the resist’s polymerization threshold. As the focus separation changes with
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the ordinary focus depth, the used laser power has to be continuously adjusted while
printing these resonator pedestals. Therefore, the printing parameters of such struc-
tures from birefringent resists in the inverted configuration need to be thoroughly
engineered. Detailed information on the printing process can be found in [151] as
well as in App. A.2.

Regarding photonic structures made from LCE in general, the issue of separated
foci can be overcome if the structures can be designed in a way that all optically
relevant parts are printed with a small ordinary focus depth. Depending on the in-
tended structure, this might require additional adaptions to the 3DLP process, as for
example a cell with an in-situ controllable thickness. Despite these limitations, com-
bining the integration of a eutectic nematic host material into the LCE resist with
the inverted 3DLP printing configuration facilitates the fabrication of high-quality
photonic structures entirely made from highly aligned liquid crystal elastomer.

4.4.2 Evaluation of the shape quality and molecular alignment of
fabricated structures

In the following section, the shape quality and molecular alignment of photonic
LCE structures fabricated using the approach presented in Sec.4.4.1 are evaluated.
Again, this is done using the example of disk-shaped whispering gallery resonators.

The shape quality of the printed WGM resonators is evaluated using SEM micro-
graphs as depicted in Fig.4.10(a) and (b). Comparing these cavities to those struc-
tured from a resist without eutectic nematic host material (see [158]), a significant
improvement of their shape is evident.

Both cavities in Fig. 4.10(a) and (b) show a high rotational symmetry. Nevertheless,
the cavity in (a) printed in the conventional 3DLP configuration consists of two con-
nected but distinct disks. This fits the expectations based on the existence of two
focal spots due to the resist’s birefringence. The slightly different radii and thick-
nesses of these disks is expected to be induced by the differing shapes of the ordinary
and extraordinary foci: As it is apparent from Fig.4.8(a), the extraordinary focus
(which is at higher z-values) shows a larger spatial extent than the ordinary one.
As the extraordinary voxel prints the upper of the two disks of the resonator in the
conventional printing configuration, this causes the upper disk to be slightly thicker.
Additionally, the deposited energy per volume of this upper disk is lower, leading
to a smaller degree of crosslinking. Therefore, the upper disk undergoes a stronger
shrinkage within the development process and hence has a smaller radius. For the
cavity printed in the inverted 3DLP configuration in Fig.4.10(b), this double-disk
shape is significantly reduced. This is especially evident from the inset, which shows
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conventional 3DLP configuration inverted 3DLP configuration

(a) (b)

3

Figure 4.10: SEM, bright-field light and POM micrographs of disk-shaped WGM res-
onators from an LCE resist including a eutectic nematic host structured in conven-
tional ((a),(c)) as well as inverted ((b),(d)) 3DLP configuration. (a) The cavity shows
a high rotational symmetry compared to structures printed from resists without eutectic
host material (see [158]). Nevertheless, a severe unintended double-disk shape is apparent.
(b) The cavity printed in inverted configuration again shows a high rotational symmetry
and smooth surface as well as a significantly decreased double-disk shape (also see inset).
This structure is very close to its intended shape. (c) Comparing the resonator disks in
bright-field light (top) and POM micrographs (bottom), no clear difference of brightness
is evident. This reveals a poor mesogen alignment. The dark crosses on the resonator
disks however indicate a rotationally symmetric tilting of the mesogen director (see main
text). (d) For cavities printed in inverted configuration, a reduced brightness in POM
micrographs is found. While still some intensity is detected from the cavities’ pedestals,
the disks appear completely dark. This indicates a strong mesogen alignment along its
intended direction. Black/white arrows indicate polarizer orientations. Reprinted with
permission from [37] (€) Optica Publishing Group.

the same cavity. All in all, this cavity nicely matches its intended shape and there-
fore demonstrates the successful prevention of an unwanted second voxel using the
inverted 3DLP configuration.
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The mesogen alignment of the printed cavities is investigated by comparing POM
micrographs between crossed polarizers to bright-field micrographs between parallel
polarizers. As the mesogens are intended to be aligned along the optical axis of
the microscope, sufficiently aligned cavities are expected to appear dark in POM
micrographs independent of the absolute orientation of the crossed polarizers. In
Fig.4.10(c), cavities printed in the conventional 3DLP configuration are depicted.
Comparing the bright-field light (top) to the POM micrograph (bottom), the bright-
ness of the cavities does not seem to depend on the relative orientation of the two
polarizers. This indicates an insufficient mesogen alignment along the resonators’
rotational axis. However, a dark cross corresponding to the orientation of the po-
larizers is visible on each of the resonator disks. By turning the crossed polarizers,
the dark crosses follow accordingly [151]. This observation can be explained by a
rotationally symmetric tilt of the mesogens within the resonator disk. Such a rota-
tionally symmetric tilt could be induced by the differing shrinkage behavior of the
two stapled disks and is therefore in line with the explanation of the resonator’s
geometrical shape given earlier.

In case of resonators printed in inverted configuration in Fig. 4.10(d), the pedestals
look comparable to the overall cavities in (c) between crossed polarizers, which
matches the fact that these pedestals are predominantly printed with separated
voxels. The resonator disks however appear completely dark, indicating a strong
mesogen alignment along the intended director orientation.

The surface roughness of such 3D laser printed photonic structures from LCE is again
evaluated based on the quality factor of WGMs (compare Sec.4.3.3). Tunable LCE
resonators with quality factors of up to 6 x 10 have been fabricated [37]. These
quality factors are more than one order of magnitude larger than those of LCE
resonators printed from resist without a eutectic nematic host [158] and comparable
to non-tunable 3D laser printed cavities in general as well as on LCE substrates,
which are expected to be close to their absorption limit (see Sec.4.3.3). As the LCE
cavities are printed from a custom-mixed resist, no data on their material-intrinsic
absorption is available. Hence, it can not be estimated whether their quality factor is
limited by scattering or absorption. Nevertheless, their high quality factor indicates
a surface roughness comparable to that of non-tunable WGM cavities printed from
commercial resists as well as a strong temporal confinement of the guided WGMs.

In summary, the geometrical shape, the degree of mesogen alignment and the quality
factor of spectrally tunable LCE resonators has been significantly improved by in-
troducing the eutectic nematic host material to the resist and printing in an inverted
3DLP configuration. Therefore, the fabrication process presented here yields high
potential for tunable photonic applications based on actuating three-dimensional
micro-scale structures.
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4.5 Assessment of the developed fabrication processes

In the following, the advanced fabrication processes that have been established
within the scope of this work are summarized and assessed in the context of the
future fabrication of tunable photonic elements based on actuating liquid crystal
elastomers.

As presented in Sec.4.2, a fabrication scheme of chip-scale LCE substrates with
an in-plane director orientation has been successfully developed. The initiation of
mesogen alignment via rubbed polymeric layers has been adapted from earlier works
[177,178,188,206] and transformed into a semi-automated and therefore more reliable
process by applying methods from the liquid crystal display technology [207]. The
chip scale of the substrates has been realized by introducing a simple but effective
mask-based illumination. Although the fabricated substrates are still in the order
of 100 pm, this technique should also be applicable to further reduce the substrate
size by up to two orders of magnitude. It should therefore facilitate a wide range
of photonic applications based on actuating micro-scale substrates. An in-plane
actuation of these substrates of more than 4% under a temperature change of 50 K
has been demonstrated. Although this actuation is sufficient for the tunable coupling
of WGM cavities in Ch. 6, an enhancement of this actuation is desirable in the general
context of tunable photonics. This could probably be achieved by an adjustment
of the dimensions of the substrates as well as the composition of the underlying
LCE. Also, a novel approach to characterize the substrates” actuation behavior using
image processing of chip-scale substrates has been presented. This method should
be applicable to all kinds of future flexible photonic elements and offer a possible
resolution down to the regime of single nanometers [209].

The successful 3D laser printing of rigid structures onto chip-scale LCE substrates
has been demonstrated. The general approach of an inverted printing configuration
has been adapted from [17,39,170], and adjusted to the use case of LCE substrates.
Herein, mainly the printing parameters of the 3DLP process have been thoroughly
engineered to account for novel challenges introduced by the LCE substrates’ me-
chanical flexibility, birefringence, chip scale, and surface imperfections. Doing so, a
reliable fabrication scheme of rigid structures on actuating chip-scale substrates has
been developed. A high optical quality of these structures has been demonstrated.
The presented fabrication approach is of high interest for any kind of future appli-
cation that requires a precise distance control between rigid photonic elements on
an overall chip scale via an external stimulus.

Finally, a fabrication process towards the realization of actuating micro-scale LCE
structures of arbitrary shape has been demonstrated. The general idea of 3D laser
printing micro-scale structures from liquid crystal elastomer has been adapted from
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earlier works [16,38]. However, by introducing a eutectic nematic LC host material
to the used resist [195,226], both the shape quality as well as the mesogen alignment
have been significantly improved. Furthermore, the impact of the resists birefrin-
gence on the printing process has been understood from numerical simulations and
an adaption of the process has been performed to facilitate the fabrication of high
quality disk-shaped WGM cavities. To enable the fabrication of really arbitrary
high-quality LCE structures, an additional modification as, e.g., an in-situ control-
lable cell thickness is indispensable. Alternatively, this issue could be overcome by
performing an elaborate adjustment of the polarization of the used laser light [196].
Under the assumption of such a successful modification, the fabrication methods
presented here are of high interest for any future photonic application in which
the optical or mechanical properties of a micro-scale element need to be precisely
controlled via an external stimulus.

The major limitation to all fabrication processes of micro-scale LCE actuators pre-
sented in this work is the homogeneity of the LCE’s director orientation over the
whole structures. This homogeneity leads to only one common actuation behavior
of the overall structures and therefore limit their possible applications. To over-
come this issue, several approaches are conceivable: By replacing the homogeneously
rubbed polymeric alignment layers with 3D laser printed structures of changing pref-
erential orientations, micro-scale structures with domains of varying director in the
order of 10 pm are feasible [194]. By completely substituting the concept of surface-
mediated mesogen alignment with an alignment induced by an in-situ controllable
quasi-static electric field, the size of the domains of changing director orientation
within the micro-scale structure is only limited by the dimension of the voxel of
around 1pm [196]. Combining one of these promising approaches with the fabrica-
tion methods presented in this work would enlarge the area of possible applications
of such tunable photonic structures even further.
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Full spectral tunability of modes in
actuating resonators

Within the present chapter, the full and precise spectral tunability of WGMs in
resonators entirely made from LCE is demonstrated. In Sec.5.1, the basics of the
spectral tuning of WGM cavities are shortly addressed. Herein, an overview of dif-
ferent possible factors influencing the spectral position of WGMs is given. Also,
established approaches to tune various kinds of WGM cavities are shortly intro-
duced. The potential of the spectral tuning of WGMs in resonators made from LCE
is discussed based on recent results in literature in Sec. 5.2. Afterwards, the full and
precise spectral tunability under thermal actuation of these LCE cavities is demon-
strated in Sec. 5.3. This includes an investigation of the reversibility of the spectral
position of the WGMs as well as a possible control of the extent of tunability by an
adjustment of the degree of polymeric crosslinking of the material. In Sec. 5.4, the
achieved full tunability of WGMs in resonators made from LCE is shortly assessed.

5.1 Basics of spectral tuning of WGMs

The possibility of a spectral tuning of WGMs largely widens the field of potential
photonic applications of such cavities. An overview over these possible applications
including the implications of a potential spectral tunability is given in Sec.2.3. In
addition to these applications, such a tunability of the resonance wavelength is often
also required due to a fabrication-related issue: As evident from their resonance
condition given in Eq.(2.1), the resonance wavelength of a WGM is very sensitive
to changes of the cavity’s radius. Therefore, small fabrication imperfections in the
order of only 10 nm can already induce critical deviations between the designed and
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real resonance wavelengths in the order of 1nm. To compensate for such unwanted
mismatches, a post-fabrication tunability of the spectral position of WGMs is of
great interest.

To fully understand the spectral tunability of WGMs, the different possible factors
of influence of their spectral position are introduced. These different factors can be
derived from the WGMs’ fundamental resonance condition given in Eq. (2.1):

27 R X neg = NyAo with N, € N.

Under consideration of a mode with a fixed form of the field distribution (implying
a constant V), the resonant wavelength Ay can be tuned by either changing the
cavity’s radius R or the effective refractive index n.g. As obvious from Eq.(2.1), a
relative change of the cavity’s radius directly leads to an equal relative change of its
resonance wavelength. This also holds for changes of the material-intrinsic refractive
index n, under the assumption that it is approximately equal to the cavity’s effective
refractive index. A third possible tuning mechanism is given by a change of the cav-
ity’s thickness d, as it influences the confinement of the mode in axial direction and
thus the effective refractive index. This effect is only explicitly included in Eq. (2.1)
and the exact dependency of the resonance wavelength on the cavity’s thickness is
not obvious. Based on FEM simulations depicted in Fig. 2.4, this dependency is ex-
pected to strongly depend on the absolute value of the resonator thickness. Finally,
also a resonance tuning due to a change of the refractive index of the surrounding
medium is in principle possible. This effect is largely utilised within WGM-based
sensing applications [33,70] but ignored here, as photonic building blocks are usually
operated under ambient conditions.

Regarding all of these conceivable tuning mechanisms, the requirements are the
same: The resonance wavelength of a WGM is aimed to be tuned post fabrication
over a large spectral range by applying a small external stimulus. A so-called full
tunability of a WGM cavity is achieved, if the spectral positions of the modes can be
tuned over more than its free spectral range AApsr (see Eq. (2.13)). Furthermore,
the tuning mechanism should offer a high tuning speed and precision. Finally, also
a reversibility of the spectral position of the modes after application of an external
stimulus is required to enable a reliable tuning over a large number of cycles.

The most common approach to realize a spectral tunability of WGM resonances is
via so-called index modulation: a change of the cavity’s material-intrinsic refractive
index n,. While there is a large number of stimuli that alter the refractive index of
such cavities [77,82,232-235|, usually either temperature or electric fields are used.
Herein, the wavelength range over which such WGMs can be tuned strongly depends
on the thermo-optic coefficient or Pockels and Kerr coefficients, respectively. While
a thermo-optic tuning typically offers a significantly larger tuning range, the electro-
optic effect facilitates higher switching frequencies. Most rigid polymers, including
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those used in the present work, do not show a distinct electro-optic behavior. Hence,
a thermal tuning of the refractive index due to the most often negative thermo-optic
coefficient dn, /dT is typically conducted in case of polymeric cavities (see App. C.2).

A reversible post-fabrication change of a WGM cavity’s radius is usually not feasi-
ble using widely established rigid resonator materials as inelastic polymers, silica or
semiconductors. However, tuning induced by an irreversible reduction of the radius
of cavities based on wet-chemical [236,237] or photo-electrochemical etching [238]
as well as illumination-induced material desorption [239] has been reported.

In more general, this approach towards a spectral tunability is called a configuration
modulation: a reversible change of the cavity’s geometrical configuration, including,
e.g., its radius, thickness or general shape. While such a configuration modulation
is again only possible via the application of flexible materials, it is more easy to
realize than an isolated radius change. Ta et al. have tuned the spectral position of
WGMs in rigid self-assembled polymer droplets embedded in a macroscopic flexible
PDMS substrate. Under the application of direct mechanical stress to the substrate,
the spherical shape of the cavities has been reversibly distorted [31]. An alternative
approach towards a full tunability of WGMs based on so-called split-disk cavities
mounted onto an elastomer substrate has been reported by Siegle et al. Although
these cavities including an air-filled gap of adjustable size have been demonstrated
to be widely tunable, their quality factors have been significantly reduced compared
to gap-free resonators [17].

A tuning of WGM resonances based on a direct and reversible post-fabrication
change of the cavity’s radius has only been achieved in very few cases up to now.
Flatae et al. have demonstrated a full spectral tuning of WGMs in goblet-shaped
cavities from a rigid polymer that have been reversibly deformed using a micro-scale
LCE actuator inside the goblet. This approach however includes a time-consuming
pick-and-place positioning of the single LCE actuators [16]. Spectral tuning via the
reversible change of the radius of a WGM cavity entirely made from LCE has been
realized by Nocentini et al. [38]. This approach is also adopted in the present work
and therefore covered in detail in the following section.

5.2 Tuning potential of WGMs in LCE resonators

Before the full spectral tunability of WGM resonators which are 3D laser printed
from LCE is demonstrated in Sec.5.3, the general potential of this approach is
estimated. This is done based on the LCE’s material parameters (see Sec.4.1.2),
the geometrical and alignment properties of the printed cavities (see Sec.4.4.2) as
well as results of a similar system recently reported by Nocentini et al. [38].
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Within the proof-of-principle measurements presented in this chapter, the actuation
of the LCE is initiated using local heating as external stimulus. Hence, the tuning
of these cavities due to a change of the actuation temperature T, is exemplarily
discussed in the following.

Within the concept of spectrally tunable WGM cavities made from LCE, the temper-
ature-induced actuation is used to reversibly change the cavity’s radius and thereby
tune its resonant wavelengths. Thus, such cavities are fabricated with a mesogen
alignment along their axis of rotational symmetry. This configuration leads to a
rotationally symmetric increase of the cavity radius under external stimuli.

Within their spectral tuning, the thermo-optic effect of LCE cavities has to be con-
sidered. As introduced in Sec.4.1.2, LCEs are birefringent in their nematic phase.
When heated, the two refractive indices both decrease and slightly approach each
other towards an isotropic state. This leads to the thermo-optic coefficients of the
ordinary and extraordinary index to be both negative but differ in their absolute
value by about 10 %. Herein, the larger absolute value of the thermo-optic coefficient
corresponds to the extraordinary index n, [190]. These thermo-optic coefficients in-
fluence the spectral tunability of the WGM cavities. As introduced earlier, the
thickness of the cavity disk impacts the resonance wavelength of WGMs. For tun-
able LCE resonators, this thickness decreases under thermal actuation due to the
contraction of the LCE along the director of its mesogen alignment. But as the
investigated LCE cavities are thick compared to the resonance wavelengths near the
IR c-band (compare Fig.4.10), this influence of the disk thickness is assumed to
be neglectable in the following. Nevertheless, all potential factors influencing the
resonance wavelength \g of WGMs in an LCE resonator are summed up in Fig. 5.1.

Neglecting the influence of the cavity thickness d, the overall change of the spectral
position of a WGM in an LCE cavity with the actuation temperature T, is de-
pending on its positive expansion coefficient o perpendicular to its director as well
as the negative thermo-optic coefficients dn, o/d T, [232,233]:

d 1 dn
A=A oL . 1
dTact 0 0 (no,e dTact + a) (5 )

The two theoretically expected kinds of WGMs with differing preferential field ori-
entations of TE- and TM-like polarization (compare Sec.2.2) are primarily effected
by the ordinary and extraordinary refractive index, respectively. This leads to the
following conclusions: For both kinds of modes, the negative thermo-optic coeffi-
cient is expected to counteract the spectral tuning under thermal actuation due to
the positive expansion coefficient . The sign of the overall spectral shift hereby
depends on which of these two effects is stronger. Nevertheless, a slightly larger
red-shift /smaller blue-shift is expected for modes with a TE-like polarization due to
the slightly smaller thermo-optic coefficient of the ordinary refractive index n,.
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Figure 5.1: Hlustration of the tuning mechanism of WGMs in cavities from LCE. The
cavities are fabricated with a mesogen director orientation along their axis of rotational
symmetry. Under thermal actuation, the radius R of the cavity disk increases due to the
LCE’s expansion perpendicular to its director. This induces a red-shift of the resonance
wavelength \g. The LCE’s contraction along its director leads to a reduction of the
thickness d of the cavity disk and therefore also of the effective refractive index neg. This
change of neg leads to a blue-shift of A\g. This effect is however neglected here, as the cavity
disks are thick compared to the resonance wavelengths. Due to their negative thermo-
optic coefficients, both the ordinary and extraordinary refractive index n, . decrease with
elevating actuation temperature Toet. This decreases the effective refractive index neg and
therefore again leads to a blue-shift of Ag. The sign and absolute value of the overall
wavelength shift depends on the relative strengths of these different effects.

Nocentini et al. have demonstrated the spectral tuning of two different WGMs
in a ring-shaped cavity 3D laser printed entirely from LCE. The cavity has been
doped with an absorber dye and its reversible actuation has been initiated using
laser illumination. For the two investigated modes, maximum blue shifts of 1.0 nm
and 3.7nm have been found, respectively. Both these modes have been assumed to
carry a TM-like polarization and therefore mainly be effected by the extraordinary
refractive index of the LCE n,. Based on [190], a change of the extraordinary index
of An. = 0.02 has been expected. This index change should theoretically induce
a spectral blue-shift of around 20nm. Based on these estimations, compensating
red-shifts induced by radius expansion of 19.0nm and 16.3 nm, respectively, have
been assumed. [38]

Based on these results, the concept of tunable cavities made from LCE does not seem
to be promising, as the achieved spectral shifts are comparable to the thermal tuning
of WGMs in resonators made from conventional polymers [64,65,159]. This fact can
also be understood from the intrinsic material parameters of a macroscopic thin film
of LCE as investigated by Liu et al. [190]: The absolute values of the expansion
coefficient o as well as both relative thermo-optic coefficients ny' x dn,/dT and
ngt x dn./dT are roughly around 2 x 1074 K~!. As the relative wavelength change
is proportional to the difference of the expansion and the respective thermo-optical
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coefficient, a change in the order of A\;' x d\g/dTu = 1 x 107K~ is expected.
This also matches the results presented by Nocentini et al. [38].

Within the scope of the present work, disk-shaped WGM cavities similar to the ones
by Nocentini et al. have been 3D laser printed from LCE and investigated. However,
due to the presented advances of the process of 3D laser printing structures from
LCE (see Sec.4.4), a significantly enhanced overall quality of these LCE cavities is
presumed. As an improved degree of mesogen alignment should also enhance the
general actuation behavior of such resonators, they could potentially show a notably
increased spectral tuning under thermal actuation.

In the following, the full spectral tunability of two different kinds of LCE cavities
is demonstrated. While the first of these cavities has been fabricated adopting the
process employed by Nocentini et al., the second one has been printed by applying
all fabrication enhancements introduced in Sec.4.4. The tunability of both these
cavities is compared to the results presented by Nocentini et al. [38] and possible
reasons for their significantly enhanced tunability are discussed.

5.3 Full spectral tunability of modes in LCE resonators

In this section, the spectral tunability of two kinds of 3D laser printed WGM cav-
ities entirely made from LCE is investigated in detail. The two investigated kinds
of cavities are both disk-shaped with a mesogen alignment along their axis of ro-
tational symmetry. The first kind of cavity (type 1) has been fabricated following
the approach used by Nocentini et al. [38]. For such cavities, quality factors of only
around @@ = 4 x 10 have been achieved within the scope of the present work [158].
(For comparison: @ = 1.5 x 10% in [38].) The second kind of cavity (type2) has
been printed using the advanced fabrication process introduced in Sec. 4.4. Regard-
ing these cavities, quality factors of up to 6 x 10* have been demonstrated [37]. The
tunability of both kinds of cavities is compared to the results of the ring-shaped
LCE cavity by Nocentini et al. [38]. For cavities of type2, the reversibility of the
tuning is investigated. Finally, an adjustment of the spectral tunability via a change
of the degree of polymeric crosslinking of the LCE is demonstrated.

Parts of the results presented in this section have been achieved in close cooperation
with Jannis Hessenauer, Evelyn Kaiser and Stefan Pfleging within their respective
theses [145,151,158] and are published in [37,240].

Before the spectral tunability under thermal actuation is investigated using fiber-
transmission spectroscopy, the radius change due to the expansion coefficient « of
an LCE cavity is exemplarily examined. However, the real-time determination of
the change of this radius under thermal actuation is experimentally challenging,
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as it is in the order of the diffraction limit. Furthermore, due to the overall ther-
mal expansion of the measurement setup, the focal plane of any optical microscope
needs to be continuously readjusted. To still get a coarse estimate of the cavity’s
relative radius change, the circle of the cavity disk is identified in microscope im-
ages at different actuation temperatures using a MATLAB routine based on Hough
transformations [210]. The distance between two arbitrary scatterers on the glass
substrate is used as an approximately temperature-independent measure. Based on
this approach, a roughly constant expansion coefficient of o ~ 2 x 1073 K~! is found
for an exemplary cavity of type 1. The respective data is presented in App. B.1.
The experimentally estimated expansion coefficient is one order of magnitude larger
than that found as intrinsic material parameter by Liu et al. [190] as well as that
estimated from the spectral tunability of ring-shaped LCE cavities reported by No-
centini et al. [38]. Nevertheless, the estimated value is assumed to be in the correct
order of magnitude, as comparable values have also been found in other investiga-
tions of disk-shaped LCE cavities [158]. The origin of this deviation is not finally
resolved. Compared to macroscopic thin films as investigated by Liu et al. [190], the
shape of a free-standing micro-disk could strongly promote the in-plane expansion
of the LCE cavity disk. (Also compare the limited actuation of LCE substrates
on a macro-scale glass surface in Sec. 4.2.) Regarding the ring-shaped LCE cavities
demonstrated by Nocentini et al. [38], the significantly enhanced expansion coeffi-
cient of the cavities presented in this work could possibly be a consequence of a
notably higher degree of mesogen alignment. Alternatively, it could be induced by
the slightly differing cavity architectures: While the cavity presented by Nocentini et
al. [38] consists of an LCE ring mounted onto a rigid pedestal, the cavity introduced
here is printed as a solid LCE disk on an LCE pedestal. These differences could lead
to a strongly enhanced expansion coefficient in the case demonstrated here.

The second major factor influencing the resonance wavelengths is the change of the
LCE’s refractive indices. Unfortunately, an experimental determination of these in-
dices as well as their change under thermal actuation is not feasible due to the small
size of the investigated LCE cavities. Nevertheless, both the expansion coefficient
as well as the relative thermo-optic coefficients base on the same physical effect of a
decrease of the degree of molecular order. Hence, the fact of these three coefficients
being of comparable size (as shown by Liu et al. [190]) is assumed to still hold for
the cavities presented here. If furthermore the thermal expansion and the accompa-
nying decrease of the refractive indices are again approximately counteracting each
other, a relative spectral tuning in the order of )\61 X dXo/dThee =~ 1 x 1074 K™?
is expected. This expectation of the spectral tuning based on the real-time esti-
mation of the cavity’s radius is approximately one order of magnitude larger than
that demonstrated by Nocentini et al. [38]. In the following, this spectral tuning is
experimentally investigated using fiber-transmission spectroscopy.
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5.3.1 Full tunability under thermal actuation

To demonstrate the full tunability of a WGM resonance, its wavelength has to
be tuned over more than one free spectral range AApsg. This free spectral range
is inversely proportional to the cavity radius (see Eq.(2.13)). Cavities of type2
show a significant shrinkage behavior post printing due to the used liquid crystal
host material (compare Sec.4.4). Hence, these cavities have a distinctly smaller
radius and therefore larger free spectral range. Consequently, cavities of type2
need to be tuned over a larger spectral range to demonstrate a full tunability. As an
independent measure for the general tunability of such LCE cavities, the temperature
change under which a full tuning is achieved is used.

The full spectral tunability of disk-shaped resonators under thermal actuation is
demonstrated using fiber-transmission spectroscopy near the IR c-band (compare
Sec.3.1). The resonance wavelengths have been determined by the application of
Lorentz-shaped fits to resonance dips in FTS spectra. The thermal actuation has
been initiated using a macroscopic Peltier element.

At first, the full tunability of a cavity of type 1 is demonstrated. In Fig.5.2(a), the
wavelength detuning of a WGM with respect to its wavelength at room temperature
in a typel cavity is plotted versus the actuation temperature T,.. The respective
LCE resonator has been heated from room temperature to an actuation tempera-
ture of T, = 80°C and cooled back to room temperature afterwards. At first, only
the spectral behavior under heating is considered. For T,. < 36°C, the resonance
wavelength is approximately constant. For actuation temperatures T, > 36 °C, an
approximately linear increase of the resonance wavelength is evident. This tempera-
ture at which the wavelength starts to shift with the actuation temperature matches
the temperature Ti, at which the LCE’s transition from its nematic into a parane-
matic phase is expected to set in [188]. The investigated resonator has been shown
to have a free spectral range of Alpsg = 8.3nm [158]. Hence, a full spectral tuning
of the resonator has been achieved under a temperature change of around 32 K.
While cooling the cavity back to room temperature, the resonance wavelength of the
investigated mode shifts back in a similar manner. Nevertheless, the overall slope
of this spectral shift is slightly smaller compared to that under heating, leading to
a hysteresis of the room-temperature wavelengths prior to and after thermal actu-
ation of Ay = 2.6nm. This hysteresis has been shown to exponentially decay
over time after a heating cycle [151]. It therefore is attributed to the visco-elastic
material properties of the LCE. Nevertheless, such a hysteresis of the resonance
wavelength of a tunable cavity is unwanted regarding future photonic applications.
The requirement of reversibility is addressed in detail in Sec. 5.3.2.
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Figure 5.2: Demonstration of the full spectral tunability under thermal actuation. (a) An
LCE cavity of typel has been heated from room temperature to T,y = 80°C and
cooled back to room temperature. The resonance wavelength Ay of a WGM has been
determined by applying Lorentzian fits to resonance dips in F'TS spectra near the IR
c-band. The detuning of this resonance wavelength A)\y with respect to the first mea-
surement at room temperature is plotted versus T,.;. From the heating ramp, an approx-
imately linear increase of Ao for Tyt > 36°C is evident. Compared to the free spectral
range AApsr = 8.3nm of the cavity (gray box), a full tuning has been achieved under a
change of T, of around 32 K. The cooling ramp shows a similar decrease of Ay with a
slightly smaller slope. This leads to a hysteresis of the room-temperature wavelengths prior
to and after the actuation of Ay = 2.6 nm. (b) The detuning of a WGM in a cavity of
type 2 under thermal actuation from room temperature to T, = 52 °C is depicted. Over
the whole range of Ty, a super-linear increase of \g is found. In the regime of high T,
a tuning response around 1nm K~! is found. Compared to A\psg = 14.8 nm (gray box),
a full tuning has been achieved changing T, by around 18 K. (a)/(b) adapted/reprinted
with permission from [241]/[37] (©) Optica Publishing Group.

The results presented in Fig. 5.2(a) strongly differ from the small blue-shift of modes
in LCE ring resonators demonstrated by Nocentini et al. [38]. As expected based on
real-time estimations of its radius, the cavity presented here is tuned over a signifi-
cantly larger spectral range. Furthermore, the cavity is tuned to higher wavelengths.
These differing signs of the spectral tuning are unexpected, as both samples have
been fabricated using similar processes. The origin of these differences is not finally
resolved, however there are several potential explanations: The most obvious pos-
sible reason are the different geometrical shapes of the cavities. The solid disk of
the resonator presented here might lead to a comparably larger radius increase un-
der actuation and therefore induce a stronger red-shift. Another possible influence
is the thickness of the cavities. The comparably large red-shift of WGMs in the
cavities presented here could be attributed to resonator disks with a large thickness
compared to the LCE ring presented by Nocentini et al. [38].
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The preferential field orientation of the investigated WGMs is however not consid-
ered as possible cause for the observed deviations. On the one hand, this is based on
the fact that despite the conduct of comprehensive polarization-sensitive investiga-
tions of WGMs in cavities of type 1, no correlation between the alleged preferential
field orientation of modes and their spectral tuning under thermal actuation has been
found [145]. A direct investigation of the preferential field orientation of WGMs in
a type 2 LCE cavity employing the modes’ directional radiation on the other hand
even suggests, that primarily modes without distinct preferential field orientation
propagate in such resonators (see App. B.2).

Based on the experimentally estimated expansion coefficient of o ~ 2 x 1073 K1
of a cavity of typel, a spectral tuning in the order of 1 x 10~*K~! has been pre-
dicted. In the linear regime for actuation temperatures above 36 °C, a spectral
tuning of A\y' x d\g/dTue = 1.8 x 107 K~! has been found. These matching values
nicely demonstrate the accordance of the measured spectral tuning with the in-plane
expansion of the resonator disk and the presumed change of its refractive indices.

As a next step, the full spectral tunability of a cavity of type2 is demonstrated.
To that end, the resonance wavelength of a WGM under thermal actuation is de-
termined as described earlier and plotted versus T, in Fig.5.2(b). The WGM
resonator under investigation has been heated from room temperature to 52°C.
Over the whole temperature range, a super-linear increase of the resonance wave-
length is apparent. Hence, the starting temperature at which the LCE’s transition
from its nematic into a paranematic phase sets in is not apparent. The free spec-
tral range of the investigated cavity has been shown to be Alpgg = 14.8 nm [151].
Consequently, a full spectral tuning of this cavity has been achieved under a temper-
ature change of only 18 K. In the regime of high 7)., an absolute tuning response
of d\o/dTse; &~ 1.1nm K~! has been found.

Compared to the results of a cavity of type 1 presented in Fig.5.2(a), the cavity of
type 2 yields an even higher tunability. While a temperature change of 32 K is nec-
essary to fully tune a type 1 cavity, 18 K are sufficient in the case of the type 2 cavity.
This enhanced tunability matches the expectations based on an improved mesogen
alignment as well as overall structure quality due to the advanced fabrication pro-
cess (compare Fig.4.10). As already discussed regarding the cavity of type 1, also
the demonstrated type 2 cavity shows an inverted and significantly higher tunability
than the LCE ring resonator demonstrated by Nocentini et al. [38].

In summary, both presented cavities show a full spectral tunability of their WGM
resonances under thermal actuation to moderate temperatures. Furthermore, the
advanced fabrication process developed within the scope of this work is not only re-
flected in a notably larger quality factor, but also a significantly enhanced tunability
of the regarding cavities.
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5.3.2 Reversibility and precision of the spectral tuning of WGMs

After the full spectral tunability has been demonstrated in the previous section, the
reversibility and precision of this tuning is addressed in detail using the example
of a disk-shaped LCE cavity of type2. As introduced in Fig.5.2(a) in case of a
type 1 cavity, thermally tuned WGMs in LCE resonators typically show a hysteresis
of their resonance wavelength. This also holds for cavities of type2. The hysteresis
has been shown to depend on the degree of polymeric crosslinking of the LCE as
well as the overall range of T, and has been attributed to the visco-elasticity of
the LCE [151]. Nevertheless, such a spectral hysteresis is obviously unwanted in the
context of photonic applications. In the following, the impact of this hysteresis on
the usefulness of such tunable cavities under operation conditions is estimated.

As introduced earlier, one of the leading motivations to realize a post-fabrication
spectral tunability of WGMs is the mismatch between the resonance wavelength
after production and their designed value. Therefore, a frequent full spectral tuning
is not expected to be the typical use case for lot of photonic applications of tunable
WGM cavities. Instead, the cavities are expected to be operated in an approximately
constant actuated state. The WGM’s tunability should then be used to keep the
resonance wavelength constant despite any environmental impacts. Under these
operation conditions, the spectral hysteresis after a full spectral tuning cycle as in
Fig.5.2(a) is not of particular importance. Instead, the reversibility of the spectral
tuning of an LCE cavity in an already actuated state under small changes of the
applied external stimulus is mostly relevant. Therefore, this spectral reversibility of
a WGM under small temperature changes is investigated in the following.

To evaluate the reversibility of the spectral position of a mode in an LCE cavity
under small tuning cycles, the resonance wavelength of the WGM has again be
determined using FTS. In Fig.5.3, the spectral position of the WGM in a cavity
at around T, = 40°C under three small consecutive heating and cooling cycles
of AT, = 5K is plotted versus the actuation temperature T,.. The different heat-
ing and cooling ramps are separated by dotted lines.

Considering an isolated heating/cooling ramp, a large and approximately linear ab-
solute tuning response of around 0.6 nm K~! is found. This finding is in accordance
with the general tunability of a type2 LCE cavity demonstrated in Fig. 5.2(b).

To evaluate the reversibility of this spectral tuning, the resonance wavelengths at
each fixed actuation temperature within the different heating and cooling cycles are
compared (indicated by color-coded bars). For each value of T,., the resonance
wavelengths \g slightly scatter around a common mean value (dark-colored lines).
The standard deviations are in the order of 100 pm (light-colored bars). Further-
more, the deviation from their common mean value is within the uncertainty due to
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Figure 5.3: Demonstration of the tuning reversibility under operation conditions. A type 2
cavity has been thermally tuned over a range of 5 K. The resonance wavelength Ag of a
WGM has been determined from F'TS near the IR c-band and is plotted versus the actua-
tion temperature T,.;. Three consecutive heating and cooling cycles have been conducted.
The different ramps are separated by dotted lines. Within each ramp, an absolute tuning
response of around 0.6 nm K~! is found. Comparing the different values of Ay for one fixed
actuation temperature (indicated by colored stripes), the reversibility of the spectral tun-
ing is evident: The values of A slightly scatter around a common mean value (dark-colored
lines) with a standard deviation in the order of 100 pm (light-colored stripes). For most
measurements, the mean value is within the uncertainty induced by the wavelength preci-
sion of the laser source. As no trend of the larger deviations is obvious, they are mainly
attributed to the limited precision of the temperature control. Adapted from [151].

the absolute wavelength precision of the used laser source for most of the investi-
gated modes. These findings demonstrate the high reversibility as well as precision
of the spectral position of slightly tuned WGM resonances within the precision limit
of the applied investigation approach. Hence, the demonstrated LCE cavities yield
high potential for all kinds of photonic applications, where a mainly constant but
precise compensation of a fabrication-induced spectral mismatch is wanted.
Regarding the small deviations from the mean value at one specific actuation tem-
perature in Fig. 5.3, no clear trend is found. Therefore, this data scattering is not
attributed to a spectral hysteresis of the investigated modes, but to the precision of
the applied temperature control [151]. Therefore, these deviations are expected to
be reducible under the application of a more sophisticated external stimulus.

Regarding photonic applications where a frequent large spectral tuning of WGMs is
of interest, the spectral hysteresis of the WGMs is still a critical issue. Therefore,
additional effort to overcome this problem is indispensable. First investigations to
gain deeper insight into the nature of this irreversible spectral tunability have been
conducted in [151].
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5.3.3 Adjusted spectral tunability under varying degrees of poly-
meric crosslinking

As obvious from the tuning mechanism of thermal actuation (see Fig. 5.3), the preci-
sion of the spectral tuning of a WGM depends on the precision of used temperature
control. While the overall tuning range increases with a larger absolute tuning re-
sponse d\g/dT,, the feasible wavelength precision of this tuning decreases. This
fact generally holds for all kinds of conceivable external stimuli. Some of these
stimuli should be applicable with a significantly higher precision than the tempera-
ture control demonstrated in this work. Nevertheless, the possibility of a deliberate
adjustment of the tuning response enables to tailor the overall tuning range and
tuning precision to all different combinations of stimuli and photonic applications.
Therefore, such a potential adjustability should further increase the area of possible
applications of such tunable WGM resonators made from LCE.

Within the scope of the present work, the absolute tuning response of LCE cavities
is adjusted via the degree of crosslinking of the LCE’s polymeric network. To control
this degree of crosslinking, the share of crosslinker molecules of the liquid crystal
resist from which the resonators are printed (compare Sec.4.1.1) is altered. As the
degree of crosslinking changes the overall actuation of the LCE under the application
of an external stimulus (compare Sec. 4.1.2), it is expected to also impact the spectral
tuning of the introduced LCE resonators. To exemplarily demonstrate the impact of
this degree of crosslinking onto the tuning response, three different samples of type 2
have been fabricated and investigated: An LCE resonator with a maximum degree
of crosslinking due to a crosslinker share of 100 wt%, a resonator with a medium
share of crosslinker of 50 wt% and one resonator with a small degree of crosslinking
due to a crosslinker share of 10 wt%. (A share of 0 wt% is not feasible as polymeric
structures cannot be printed from a resist without crosslinker.)

To determine the absolute tuning response of WGMs in these LCE resonators, the
spectral detuning under thermal actuation has again been investigated using F'T'S
near the IR c-band. This spectral tuning has been plotted versus the actuation
temperature and a linear fit has been applied in the regime of high actuation tem-
perature (compare Fig.5.2(b)). The slope of the applied fit is taken as tuning re-
sponse d\g/dT,. In Fig. 5.4, the tuning response of the three introduced samples
is plotted on a semi-logarithmic scale versus their molecular share of crosslinker in
weight percent.

The presented data shows a decrease of the absolute tuning response of LCE cavi-
ties by more than two orders of magnitude with an increasing degree of crosslinking.
As an LCE polymer with a higher degree of crosslinking yields a weaker actuation
behavior, the general trend of the tuning response fits the expectations.
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Figure 5.4: Adjustment of the absolute spectral tuning response d\g/dTye; of WGMs in
thermally actuated LCE resonators. The tuning response of WGMs in different LCE cavi-
ties is compared. The tuning response is hereby determined from a linear fit to the change
of the resonance wavelength A\g with the actuation temperature T, as demonstrated in
Fig.5.2(b). The tuning response is controlled via the degree of polymeric crosslinking in
cavities with a differing share of crosslinker molecules in their resist. The tuning response
is plotted versus the molecular share of crosslinker in weight percent for three different
samples on a semi-logarithmic scale. The presented data shows a significant decrease of
the tuning response over more than two orders of magnitude with increasing share of
crosslinker. Furthermore, the data indicates an approximately exponential nature of this
dependency. Reprinted with permission from [37] (©) Optica Publishing Group.

Furthermore, the presented data indicates an approximately exponential change of
the tuning response with the share of crosslinker molecules. Nevertheless, no the-
oretical basis to expect such an exponential behavior is given. Furthermore, only
three data points are presented. Hence, this exponential nature should not be taken
as more than a coarse first estimate.

Nevertheless, a significant dependency of the tuning response on the degree of poly-
meric crosslinking of the LCE has been successfully demonstrated. These findings
should enable to tailor the spectral tuning range of WGMs in LCE resonators as well
as the precision of this tuning to various potential combinations of applied external
stimuli and photonic applications.
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5.4 Assessment of the spectral tunability of WGMs

In this section, the achieved spectral tunability of WGMs in cavities entirely made
from LCE under thermal actuation is assessed. This tunability is compared to that of
other cavities made from LCE as well as inelastic resonators made from conventional
polymers or silica. Furthermore, the potential usability of these resonators within
more complex photonic building blocks is shortly addressed.

Within the context of spectrally tunable LCE cavities, the cavities’ increasing radius
under an external stimulus is used to tune their resonance wavelengths. Neverthe-
less, the large expected red-shifts induced by this radius change have been shown to
be counteracted by blue-shifts of comparable size due to the negative thermo-optic
coefficients of the ordinary and extraordinary refractive indices of the LCE. This
fact reduces the potential tunability of such LCE cavities by around one order of
magnitude.

Using FTS measurements of WGM resonances in LCE cavities at different actua-
tion temperatures, their tunability under thermal actuation has been studied. For all
investigated modes, a significant red-shift under thermal actuation has been demon-
strated. For the cavity with highest tunability, a full spectral tuning under a change
of the actuation temperature of only 18 K has been shown. Also, an absolute tuning
response of more than 1 nm K—! for WGMs near the IR c-band has been found. This
spectral tunability nicely matches expectations based on real-time investigations of
the cavity radius under thermal actuation in combination with material properties
of the LCE reported in literature. It furthermore demonstrates the high poten-
tial of spectrally tunable LCE cavities despite their counteraction of expansion and
thermo-optic effect.

Next, the reversibility and precision of the demonstrated spectral tuning has been
studied. Under repeated small changes of the actuation temperature, a full reversibil-
ity and high precision of the modes’ spectral positions has been found. The standard
deviation of the resonance wavelength of a WGM at a fixed actuation temperature
is in the order of the precision of the used laser source. Nevertheless, this deviation
is expected to be even smaller under an external stimulus with higher precision.
Finally, a possible route towards a deliberate adjustment of the tuning response
of LCE cavities has been introduced. Such an adjustment has been realized via a
change of the polymeric degree of crosslinking of the LCE. Doing so, the tuning
response has been changed by more than two orders of magnitude.

Compared to tunable LCE ring resonators reported by Nocentini et al. [38], a sig-
nificantly improved tunability of the disk-shaped cavities presented here has been
shown. This improvement includes not only a notably larger overall tuning range,
but also an enhanced precision of this tuning. Additionally, increased quality fac-
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tors compatible with those of inelastic polymeric cavities of up to 6 x 10* have been
found. These improvements are mainly attributed to the advancements of the cavi-
ties’ fabrication process as presented in Sec. 4.4.

Due to the significant improvements in fabrication, the LCE cavities presented in
this work also provide a notably higher tunability than resonators made from conven-
tional polymers as poly(methylmethacrylate) (PMMA) or silica. For such inelastic
cavities, typical tuning responses under thermal actuation of less than 0.1 nm K—!
are found [64,159,233].

To fully deploy the potential usage of such tunable LCE resonators in photonic sys-
tems, their spectral hysteresis under large actuation cycles needs to be eliminated.
As this hysteresis effect is mainly attributed to the visco-elasticity of the polymeric
LCE network [151], a reduction of this effect should be feasible based on a change
of the composition of the LCE resist.

To enable an integration of the LCE resonators into larger photonic systems, two
additional measures are necessary: Firstly, a simplification of the cavities’ fabrica-
tion process is required. This should be possible using recent advances in the 3D
laser printing of LCE structures [196]. As large temperature changes are expected to
generally deteriorate the functionality of complex photonic systems, the actuation
of LCE cavities should not be realized using a macroscopic heating resistor. In-
stead, the integration of an organic absorber dye should enable a free-space optical
actuation of the resonators [16,38].

In summary, the here presented LCE resonators offer a very large and precise spec-
tral tunability compared to other polymeric WGM cavities with comparable quality
factors. Furthermore, this tunability has been achieved fully on chip scale and can
be initiated under the application of various external stimuli. Hence, these cavities
yield a high potential as tunable elements in future all-polymeric photonic platforms.

88



Chapter 6

Tunable coupling of modes in
chip-scale photonic molecules

In the following chapter, the variable coupling of photonic molecules (PMs) con-
sisting of disk-shaped WGM resonators on actuating chip-scale LCE substrates is
exemplarily demonstrated for two cavities.

In Sec. 6.1, the basic principle of tunable evanescent coupling of WGM cavities with
a variable inter-cavity distance is introduced. Herein, a short overview of tunably
coupled PMs based on WGM cavities reported in literature within recent years is
given and the controllability of the inter-cavity distance of a PM under thermal ac-
tuation of an LCE substrate is demonstrated. Afterwards, the system of two tunably
coupled WGM cavities is analytically solved using coupled-mode theory in Sec. 6.2:
Delocalized supermodes are presented as the solution of the coupled system. The
single-fiber transmission spectra of a tunably coupled LCE-PM as well as the in-
tensity transfer through the PM in add-drop configuration are calculated from the
driven solutions of the system. In Sec. 6.3, the precisely and widely tunable cou-
pling of the PM is revealed based on experimental data and its coupling strength
is computed from mode splittings in FTS measurements. Afterwards, the PM’s
potential as tunable add-drop filter is demonstrated in Sec.6.4. The controllability
of the intensity transfer through the PM in add-drop configuration is presented by
means of 2FTS measurements. Herein, the enhancement of this transferred intensity
with the actuation temperature of the substrate is compared to expectations based
on coupled-mode theory. Finally, the demonstrated tunable coupling of photonic
molecules is shortly assessed with respect to a future upscaling to larger ensembles
of coupled cavities as well as an integration of such PMs into more complex photonic
systems in Sec. 6.5.
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Large parts of the calculations and experimental results presented within this chapter
have been obtained in close cooperation with Osman Karayel and Pascal Rietz within
their Master’s theses [62,142] and are published in [225].

6.1 Basics of variable evanescent coupling of WGMs

The discrete eigenstates of optical micro cavities in general are comparable to the
electronic states of an atom. This is especially true for spherical WGM resonators
for which the field distributions of the optical modes are given by a set of spherical
harmonics. Although the modes in other micro cavities are given by different sets
of solutions (for disk-shaped WGM cavities see Sec.2.2), the similarity to the elec-
tronic states of atoms still holds. Therefore, optical micro cavities are referred to as
photonic atoms [242,243].

In analogy to the formation of molecules from single atoms, ensembles of coupled
optical micro cavities are also called photonic molecules [20,21]. Similarly to the
modified electronic states in molecules, the optical eigenstates of photonic molecules
are given by so-called supermodes which are spatially delocalized over the whole
ensemble of coupled cavities and are spectrally split and shifted in comparison to
the single-cavity resonances (see Fig. 6.2(b)). The resonance frequencies of these su-
permodes as well as additional key characteristics of PMs are computed in Sec. 6.2
for the case of coupled WGMs using CMT.

Within recent years, photonic molecules have been realized from various kinds of
optical micro cavities, including photonic crystals [244, 245], plasmonic nano cav-
ities [246], and micro pillars [20]. Herein, the coupling of the single cavities is
typically enabled using connective photonic elements as structured waveguides. In
comparison therewith, photonic molecules from WGMs are of special interest for
future photonic applications (see Sec.2.3), as their evanescent coupling facilitates a
PM formation of nearly arbitrary ensembles of large numbers of cavities as long as
all inter-cavity distances are sufficiently small [247].

The possibility of an evanescent coupling of two WGM cavities is inherent to their
fundamental physical working principle. Due to the total internal reflection of a
WGM at the outer rim of its cavity, a small fraction of the mode is evanescently
guided in the cavity’s close surrounding (as introduced in Sec.2.1 and Fig.2.1).
These evanescent fields decay on the length scale of the wavelength and do not carry
energy [42]. This however changes, if the evanescent fields penetrate into a dielectric
medium in which they can propagate. In this case, a propagating wave is excited
inside the penetrated dielectric medium and an energy transfer takes place (compare
Fig.6.2(a)). This process can also be understood in a quantum mechanical picture
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as tunneling. Within the scope of fiber-transmission spectroscopy, this effect is
deployed to realize an efficient coupling between waveguide and resonator mode (see
Sec. 3.1.2). Within ensembles of WGM cavities in close spatial proximity, it induces
an evanescent but efficient coupling between all single-cavity resonances [20)].

A key requirement of various applications of PMs in general is a tunability of the cou-
pling between the single cavities. This can be achieved in real-time via a spectral de-
tuning of the contributing single-cavity resonances using, e.g., optical [248], acousto-
optical [249] or electro-optical stimuli [250]. In WGM-based photonic molecules, the
coupling strength itself depends on the spatial overlap of the evanescent parts of the
single-cavity WGMs [97]. Hence, a more convenient tuning of the PMs’ coupling
strength regarding future photonic applications is feasible based on an adjustment
of their inter-cavity gaps. This is usually achieved by mounting all cavities onto
independent piezo actuators [28,117,135,137]. Although this approach offers a very
high resolution of the coupling strength, it strongly limits the number of simultane-
ously coupled resonators. Usually, only two cavities are tunably coupled this way.
Furthermore, the overall size of this setup is on the macro scale, which hinders the
on-chip integration of such tunably coupled PMs into complex photonic systems.

A first step towards overcoming this issue has been demonstrated by Siegle et
al. [170]: By mounting several WGM cavities to a macro-scale PDMS elastomer
substrate, the flexibility of the substrate under mechanical stress has been used
to reversibly change the inter-cavity distances and therefore control the coupling
strength. The tunable coupling has been revealed from photoluminescence spectra
of delocalized lasing supermodes. Despite the advances of this approach, the appli-
cation of direct mechanical stress still requires macroscopic mechanical tools.
Within the scope of the present work, a tunably coupled photonic molecule fully on
chip scale has been developed via an adaption of the formerly mentioned system.
This has been achieved by using chip-scale substrates from liquid crystal elastomers
as introduced in Sec.4.2. These substrates offer a reversible contraction along their
pre-defined director under various external stimuli. This contraction can be ap-
plied to reversibly adjust the inter-cavity distance and thus the coupling strength
of WGM cavities fabricated onto such substrates. As introduced in Sec. 4.5, LCE
substrates with domains of independent pre-defined director orientation on the scale
of a few micrometer are conceivable due to recent advances in 3D laser printing
of LCE [194,196]. Such substrates are expected to enable a tunable coupling of
nearly arbitrary two-dimensional ensembles of WGM cavities on these substrates.
Furthermore, this coupling should be controllable under various external stimuli as
electric/magnetic fields or illumination.
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Figure 6.1: The photonic molecule consisting of two rigid disk-shaped WGM cavities with
different radii on an LCE substrate. (a) Illustration of the working principle of the LCE-
PM. Due to a decrease of the degree of molecular order, the LCE substrate reversibly
contracts along the axis of the PM under local heating. This induces a reduction of the
inter-cavity distance with elevating actuation temperature of the substrate Ty, leading
to an increase of the degree of evanescent coupling. (b) Colored optical micrographs of
the inter-cavity gap of an LCE-PM with radii of Ry = 20pum and Rz = 30 pm at different
actuation temperatures. The inter-cavity distance is reduced from around 2 pm at room
temperature below the diffraction limit of the used optical microscope at 72°C. Adapted
with permission from [225] (C) Optica Publishing Group.

To demonstrate the great potential of this approach, a proof-of-principle system is
introduced here: Two disk-shaped WGM cavities on a chip-scale LCE substrate
with homogeneous director orientation are tunably coupled using the contraction of
the LCE under local substrate heating via a macroscopic heating resistor as exter-
nal stimulus. The fabrication of this LCE-PM has been carried out as described in
Sec. 4.2 and Sec. 4.3. An illustration of its working principle as well as exemplary op-
tical micrographs of the gap between two WGM resonators shrinking under elevating
actuation temperature T, are shown in Fig.6.1. (A more detailed investigation of
the inter-cavity distance changing with T, is exemplarily given in App.C.1.) An
SEM micrograph of an LCE-PM is depicted in Fig.4.7.

All experimental data presented in this section has been achieved by coupling two
size-mismatched WGM cavities with radii of R; = 20pm and Ry = 30 pm. These
radii have been chosen solely due to experimental convenience. In general, these
radii as well as their ratio are only limited by the applied fabrication technique.
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Within the proof-of-principle measurements in this work, the coupling of the LCE-
PM has always been controlled via thermal actuation of the LCE substrate. The
inter-cavity distance at room temperature fluctuates between the different investi-
gated LCE-PMs due to the limitations of the 3DLP fabrication process (see Sec. 4.3).
Hence, the absolute actuation temperatures of the different performed measurements
are not directly comparable.

6.2 Analytical description using coupled-mode theory

Before the tunability of the LCE-PM’s coupling under substrate heating is inves-
tigated using FTS measurements in Sec.6.3 and 2FTS measurements in Sec. 6.4,
the system of two tunably coupled WGM cavities is analytically described using
coupled-mode theory. First, delocalized supermodes are presented as the eigenstates
of the system of coupled harmonic oscillators. Afterwards, the photonic molecule
is investigated coupled to one and two optical waveguides. Parts of this analytical
description are based on [59, 97,133, 135], can also be found in Osman Karayel’s
Master’s thesis [62] and are published in [225].

6.2.1 Delocalized supermodes as eigenstates of coupled resonators

The analytical calculation given here models the two tunably coupled WGM res-
onators as lossy harmonic oscillators with a mutual perturbation 7. This setup is
also illustrated in Fig. 6.2(a): The overlap of the evanescent fields of the two WGM
resonances leads to a mutual perturbation within their coupling region. n depends
on the integral over the spatial overlap of the evanescent fields of the two coupled
WGMs [97]. Its absolute || is a coupling strength with the dimension of a frequency.
In analogy to Eq. (2.3), the following system of coupled linear differential equations
is assumed:

%al(t) = (iwl — 2%) ay(t) — in*as(t)

(6.1)
a0 = (12— 5 ) a0 = 0.

27'2

Herein, a;(t) with j = 1,2 are the field amplitudes within the two coupled cavities
with resonance frequencies w; and intrinsic photon lifetimes 7;. Using an exponential
ansatz, the complex eigenfrequencies

. 2
su:—ﬁﬂgﬂﬁi¢w%iﬂqﬁi (62)
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Figure 6.2: Supermodes in evanescently coupled WGM cavities. (a) If two WGM cavi-
ties (j = 1,2) with field amplitudes a;(t), resonance frequencies w; and intrinsic photon
lifetimes 7; are in close spatial proximity, their evanescent fields overlap and the modes
are coupled. The inset illustrates a cross-section of the coupling region with overlapping
evanescent fields. (b) depicts field amplitudes of such coupled WGMs in the (p, ¢)-plane
of the cavities calculated using finite-element method. As evident from these simulations,
bonding and anti-bonding supermodes form. In case of the bonding modes, field extrema
of the same sign face each other in the two disks, inducing a strong field enhancement
within the inter-cavity gap. For anti-bonding modes, the opposing field extrema of op-
posite sign lead to a zero-crossing of the field strength within the gap. The resonance
frequency of the bonding/anti-bonding supermode is shifted to lower/higher frequencies
in comparison to the uncoupled modes, respectively. (b) adapted from [142].

with a; = iw; — 1/(27;) are found. These eigenvalues correspond to the resonant
supermodes of the system of coupled cavities. The real part of €24 represents the
resonance frequencies of these modes. As commonly known, the coupling of formerly
independent modes usually leads to an avoided-crossing behavior. In the calculations
presented here, this behavior is apparent in the spectral splitting of the supermodes.
Under the assumption of similar intrinsic photon lifetimes 7, & 75, this splitting is

given by
AQ=Q, —Q_ ~/4|n]” + Aw?. (6.3)

If the spectral distance of the uncoupled modes Aw = w; — ws is small compared to
the coupling strength ||, the spectral splitting of the supermodes is approximately
equal to the coupling strength (Herein, w; > ws has been chosen without loss of
generality.). For small spectral splittings compared to the resonance frequencies
themselves (meaning Aw < wy,wy; and AQ < Q,, ), the coupling strength can
also be calculated from the uncoupled (AX = Ay — A1) and coupled (AA =A_—A})
spectral splittings in the wavelength regime:

1| ~ i—Z\/AAQ — AN (6.4)
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with the speed of light ¢ and a central wavelength A\, = (A2 — A1)/2. Equation (6.4)
is used in Sec. 6.3 to calculate the coupling strength of a tunably coupled LCE-PM
from mode splittings in single-fiber transmission spectra.

Physically, the two solutions to the set of differential equations in Eq.(6.1) can
be understood as a so-called bonding and an anti-bonding supermode (labeled in
analogy with electronic states in atoms). These modes differ by their relative orien-
tation of the field distributions within the coupling region of the two cavities under
consideration. In case of the bonding supermode (—), extrema of the same sign
oppose each other in both resonator disks. The constructive superposition of the
amplitudes of the single modes leads to a field enhancement within the air-filled gap
and a smaller resonance frequency. For anti-bonding supermodes (+), the opposing
field extrema of opposite sign induce a zero crossing of the field amplitude within
the gap and shift the resonance frequency to higher values. These different kinds of

supermodes are also illustrated by results from finite-element method simulations in
Fig. 6.2(b).

The localization of these supermodes is investigated based on the eigenvectors to
the eigenvalues given in Eq. (6.2). These eigenvectors are given by

(Z;Ei;) =Cy (_A‘;‘;mea“> exp (iQ41) + C- ( A U ) exp (I0_t) . (6.5)

mean

with unknown normalization factors C'y and Awpean being the mean of the spectral

splittings with and without coupling:

Aw + AQ
5 .

By inverting Eq. (6.5), the field amplitudes C. exp (i24t) of the two supermodes are
found:

(croters) - AT (Y + (o) Yol 6

mean

(6.6)

AWmean -

Equation (6.7) describes the composition of the field amplitude of each supermode
from the field amplitudes a;(t) localized within the single cavities (j = 1,2).

In the absence of coupling (7 = 0), Awmean is equal to Aw and Eq. (6.7) describes
two uncoupled WGMs each propagating in its own cavity. For an increasing cou-
pling (n > 0), the field amplitude of each supermode is non-zero in both cavities. In
the theoretical limit of an infinite coupling (7 — 00), both 7 and Awyean are equal.
In this case, also the absolute value of the field amplitude of each supermode is equal
in both cavities, indicating a perfect delocalization of the supermodes. In general,
the ratio of || and Aw?_,. can be used as a measure for the delocalization of the

intensity of supermodes. This ratio ranges from 0 in the case of no coupling to 1 in
the case of an infinitely strong coupling.
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6.2.2 Fiber-transmission spectra under waveguide excitation

In Sec. 6.3, the tunable coupling of an LCE-PM is investigated using fiber-transmission
spectroscopy with one tapered optical fiber. Therefore, this waveguide is now in-
cluded into the analytical calculations.

In the following, a measurement configuration as introduced in Sec. 3.1 and Fig. 3.1(b)
with two coupled WGM cavities instead of a single one is considered. In analogy to
the analytical description of FTS of a single cavity (see Sec.3.1.1), the waveguide is
assumed to be coupled to WGM cavity 1 by a coupling coefficient of p;,, therefore
introducing an additional loss accommodated for by the photon lifetime 7, = |,uin|72
and carrying a waveguide mode s;(t) = Spexp iwt propagating from the input port
towards the LCE-PM. This leads to a modification of the system of coupled differ-
ential equations in Eq. (6.1):

d 1 1
—ay(t) = iw — — — ay(t) — in"as(t) — ipinSo exp iwt
dt 27’1 27—in (6 8)

%@®:<mr5%)@®—mM®.

Since the LCE-PM is driven by the external frequency w, only the particulate so-
lution of these equations is of interest. The expected transmission dip of a tunably
coupled LCE-PM within F'TS measurements can be estimated from the transmission
at the through port of the incoupling fiber. This transmission is computed following
Eq. (3.5) and (3.6):

| 2

t in
t : 1_—1 1.1 0|
si(t) Hw—w) + 31 97 T oot
2

This equation is significantly more complex than in the case of a single cavity (see
Eq.(3.6)) and can not be analytically evaluated without additional effort. Never-
theless, in the limit of a vanishing inter-cavity coupling (n — 0), Eq.(3.6) of the
FTS transmission dip of a single WGM cavity is reproduced. In Sec. 6.3, Eq. (6.9)
is plotted for different values of |n| and compared to experimental FTS spectra of a
tunably coupled LCE-PM in Fig.6.3(b).

6.2.3 Intensity transfer through a PM in add-drop configuration

As a next step, an additional outcoupling fiber is assumed to be evanescently coupled
by tout to cavity 2. The possible energy transfer from cavity 2 into the outcoupling
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6.2 Analytical description using coupled-mode theory

fiber is accommodated for by an additional photon lifetime 7o, = | ,uoutr2 of that
cavity. As this waveguide does not carry a mode (except of what is coupled from the
LCE-PM itself), it is included into the system of differential equations in Eq. (6.8)
as it follows:

d 1 1
—ay(t) = (1w1 -5 ) a1(t) —in*as(t) — ipinSo exp iwt

2 2T
dt T Tin (6.10)
L) = (iwn — = — 1) aot) — ipar (1)
dta2 N 2 27'2 27—out 2 1 ’

Within the context of 2F'TS measurements, the coupled system again follows the
external driving frequency, hence only the particulate solution is of interest. For the
transmission to the through port at the end of the incoupling fiber, Eq. (6.9) with
the substitution 1/(279) — 1/(272) 4+ 1/(27out) is reproduced. As also demonstrated
in Sec. 3.2 and Fig. 3.5 for the case of 2FTS measurements on single WGM cavities,
this mainly increases the FWHM of the transmission dips.

To investigate the intensity transfer through a tunably coupled LCE-PM in add-drop
configuration, the waveguide mode to the drop port at the end of the outcoupling
fiber is of interest. In analogy to the analytical description of 2F'TS measurements
of a single cavity, the amplitude of this mode can be computed using Eq. (3.10). The
relative intensity at the drop port is given by:

L 2 (6.11)
1fbin oy 7]
[{(w—w)+ it + 3] x [i(w—w) + 375"+ Arot] + Il

(Note: The same result can be obtained using energy conservation: To compute
the mode amplitude at the drop port, the amplitude at the through port as well as
the intrinsic losses of both cavities are subtracted from the amplitude of the input
mode. The intensity at the through port has been calculated earlier, the intrinsic
losses can be directly calculated from the particulate solutions of the amplitudes of
both cavity modes. [225])

The relative amplitude at the drop port given in Eq. (6.11) can again not be ana-
lytically evaluated in an easy manner. To still get a feeling of the dependency of
the relative transferred intensity on the various physical parameters, Eq. (6.11) is
plotted for different sets of these parameters in App. C.3. In Sec.6.4.2, Eq. (6.11) is
simplified based on several assumptions and compared to experimental data of the
intensity transfer through a tunable coupled LCE-PM.
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6.3 Tunable coupling determined from resonance split-
tings of supermodes

The tunable coupling of an LCE-PM is now demonstrated experimentally and com-
pared to its analytical description. The investigated LCE-PM consists of two size-
mismatched cavities with radii of Ry = 20pm and Ry, = 30nm, similar to that
shown in the SEM micrograph in Fig. 4.7. The working principle is demonstrated in
Fig.6.1(a).

The reversible coupling of the WGMs under thermal actuation of the LCE substrate
is revealed based on the evidence of the generation of delocalized supermodes in
FTS spectra. Afterwards, the coupling strength |n| as well as its change with in-
creasing actuation temperature T, is derived from the spectral splitting of these
supermodes.

Parts of the results presented here have been achieved in close cooperation with
Osman Karayel and Pascal Rietz within the scope of their Master’s theses [62, 142]
and are published in [225,251,252].

6.3.1 Spectral splitting of resonant supermodes induced by thermal
substrate actuation

The tunable evanescent coupling of an LCE-PM is experimentally demonstrated via
the generation of delocalized supermodes. Single-fiber transmission spectra of such
an LCE-PM are compared to analytical calculations based on CMT.

As the actuation temperature of the LCE substrate and therefore the coupling
strength |n| are gradually increased, a continuous transition from independent single-
cavity resonances into delocalized supermodes of the coupled PM is expected. This
transition should be accompanied by an increasing spectral splitting of the bonding
and anti-bonding supermode AA (see Eq. (6.4)) as well as a decreasing asymmetry of
the field amplitudes of each supermode within the two cavities (see Eq. (6.7)). The
asymmetry of the depth of detected transmission dips is however only indirectly
connected to the asymmetry of the field amplitudes given in Eq. (6.7). Nevertheless,
the dips’ asymmetry is expected to vanish in case of strong coupling (|n| — o)
and can thus be used as a qualitative indicator for the degree of delocalization of
the supermodes. Furthermore, single-cavity resonances should be detectable in only
one of the two cavities, while delocalized supermodes are expected to appear in the
fiber-transmission spectra of both resonators.
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Figure 6.3: Demonstration of the generation of delocalized supermodes due to evanescent
coupling. With elevating actuation temperature T,., the inter-cavity distance is reduced
and the coupling strength |n| is increased. (a) depicts FTS spectra of an LCE-PM at
different exemplary Toet between 48°C and 71°C. The two spectra at each temperature
step represent measurements with the fiber coupled to either one of the two cavities con-
secutively. (red/blue: fiber coupled to small/large cavity, respectively. See pictograms in
(b).) While for weak coupling two spectrally close but independent WGMs are detected
in the cavities, two resonances are found in each cavity for high |n|. The asymmetry of
the depth of the two dips within one spectrum decreases with increasing |n|. A spec-
tral splitting AA of the supermodes is evident. In (b), corresponding fiber-transmission
spectra are calculated using Eq. (6.9). Required fitting parameters are derived from the
experimental data in (a) and critical fiber-resonator coupling has been assumed. A strong
similarity of the measured and calculated spectra is apparent, including the asymmetry of
the resonance dips. The slight deviations of the absolute depth of the dips are caused by
a changing fiber-resonator coupling. (a) sample fabrication and measurement performed
by Pascal Rietz [142] and data partly published in [225], (b) adapted from [62].

The mode structure of an LCE-PM under elevating substrate temperature is in-
vestigated using single-fiber transmission spectroscopy. To gain a more thorough
understanding of the mode structure, two spectra with the fiber coupled to each of
the two WGM cavities have been detected consecutively and are compared. Fig-
ure 6.3(a) depicts fiber-transmission spectra of a tunably coupled LCE-PM at six
exemplary actuation temperatures ranging from T, = 48°C to 71°C. An allo-
cation of the two spectra at each temperature step to their measurement configu-
ration (red/blue: fiber coupled to small/large cavity, respectively) is given by the
color-coded pictograms in Fig. 6.3(b).

In the case of a low substrate actuation temperature, two nearly degenerate but
independent single-cavity resonances are found in the two cavities. As T, (and
therefore also |n|) is increased, two resonance dips appear in each spectrum, indi-
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cating the beginning of a gradual delocalization of the now coupling modes. Also,
a slightly larger spectral distance of the two dips is found. The depth of the dips of
each spectrum is still strongly asymmetric.

Increasing the coupling strength even further, both effects get more pronounced.
In case of the highest actuation temperature of 71°C, the two transmission dips
are nearly symmetric in both spectra. The spectral distance is more than 5 times
larger than that of the uncoupled modes. This spectral distance of the two dips in
the spectra directly corresponds to the resonance splitting AA of the bonding and
anti-bonding supermode given in Eq. (6.4).

Furthermore, a maximum delocalization ratio of |77|2 JAW? .. = 0.69 is calculated
from the spectral splitting of the supermodes using Eq. (6.6). This value gives the
ratio of the intensities of a supermode localized within either of the two cavities and
thus further supports the hypothesis of strongly delocalized supermodes.

In summary, the increasing spectral distance of the transmission dips in combination
with their approximately symmetric depths and the high calculated delocalization
ratio clearly proofs the gradual generation of delocalized supermodes under thermal
actuation of the LCE substrate.

To get a better understanding whether the detected asymmetry matches its ana-
lytical description given in Sec.6.2.1, the measured spectra are compared to the
analytically calculated transmission at the through port given in Eq. (6.9). Respec-
tive calculated spectra are depicted in Fig. 6.3(b).

To calculate these spectra, the uncoupled resonance wavelengths of the two con-
tributing WGMs as well as their intrinsic photon lifetimes have been estimated from
Lorentzian fits to the transmission dips of the measured spectra in the uncoupled
case. Furthermore, a critical fiber-resonator coupling |u;,| has been assumed. The
inter-cavity coupling strength |n| has been computed from the experimental spectral
splittings following Eq. (6.4). (Hence, a perfect matching of the spectral splittings
of the two data sets is pre-defined.)

Comparing the calculated spectra in Fig. 6.3(b) to the experimentally detected ones
in Fig.6.3(a), the general shape of the spectra as well as the asymmetry of the two
resonance dips within one spectrum show a strong similarity between the two data
sets. This resemblance again confirms the formation of delocalized supermodes due
to a tunable evanescent coupling of the WGM cavities. It furthermore also con-
firms the utility of the analytical description based on coupled-mode theory given
in Sec. 6.2.
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6.3.2 Exponential behavior of the coupling strength

After the tunable evanescent coupling of the LCE-PM has been revealed via the
formation of delocalized bonding and anti-bonding supermodes in the previous sec-
tion, the change of the coupling strength |r| with increasing actuation temperature
is now investigated in detail. This is done using the spectral splitting of the already
discussed delocalized supermodes in F'T'S spectra.

Based on common properties of the LCE, an approximately linear contraction of the
substrate in the investigated temperature regime is expected [189]. (This assumption
is further supported by the linear change of the resonance wavelength under thermal
tuning of WGM cavities entirely made from the same LCE material demonstrated
in Fig5.2.) As the coupling strength is proportional to the spatial overlap of the
exponentially decaying evanescent fields of the WGMs [97,133], the expected linear
decrease of the inter-cavity distance with elevating substrate actuation temperature
should lead to an exponential increase of the LCE-PM’s coupling strength || .

To investigate the coupling strength ||, the resonance splitting of the bonding and
anti-bonding supermode is determined from single-fiber transmission spectra as al-
ready introduced in Fig. 6.3(a). In the coupled regime at high actuation temperature,
this spectral splitting AA is deduced from each of the FTS spectra with the fiber
coupled to one of the two WGM cavities. In the uncoupled regime, the spectral
distance of the independent single-cavity WGMs A\ is determined by comparing
the two spectra measured at one value of T,.;. This is also illustrated in Fig. 6.4(a),
where FTS spectra detected in the uncoupled (48 °C, bottom) and coupled (72°C,
top) regime are depicted including applied Lorentzian fits. An allocation of the
spectra to their respective measurement configuration is given by the color-coded
pictograms. Again, the appearance of two resonance dips in each of the spectra in
the coupled regime is visible. For the spectra in the uncoupled/coupled regime, the
spectral distance of the single-cavity WGMs/spectral splitting of the bonding and
anti-bonding supermode is indicated, respectively.

The change of the resonance splitting with elevating T, is investigated for several
temperature steps between T, = 48°C and 72°C, as depicted in Fig. 6.4(b). Herein,
the very first and last data points correspond to the spectra shown in Fig. 6.4(a). In
the uncoupled regime (gray area), the spectral distance of the independent single-
cavity WGMs is plotted (As this spectral distance has been computed by comparing
two consecutively detected spectra, the precision of these data points is given by
the absolute wavelength precision of the used laser source.). In the coupling regime,
an significant increase of the resonance splitting AA is evident. By elevating the
actuation temperature, the resonance splitting of the supermodes is increased in a
continuous and super-linear manner to more than 5 times the spectral distance of
the single-cavity WGMs.
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Figure 6.4: Exponential change of the coupling strength with elevating actuation temper-
ature. (a) FTS spectra around a (temperature-dependent) center wavelength A. at two
exemplary Tyt of 48°C and 72°C (compare Fig.6.3(a)). At each T, two spectra with
the fiber coupled to either one of the two cavities have been detected consecutively (see
color-coded pictograms) and Lorentzian fits have been applied. At low T, the spectral
distance A\ of the uncoupled single-cavity WGMs is determined from the two indepen-
dent spectra. At high T,., the spectral splitting AA of the delocalized bonding (A_) and
anti-bonding (A ) supermode can be computed from each single spectrum separately. (b)
In the uncoupled regime (gray area), A\ does not depend on the actuation temperature
of the substrate. In the coupled regime above 60°C, the resonance splitting AA shows
a super-linear increase with T,e. The maximum of AA is more than 5 times AX. (c)
The coupling strength |n| is computed from the resonance splitting in the coupled regime
in (b) using Eq. (6.4) and depicted versus Tyt on a semi-logarithmic scale. For substrate
temperatures above 63 °C, a nearly perfect exponential behavior up to more than 200 GHz
is found, as indicated by the applied linear fit. This exponential increase meets the expec-
tations based on the exponential nature of the evanescent fields of the WGMs. Reprinted
with permission from [225] (©) Optica Publishing Group.

Finally, the coupling strength || is computed for each actuation temperature using
Eq. (6.4) and depicted versus T, on a semi-logarithmic scale in Fig. 6.4(c). Herein,
the spectral distance at an actuation temperature of 48°C is used as A\ of the
uncoupled case for all T,.. In general, this choice is critical due to a possible tem-
perature dependency of the single-cavity resonance wavelengths. In the presented
case however, this temperature dependency is negligible, as shown in App.C.2. As
the calculation of a coupling strength is not reasonable in the uncoupled regime
for Tt < 60°C, no data is presented in the gray area.

For 61°C < T, < 63°C, the coupling strength seems to be approximately constant.
This is attributed to the fact that the change of AA due to an increasing coupling
strength || is still on the same scale as the inaccuracy of A\X. For larger actuation
temperatures however, a nearly perfect exponential increase of |n| with the the sub-
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strate actuation temperature is found. This is also illustrated by the applied linear
fit. The exponential behavior of |n| perfectly matches the expectations based on the
exponential nature of the WGMs’ evanescent fields.

As apparent from the fit applied in the coupling regime, the coupling strength || of
the presented LCE-PM can be changed by a factor of 2 under a temperature change
of only 3.5 K. Furthermore, a maximum coupling strength of more than 200 GHz
has been realized.

A quantitative comparison of the achieved coupling to that of other (tunably) cou-
pled WGM-based photonic molecules is given in Sec.6.5. Based on the inter-cavity
distance of such LCE-PMs at room temperature (see Fig.6.1(a)) and the change of
this distance with the actuation temperature (see App.C.1), the achieved coupling
strength is expected to be close to the maximum achievable coupling of the inves-
tigated modes in the case of touching cavities. This maximum coupling strength
could however be increased by, e.g., a decrease of the radii of the WGM cavities.

The coupling strength of 207 GHz has been achieved fully on chip scale in a tunable
and reversible manner by heating the substrate of the uncoupled LCE-PM from
room temperature by around 50 K. This clearly demonstrates the great potential
of the presented LCE-PM as a precisely and widely tunable PM in future photonic
applications.

6.4 Chip-scale photonic molecules as tunable add-drop
filters

After the widely and precisely tunable coupling of the presented chip-scale LCE-PM
has been demonstrated in the previous section, here a route towards a possible appli-
cation of this tunability is presented. To that end, the controllable intensity transfer
through an add-drop filter based on an LCE-PM is revealed using 2FTS spectra.
At first, the generation of delocalized supermodes is shown to be a fundamental
requirement of any intensity transfer through the LCE-PM. Afterwards, the con-
trollability of the amount of transferred intensity using the actuation temperature
of the substrate as stimulus is demonstrated. The dependency of this transferred
intensity on T, is compared to expectations based on the analytical calculations
introduced in Sec. 6.2.3.

The results presented in this section have again been achieved using a pair of size-
mismatched WGM cavities with radii of Ry = 20pm and Ry = 30 pum. This PM
has been investigated using 2FTS measurements as introduced in Sec. 3.2. Within
such 2FTS spectra, both fiber-resonator couplings |ui,| and |pou| strongly influence

103



Chapter 6. Tunable coupling of modes in chip-scale photonic molecules

the transferred intensity. To compare the amount of transferred intensity in differ-
ent measurements, this influence needs to be taken into account. This is however
only feasible in an averaging manner as explained in detail in App.C.5. All mea-
surements presented in this section have been normalized following this approach.
Unfortunately, this averaged normalization causes a significant scattering of the ex-
perimental data. Nevertheless, this scattering is mainly attributed to the applied
measurement approach of 2FTS and is therefore not an issue inherent to the perfor-
mance of an LCE-PM itself.

Parts of the results in this section have been achieved in close cooperation with
Pascal Rietz within his Master’s thesis [142] and are published in [225].

6.4.1 Reversible generation of resonant supermodes as requirement
for intensity transfer

To demonstrate the generation of delocalized supermodes to be the fundamental
requirement causing the intensity transfer through a tunably coupled LCE-PM, the
transferred intensity Iy in the coupled regime at high temperature is compared to the
single-fiber transmission spectra of the two WGM cavities. An exemplary measure-
ment is depicted in Fig.6.5(a). The configuration of the performed measurement is
illustrated by the color-coded pictogram. The choice of incoupling and outcoupling
waveguide is arbitrary and not expected to influence the following results.

For both single-fiber transmission spectra, a large number of Lorentz-shaped res-
onance dips within the expected free spectral ranges of Alpsgr; ~ 12nm and
AMpsr2 ~ 8nm are apparent. Regarding the transferred intensity, fewer but also
Lorentz-shaped peaks appear. These peaks only exist at spectral positions of pro-
nounced resonance dips in both single-fiber transmission spectra.

A magnified depiction of the peaks and dips highlighted by a green background is
given in the center plot of Fig.6.5(b). Herein, the supermode character of the re-
garding resonances becomes apparent: Both single-fiber transmission spectra show
two spectrally close resonance dips with an approximately inverted asymmetry of
their amplitudes. This perfectly matches the appearance of delocalized supermodes
as calculated in Eq. (6.9) and demonstrated in Fig. 6.3 and Fig. 6.4(a).

The transferred intensity shows two Lorentzian peaks of approximately similar height
at the same two spectral positions. This observation generally matches the expecta-
tions based on Eq. (6.11) (compare App. C.3) and therefore again demonstrates the
experimentally found intensity transfer to be induced by the generation of delocal-
ized supermodes.
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Figure 6.5: Delocalized supermodes as fundamental requirement for an intensity trans-
fer through an LCE-PM in 2FTS measurements. (a) Single-fiber transmission spectra of
both cavities (blue/red) and the 2FTS intensity transfer through the LCE-PM (gray) at
an elevated T, of 72°C are plotted. (Measurement configuration given by color-coded
pictogram.) In both single-fiber transmission spectra, several resonance dips are present.
In the transferred intensity, a comparably small number of peaks appears. These peaks
only exist at spectral positions, for which dips are found in both single-fiber spectra. This
indicates the generation of delocalized supermodes to induce the energy transfer (compare
Sec.6.3). In (b), a detailed investigation of peaks and dips in (a) (highlighted by green
background) is performed. For this spectral region around a (temperature dependent) cen-
tral wavelength ., all three spectra are depicted at high T, (middle), as well as at room
temperature prior to (left) and after (right) substrate heating. Prior to heating, spectrally
close but independent single-cavity WGMs (compare Fig.6.3(a) and Fig.6.4(a)) and no
intensity transfer are found. At increased T,c, delocalized supermodes with asymmetric
resonance dips are found in the single-fiber spectra. The 2FTS spectrum shows two peaks
of comparable height at the same spectral positions. The slightly smaller amplitude of the
left peak can be attributed to its smaller quality factor (see Eq.(6.11)). Comparing the
spectra after and prior to heating, the reversibility of the tunable coupling is obvious. (a)
data partly published in [225] (©) Optica Publishing Group, (b) reprinted from [251,252].

As the absolute values of the fiber-resonator couplings |fin out| do significantly in-
fluence the curve shape of the transferred intensity and are not known, a direct
comparison of the experimental data in Fig. 6.5 with Eq. (6.11) is spared here. Nev-
ertheless, the small height difference of the two intensity peaks can be attributed to
the also differing quality factors that are evident from their FWHMs. The existence
of what seems to be single peaks of transferred intensity in Fig.6.5(a) is attributed
to a small coupling strength compared to the respective intrinsic losses inducing a
resonance splitting smaller than the modes” FWHM.
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Comparing the spectra at elevated temperature in Fig. 6.5(b) with those prior to (left)
and after (right) substrate heating, the intensity transfer due to the reversible gen-
eration of delocalized supermodes is further validated: As in the case of the FTS
spectra in Fig.6.4(a), spectrally close but independent single-cavity WGM reso-
nances are found at low actuation temperatures. As these modes are not coupled,
no intensity transfer through the LCE-PM is detected. This holds for the entire
spectral range investigated in Fig. 6.5(a), compare Fig. 6.6.

Comparing only the spectra prior to and after heating, also the high reversibility of
the tunable coupling of the cavities is obvious.

In combination, all these findings clearly demonstrate the controllable intensity
transfer through the presented LCE-PM via the generation of supermodes delo-
calized over both tunably coupled WGM cavities.

While the presented 2FTS spectra have already been used to demonstrate the con-
trollable intensity transfer through the LCE-PM, they are also expedient for a reli-
able identification of delocalized supermodes. This is directly evident from the fact
that in Fig.6.5(a) there are spectral positions where at least one single-fiber trans-
mission spectrum shows a resonance dip but no transferred intensity is detected. In
these cases, single-cavity WGMSs that are not part of a delocalized supermode due
to a lack of a coupling partner are detected in the single-fiber transmission spec-
tra. Using solely these single-fiber transmission spectra, such modes can only be
distinguished from delocalized supermodes by performing an elaborated analysis of
their behavior under an increasing coupling strength |n| as done in Sec. 6.3. Using
an additional 2F'TS spectrum on the other hand, delocalized supermodes can be
easily and reliably identified as only such supermodes induce an intensity transfer.
Therefore, 2FTS spectra are a very useful approach for the general characterization
of WGM-based photonic molecules.

6.4.2 Enhancement of the transferred intensity with increasing cou-
pling strength

After demonstrating the reversible generation of delocalized supermodes to induce
the intensity transfer through a tunably coupled LCE-PM, the dependency of this
intensity I4 on the actuation temperature T, is investigated in detail. This is done
by comparing the intensity transfer in 2FTS spectra of an LCE-PM at different ac-
tuation temperatures of the substrate. Such spectra are depicted in Fig.6.6. The
measurement configuration is illustrated by the pictogram. As the data has been nor-
malized for the fiber-resonator couplings in an averaging manner (also see App. C.5),
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Figure 6.6: 2FTS spectra demonstrating the enhancement of intensity transferred through
an LCE-PM under substrate heating. The intensity Iy transferred from the input port to
the drop port (see pictogram) is depicted for different actuation temperatures Tyet. These
intensities have been corrected for the fiber-resonator couplings in an averaging manner as
described in App. C.5. At room temperature, no intensity transfer is detected. Elevating
Tact above around 50 °C, several peaks arise. Going to even higher T,., both the number
as well as the height of the peaks generally increase. For some peaks, e.g. at A &~ 1512nm,
also the spectral splitting into two peaks of bonding and anti-bonding supermodes is
visible. From room temperature to Tyt = 72°C, an enhancement of transferred intensity
by a factor of more than 50 has been achieved. For the three highlighted peaks, the change
of the maximum intensity transfer with increasing T, is investigated in detail in Fig.6.7.
Reprinted with permission from [225] (C) Optica Publishing Group.

not the absolute peak heights of different supermodes but only the relative changes
of each single supermode with the actuation temperature are of interest.

At an actuation temperature close to room temperature, no intensity transfer is
found. This matches the fact that due to the room-temperature inter-cavity distance
of around 2 pm, no evanescent coupling of the WGM cavities is expected.

Heating the substrate above around 50 °C, few small intensity peaks arise. Elevating
T, even further, both the height of these peaks as well as the overall number of
peaks generally increases. This is reasonable due to the general increase of Iy with
the coupling strength |n| (see Eq. (6.11) and (6.12) as well as App. C.3). For some
intensity peaks (e.g. at A &~ 1512nm), the spectral splitting into a bonding and
anti-bonding supermode is large enough to be visible. Comparing the maximum
intensity transfer at T, = 72°C with the detected noise at room temperature, an
enhancement of 4 by a factor of more than 50 has been achieved. This enhancement
factor demonstrates the great potential of these LCE-PMs in applications such as
tunable filters.
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Regarding the three supermodes highlighted in Fig. 6.6, also strong differences are
apparent: The red supermode already shows a significant intensity transfer at com-
parably low actuation temperatures, while both the blue and green mode only be-
come apparent at higher values of T,.. These differences are mainly attributed to
the differing amplitudes and extents of the evanescent fields of different WGMs.
Comparing the peak heights at the two highest actuation temperatures for each
mode, also certain differences are visible. While both the blue and the green mode
still show a large increase of intensity transfer between these two measurements, the
red supermode seems to a approach a threshold value. To further understand this
issue, the presented experimental data is compared to the analytical calculations in
Sec.6.2.3.

As derived from CMT in Sec.6.2.3, the intensity transfer through an LCE-PM in
add-drop configuration is given by Eq. (6.11). This equation can not be easily evalu-
ated. To still get a feeling for the dependency of the transferred intensity on the actu-
ation temperature, additional assumptions have to be made: Equation (6.11) is eval-
uated for the case of resonators with identical resonance frequencies (w1 = ws =: wy)
and intrinsic losses (13 = 7 =: 7). Both fiber-resonator coupling coefficients are
assumed to be equal (pin = pows =: p and therefore 7, = Towy =: Thper). As the
maximum intensity transfer of each supermode is of interest, the relative transferred
intensity is computed for the case of the external driving frequency matching the
resonance frequency of one of the delocalized supermodes (w = wy £ |n|). Under
these assumptions, the relative transferred intensity is given as

16,42
Ii(w=wo £ |n]) = 160277 7 o (6.12)

with .
= ] (6.13)
T

describing the rate between the intrinsic losses of the cavities and their external
losses due to fiber coupling (o = 1 represents the case without intrinsic losses) and

B = |i|2 (6.14)
|l

being the rate between the inter-cavity || and the fiber-resonator coupling ||>.
Obviously, both o and g strongly influence the intensity Iy transferred through a
tunably coupled LCE-PM. A detailed evaluation of the influence of o on the curve
shape of I is given in App. C.4. As the intrinsic losses do not crucially change the
dependency of I3 on (3, Eq. (6.12) in the limit of vanishing intrinsic losses (meaning
a = 1) is compared to the experimental data in the following.
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Although the analytical expression describing the intensity transfer Iy is signifi-
cantly simplified in Eq. (6.12), it still depends on /3 instead of the actuation tem-
perature T,.;. Thus, a dependency of § on T, is found: Since the experimental
data has been normalized with respect to the influence of the fiber-resonator cou-
pling |u| (see App. C.5), the change of 5 with T, is expected to only depend on |7].
As demonstrated in Sec.6.3.2, |n| depends on T, in a nearly perfect exponential
fashion. Therefore, an exponential dependency of T, is assumed for [3:

Tac
B=:Axexp=2 (6.15)
To
with a constant pre-factor A and a temperature scale Ty. This finally leads to an
intensity transfer of

B 16 A% exp (2T et/ To)
1642 exp (2T /To) + 1
with Ty being the temperature scale on which |n| and therefore Iy changes with T.

The pre-factor A contains several unknown physical parameters and is therefore not
discussed further.

I (6.16)

To obtain a more thorough understanding of the maximum intensity transfer of a
delocalized supermode through a tunably coupled LCE-PM, Eq. (6.16) is compared
to the experimental data depicted in Fig.6.6. To that end, the maximum inten-
sity transfer of each of the three highlighted supermodes is plotted versus T, on
a semi-logarithmic scale in Fig.6.7. For each of the modes, the intensity has been
normalized to a maximum value of 1. A fit following Eq. (6.16) has been applied to
the data of each of the modes.

Despite the significant scattering of the experimental data, the applied fit function
approximately reproduces this data in case of all three modes. This demonstrates
the CMT-based equations (6.11), (6.12) and (6.16) to describe the dependency of
the relative intensity transfer through a tunable coupled LCE-PM on the actuation
temperature of its substrate in good approximation.

All three depicted supermodes show a significant increase of their intensity transfer
with T,e. For all three modes, the increase of the intensity transfer Iq norm iS approx-
imately exponential in the regime of low T,.. This is apparent from the linearity
of the applied fits on the left side of the plot. In this regime, the intensity transfer
is limited by the still small inter-cavity coupling strength |n|. As |n| exponentially
increases with elevating Ty, 50 does Iqnom. This is also evident from Eq. (6.12),
as the transferred intensity Iquom is approximately proportional to 8? in case of
small 3 (meaning 163% < o?).

Going to higher substrate temperatures and thus inter-cavity coupling strengths, the
intensity transfer of all modes eventually starts to flatten towards a T,-independent
threshold value. This case is described by Eq. (6.12) in the case of large § (meaning
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Figure 6.7: Change of the intensity transferred through a tunably coupled LCE-PM with
elevating substrate actuation temperature. For three supermodes (highlighted in Fig. 6.6),
the maximum intensity transfer is plotted on a semi-logarithmic scale versus Toct. The
intensities have been corrected for the fiber-resonator couplings in an averaging manner
as described in App. C.5. The intensity of each mode has been normalized to a maximum
value of 1 to enable a comparison of the relative changes of intensity with T,. The
experimental data of the three modes has been fitted using Eq.(6.16). For all three
investigated modes, a strong increase of the transferred intensity with T, is evident.
At low T,et, this surge is approximately exponential, as obvious from the linearity of the
applied fits. Going to higher T,., the intensity transfer of all investigated supermodes
seems to flatten and approach a maximum value. Despite the strong scattering of the
experimental data, the applied CMT-based fits nicely reproduce the general behavior of
the transferred intensity. Reprinted with permission from [225] (©) Optica Publishing
Group.

163? > a?), in which I om does not depend on 3 anymore. Physically speaking,
this maximum intensity transfer in the regime of large |n| is mainly limited by the
intrinsic losses of the WGM cavities.

As already observed from the data depicted in Fig. 6.6, the intensity of the differ-
ent modes starts to flatten towards their threshold at different values of T,.;. As «
and hence the intrinsic losses are only slightly affecting the relative change of the
transferred intensity (compare App. C.4), these differences are mainly attributed to
the different extents and amplitudes of the evanescent fields of these modes and
therefore different inter-cavity coupling strengths of the single supermodes.

In summary, all three supermodes of the investigated LCE-PM show a strong en-
hancement of their intensity transfer under thermal actuation of the LCE substrate.
Furthermore, the transferred intensity of all modes shows a strong dependency on
the actuation temperature as expected based on CMT calculations. The significant
scattering of the experimental data is mainly attributed to the investigation ap-
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proach of 2FTS and is therefore not an issue inherent to the presented LCE-PMs
themselves. These findings further support the potential of such LCE-PMs in future
photonic applications, e.g., where chip-scale optical filters with a strongly tunable
and precisely predictable intensity transfer are required.

6.5 Assessment of the tunable coupling of photonic
molecules

In the following, the achieved tunable coupling of a photonic molecule consisting
of two WGM cavities is assessed. Herein, the tunability of the presented LCE-PM
is compared to that of other WGM-based PMs. Furthermore, the requirements for
a possible future integration of such tunable LCE-PMs as well as for the potential
upscaling to larger coupled ensembles is discussed.

In tunably coupled photonic molecules on actuating LCE substrates, the substrate’s
contraction under an external stimulus is used to reversibly decrease the inter-cavity
distance of WGM resonators and thereby increase the evanescent coupling of their
optical modes. This change of the inter-cavity distance with the actuation tempera-
ture has been demonstrated using optical microscope images. The tunable coupling
of two WGM cavities has been studied using FTS measurements at different ac-
tuation temperatures. A reversible generation of delocalized supermodes has been
demonstrated based on a qualitative comparison of calculated and measured fiber-
transmission spectra. From the resonance splitting of these experimentally detected
supermodes, the coupling strength of the PM has been calculated. A nearly perfect
exponential increase of the coupling strength with the actuation temperature from
the uncoupled case to more than 200 GHz has been demonstrated. Furthermore, the
intensity transfer through an LCE-PM in add-drop configuration has been studied
using 2F'TS measurements. By comparison of these spectra with single-fiber trans-
mission spectra, the generation of delocalized supermodes has been shown to be the
fundamental requirement for an intensity transfer through the LCE-PM. Finally, the
change of the transferred intensity with the actuation temperature has been stud-
ied. This intensity shows a significant enhancement by a factor of more than 50 with
elevating actuation temperature that is again in good agreement with calculations
from coupled-mode theory.

Within recent years, various systems based on the tunable coupling of WGMs by ma-
nipulation of the inter-cavity distance have been demonstrated [28,117,135,137,170].
Therein, a tunable coupling exploiting the flexibility of an elastomer substrate has
to the best of the author’s knowledge only been reported by Siegle et al. [170]. A
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direct comparison of that system to the here presented LCE-PM is hardly feasible,
as no quantitative characterization of the evanescent coupling has been performed
by Siegle et al. Nevertheless, only the LCE-PM presented here has been shown to
operate fully on chip scale. Furthermore, the variety of possible external stimuli
of the LCE-PM is clearly advantageous compared to the application of mechanical
stress in [170].

Generally speaking, state-of-the-art tuning ranges and precision of the coupling
strength of two WGM cavities is usually achieved using piezo actuators [28,135,137].
To compare the achieved tunability of the LCE-PM with that of piezo-based PMs,
the dimensionless coupling coefficient k = AQ/2wy is defined. In case of the LCE-
PM presented here, this leads to k ~ 1.7 x 107%. A comparable coupling coefficient
of 1.2 x 10~* has been achieved by Beck et al. by mounting one of two WGM
cavities onto a piezo actuator via a gold wire [137]. Due to strong mechanical vi-
bration of the wire, this tuning mechanism has been shown to be significantly less
precise. An more precise tuning has been achieved by Peng et al. using a simi-
lar approach [135]. However, herein a coupling coefficient of only 7.4 x 107% has
been achieved. An alternative approach applied by the same authors is mounting
both WGM cavities onto an individual piezo actuator via independent substrates.
Following this route, a breaking of P7T-symmetry in such a coupled resonator pair
has been demonstrated [28]. Nevertheless, a maximum coupling coefficient of only
around 1.4 x 10~® has been reported. As this coupling coefficient is changed by
a factor of around 2 under three incremental changes of the inter-cavity distance,
the precision of the tunability is comparable to that of the LCE-PM presented in
Sec.6.3. Nevertheless, the precision of the LCE-PM is currently only limited by
the used temperature control and therefore leaves large space for improvement. In
summary, both the range as well as the precision of the tunability of the LCE-PM’s
coupling strength are comparable to those of macro-scale, piezo-based systems.

In addition to the wide and precise tunability of the coupling strength by applying
an external stimulus, the general working principle of the LCE-PM should enable a
future upscaling to larger and nearly arbitrary ensembles of coupled cavities. This
possibility is a significant advantage compared to PMs based on both macroscopic
flexible substrates [170] as well as piezo actuators [28,135,137]. To realize such
large ensembles of tunably coupled cavities, an improved reliability of the LCE-
PM'’s fabrication process (see Sec. 4.2 and 4.3) is inevitable. This should however be
feasible employing an elaborated automatization of all fabrication steps.

To realize a tunable coupling of arbitrary two-dimensional resonator arrays, LCE
substrates with domains of independent director orientation on the scale of 10 pm are
necessary. Nowadays, such substrates are conceivable due to recent advances in 3D
laser printing of LCE [194,196]. To furthermore facilitate the independent actuation
of these substrate domains, an alternative external stimulus is indispensable. To that
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end, one possible approach is given by doping the independent domains with different
absorber dyes and using monochromatic illumination at various center wavelengths
as stimuli.

Resumed, several large adaptions of the LCE-PM are necessary to realize large and
arbitrary two-dimensional ensembles of coupled cavities with independent tunability
of the single inter-cavity coupling strengths. Nevertheless, the tunable coupling
based on a contraction of an LCE substrate as demonstrated in the present work
for the first time offers a possible route towards these large resonators arrays with
tunable coupling. Such an upscaling is not conceivable based on established methods
using piezo-based actuation.

To fully deploy the tunable coupling of the demonstrated LCE-PM, an integration
into more complex photonic systems is essential. To facilitate such an integration,
again a higher reliability of the LCE-PM’s fabrication process is required.

As large temperature changes are expected to generally deteriorate the functionality
of complex photonic systems, the actuation of LCE substrates should not be real-
ized using a macroscopic heating resistor, but in a more sophisticated manner. For
example, electrically-driven micro heaters [116,253] or the illumination of dye-doped
substrates [16] are conceivable.

Furthermore, an alternative in- and outcoupling approach is necessary to prevent in-
tensity fluctuations as evident in Sec. 6.4.2. This should be possible using structured
waveguides with a fixed coupling distance to their regarding cavity. Such waveguides
could for example be mounted onto the pedestals of the respective cavities. Alterna-
tively, doping the WGM cavities with a suitable laser dye does enable a free-space
excitation and readout of lasing modes [170].

Summed up, the integration of the LCE-PM into complex photonic systems also
requires several adjustments of the presented system. Nevertheless, the comparably
large effort linked to these necessary adaptions of such LCE-PMs might strongly pay
off due to their unique potential of future upscaling to nearly arbitrary ensembles of
coupled cavities.

The LCE-PM introduced in this chapter offers a platform for a reversible, wide and
precise tunability of the coupling strength of photonic molecules under an exter-
nal stimulus. The tunability, that is comparable to that of established, piezo-based
systems has been achieved fully on chip scale. Due to the possibility of tuning the
coupling strength fully on chip scale by an external stimulus, this platform yields a
great and unique potential for future upscaling to large cavity arrays and integra-
tion into complex all-polymeric photonic circuits. The probability of a successful
realization of such future applications is mainly linked to necessary advancements
of the fabrication process and therefore not limited by the fundamental concept of
the LCE-PM itself.
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Chapter 7

Conclusion and outlook

The present thesis aimed at the realization of a chip-scale and all-polymeric platform
for tunable photonic building blocks based on whispering gallery modes (WGMs).
The intended tunability was achieved via the incorporation of the exotic material
class of liquid crystal elastomers (LCEs). All samples in the scope of this thesis were
fabricated using newly developed processes based on optical lithography like 3D laser
printing. The potential of the all-polymeric chip-scale platform was demonstrated by
tuning two exemplary key characteristics of WGM-based photonic building blocks:
the spectral positions of the resonances of an individual WGM cavity made of LCE
as well as the inter-cavity coupling of a photonic molecule consisting of two WGM
resonators in close spatial proximity on an LCE substrate. Within these proof-of-
principle experiments, the tuning of the photonic building blocks was initiated under
thermal actuation of the LCE.

Summary and conclusion

In the general context of photonic building blocks, WGM resonators are mostly
ring- or disk-shaped. The spatial field distribution of WGMs in disk-shaped cavi-
ties was computed using finite-element method simulations. Incongruous differences
to the field distribution of such modes calculated using the established analytical
effective-index method were found. These differences were attributed to the unjus-
tified assumptions of a separable refractive index distribution as well as orthogonal
TE and TM polarizations within the analytical calculations. These assumptions
lead to a separability and orthogonality of the computed field distributions that
does not coincide with reality. Instead, different WGMSs in disk-shaped cavities can
undergo a strong optical coupling if they are in close spectral proximity. Hence, the
established classification scheme of WGMs based on their binary polarization state
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as well as independent azimuthal, radial and axial mode numbers is incomplete.
Using the findings from thorough finite-element studies, an alternative classification
scheme was proposed. Herein, the actually orthogonal modes are classified based
on their azimuthal mode number, their parity under a mirror transformation along
the axial direction and their spectral order. This novel classification scheme takes
the observed inseparability of the spatial field distribution of WGMs in disk-shaped
cavities into account.

Several novel processes for the fabrication of tunable photonic building blocks based
on upscalable optical methods were developed. Actuating chip-scale LCE substrates
were fabricated using a mask-based UV illumination. A strong molecular alignment
was demonstrated via polarizing optical micrographs. To evaluate the substrates’
actuation, a novel investigation scheme was introduced. Micro-scale markers were
3D laser printed onto the respective substrates and the actuation was derived from an
automated processing of optical micrographs. An anisotropic and sufficiently strong
actuation of the substrates was demonstrated. Also rigid photonic elements were 3D
laser printed successfully onto such chip-scale LCE substrates. The general quality
of these structures was evaluated and is in accordance with that of conventional 3D
laser printed structures.

Also, the 3D laser printing of photonic structures entirely made from LCE was
realized. Challenges induced by the birefringence of the LCE resist were overcome
via an adaption of the printing configuration. A strong molecular alignment of
these structures was also demonstrated using polarizing optical micrographs and
their overall quality is again in accordance with that of structures 3D laser printed
from conventional resists.

To demonstrate the potential of the developed platform of tunable photonic ele-
ments, the spectral tunability of WGMs in disk-shaped cavities entirely made from
LCE was investigated under thermal actuation. The expected spectral tunability of
such cavities was estimated based on a comparison of its different factors of influence.
This potential tunability was found to be significantly reduced by a counteraction of
the thermal expansion of the LCE material and its thermo-optic effect. Nevertheless,
a distinct spectral tunability of the LCE cavities was experimentally demonstrated.
The extent of this tuning is in accordance with the estimated expectations. The
spectral position of WGM resonances was tuned over more than one free spectral
range, showing these resonators to be fully tunable. An absolute tuning response
of more than one nanometer per Kelvin under thermal actuation of the LCE was
demonstrated. Under the performance of large tuning cycles, the spectral position
of the WGMs was found to yield a significant hysteresis. This effect was attributed
to the visco-elasticity of the LCE. Under small and repeated tuning cycles however,
a high reversibility of the spectral positions within the accuracy of the applied in-
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vestigation scheme was demonstrated. Via a change of the chemical composition of
the LCE, the absolute tuning response of the cavities was adjusted over more than
two orders of magnitude.

Furthermore, the tunable evanescent coupling of a photonic molecule consisting of
two rigid disk-shaped WGM cavities on an LCE substrate (LCE-PM) was demon-
strated under thermal actuation. The reversible decline of the inter-cavity distance
was proven using optical micrographs. A resonance splitting of bonding and anti-
bonding supermodes was successfully demonstrated. The overall appearance of the
experimentally obtained single-fiber transmission spectra was shown to be in clear
accordance with expectations based on coupled-mode theory (CMT) calculations.
Using equations from CMT, the LCE-PM’s coupling strength was computed from
the resonance splitting of these supermodes. The coupling strength was shown to
undergo an exponential increase with elevating actuation temperature of the LCE
substrate. This behavior is in agreement with the expectations based on the expo-
nential nature of the evanescent field of WGMs. The coupling strength was tuned
from the uncoupled case close to the state of maximum achievable coupling under a
mechanical contact of the cavity disks.

The usability of the tunably coupled LCE-PM as a tunable add-drop filter was
demonstrated as its intensity transfer was investigated using two tapered optical
fibers. The reversible generation of delocalized supermodes was proven to be the
fundamental requirement for a non-vanishing transfer of intensity through the LCE-
PM. Due to the increasing coupling strength under thermal actuation of the LCE
substrate, the intensity transfer was enhanced by a factor of more than 50. The
change of the intensity transfer with elevating substrate temperature was evaluated.
For small substrate temperatures, an approximately exponential increase of trans-
ferred intensity was found, as it is mainly limited by the also exponentially increasing
coupling strength. For large substrate temperatures, the intensity transfer is mainly
limited by the intrinsic losses of the cavities. Hence, an asymptotic approach to-
wards a threshold value was found. This change of the transferred intensity with the
actuation temperature of the substrate is again in good agreement with expectations
based on CMT calculations.

The presented results of tunable WGM resonators and photonic molecules give a
first impression of the great potential of the successfully developed platform of all-
polymeric and chip-scale tunable photonic building blocks.
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Outlook

The observed inseparability and non-orthogonality of WGMs in disk-shaped cavities
should be further investigated. Therein, both a correct analytical prediction as well
as experimental evidence of the optical coupling of different WGMs is worthwhile.
In the long term, a more thorough understanding of this issue could be made use of
in applications like a WGM-based polarization-conversion device.

The exemplary photonic building blocks presented in this thesis only scratch the
surface of possible designs of tunable photonic elements. Various and more complex
systems also including other building blocks as, e.g., Fabry-Pérot cavities, photonic
crystals or structured waveguides could be fabricated on the presented all-polymeric
platform.

Recent advances in fabrication technology also facilitate LCE structures with do-
mains of independent direction of actuation on the scale of down to single micro-
meters [194,196]. Via the integration of organic absorber dyes into the LCE’s poly-
mer matrix, also a separate optical actuation of different LCE elements is conceiv-
able [16,38]. These fabrication advances enlarge the field of possible designs of such
tunable photonic building blocks even further.

Regarding the exemplarily demonstrated photonic building blocks, especially the
tunably coupled photonic molecules yield high potential for further investigations
and improvements. The most obvious possible next step would be the tunable
coupling of more than two WGM cavities. Using LCE substrates with a non-
homogeneous direction of actuation based on [194, 196], such larger ensembles of
cavities could even be arranged in a nearly arbitrary two-dimensional fashion.

The investigation of the intensity transfer in add-drop configuration resembles the
working principle of coupled resonator optical waveguides (CROWSs) which can act
as an optical delay line [107]. This time delay is expected to change under a tuning
of the inter-cavity coupling [27,108]. To estimate the potential of the presented
LCE-PM as a CROW with tunable delay, time-resolved transmission spectroscopy
using two optical fibers needs to be performed.

Finally, also exceptional point lasing in such an LCE-PM could be realized [115].
To that end, a hybrid LCE-PM with one of the resonators being doped with a laser
dye is required. First attempts to fabricate such hybrid LCE-PMs were already
demonstrated [142]. Following this route, the LCE-PMs resonant supermodes could
be driven in and out of their exceptional point of degenerate eigenfrequencies by an
adjustment of the inter-cavity coupling strength [28,117].
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Appendix A

Samples and fabrication process
parameters

In the following, all samples used to generate the results presented in this work
are listed. Additionally, summaries of the applied fabrication processes including
important parameters are given. More comprehensive descriptions of these processes
can be found is the respective Bachelor’s and Master’s theses. At first, an overview
of all used chemicals is given.
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A.1 List of chemicals

Table A.1: List of chemicals. The given terms are used in the following to refer to these
chemicals. The manufacturers “SYNTHON?”, “Sigma-Aldrich” and “LENS Florence” are
short for “SYNTHON Chemicals GmbH & Co. KG, Bitterfeld-Wolfen, Germany”, “Sigma-
Aldrich Chemie GmbH, Munich, Germany” and the “research group of Prof. Dr. Diederik
Wiersma at the European Laboratory for Non-Linear Spectroscopy, Florence, Italy”, re-
spectively. The polyimide has been synthesized by Dr. Eva Blasco at the Institute for
Chemical Technology and Polymer Chemistry at KIT (now Centre for Advanced Materi-
als at the University of Heidelberg). For chemicals that are not commercially available, a
respective citation is given.

term CAS number mol. formula manufacturer
monomer monomer 130953-14-9 Co3Ha605 SYNTHON
crosslinker crosslinker 174063-87-7 C33H3201q9 SYNTHON

photo initiators Irgacure 369  119313-12-1 Co3H3005N, Sigma-Aldrich
Irgacure 819  162881-26-7 CosHo7O3P Sigma-Aldrich

dyes PM597 137829-79-9  CyH33BF3N,  Sigma-Aldrich
Azo-dye 7, see [177] 7, see [177] LENS Florence
40817-08-1 CigHigN
41122-71-8 CoHysN
LC host E7 59364-73-5 Cy Hos ON SYNTHON
54211-46-0 CyHysN
silanes DMOAP 27668-52-6  CoHsgCINO3Si  Sigma-Aldrich
Al 74 2530-85-0 CloH2005 Si Slgma—Aldrlch
polyvinyl alcohol PVA 9002-89-5 [[CH,CHOH-],  Sigma-Aldrich
polyimide PI 7, see [254] 7, see [254] Eva Blasco

All rigid 3D laser printed structures have been fabricated from the commercially
available resist IP-S [224](Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany).

A.2 Micro-scale LCE resonators for spectral tuning

A.2.1 Fabrication process

In this section, the fabrication process of tunable LCE cavities is given. The fab-
rication process has been developed and advanced within the scope of this work

120



A.2  Micro-scale LCE resonators for spectral tuning

and is explained here in its final version. Hence, small deviations for some of the
samples from the process steps described here are possible. A more comprehensive
description of this process has been given by Stefan Pfleging [151] and is published
in [37].

Tunable LCE cavities have been 3D laser printed in a glass cell filled with custom-
mixed LCE resist. The surfaces of the glasses have been silanized to ensure the
required mesogen alignment. Parts of the fabrication have been performed in an
ISO6- or ISO7-clean room.

Silanization of glass surfaces

This process has been developed in close cooperation with Alexander Miinchinger
at the Institute of Applied Physics as well as Jannis Hessenauer [158] and Stefan
Pfleging [151].

1. Thorough cleaning of two glass cover slips (22 x 22mm?) with isopropanol,
acetone and Ns.

2. Several cleaning steps in an ultrasonic bath at 70 °C using deionized water as
well as the alkaline and acidic glass cleaners deconexr OP 146, OP 121 and
OP 171 (all Borer Chemie AG, Zuchwil, Switzerland).

3. Drying in a convection oven at 150 °C for 1h.

4. Plasma activation of the glass surfaces by an oxygen treatment for 2min at
30 W with a pressure of 0.3 mbar and an oxygen flow of 10 sccm.

5. Silanization in a solution of 0.025 vol% DMOAP and 0.157 vol% A174 in toluene

for 20 min under nitrogen atmosphere.
6. Removal of leftover silanes in pure toluene for 5 min.

7. Drying in a convection oven at 150°C for 1.5h.

Fabrication of resist-filled glass cells

This process has been developed in close cooperation with Jannis Hessenauer [158]
and Stefan Pfleging [151].

1. Mixing of monomer, crosslinker, Irgacure 819 (or Irgacure 369 in earlier cases)
and E7 at room temperature and afterwards magnetic stirring at 80°C for at
least 24 h.
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2. Attachment of a frame of adhesive spacer foil with a thickness of around 30 pm
(CMC Klebetechnik GmbH, Frankenthal, Germany) to one of the two cover
slips.

3. Stacking of the cover slips to create a cell with defined thickness.
4. Filling of the cell with the resist using capillary forces on a heat plate at 80 °C.

5. Cooling to room temperature over several hours.

3D laser printing

This process has been developed in close cooperation with Alexander Miinchinger
at the Institute of Applied Physics as well as Jannis Hessenauer [158] and Stefan
Pfleging [151].

1. Mounting of the resist-filled cell into the 3D laser printer Photonic Professional
GT (Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany).

2. Manual search for both resist-glass interfaces by observing the polymerization
within the focal spot.

3. Calculation of the exact thickness of the resist at the position of interest.

4. Adjustment of the printing design of the resonator to be slightly less higher
than the resist.

5. Printing of the pedestal as a stack of small spirals, beginning at the upper
interface. The laser power needs to be adjusted with the height of the pedestal.

6. Printing of the resonator disk as a stack of larger spirals.
7. Mechanical opening of the cell.

8. Wet-chemical development in a 50:50 mixture of acetone and isopropanol for
15 min.

A.2.2 Samples

The samples are listed in the same order as they appear in this work. For all samples,
the fabrication process given earlier has been applied. All samples include several
resonators with identical fabrication parameters and a nominal radius of 25 pm.
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A.2  Micro-scale LCE resonators for spectral tuning

Table A.2: List of all tunable LCE resonators in the same order as they appear in this work.

Samples marked with * have been fabricated in cooperation with the author. Samples with

The sample LCEPMAZ02—A—30

also contains azo dye and PM597. Each sample includes several resonators with identical

the photo initiator Irgacure 369 are marked in blue.
fabrication parameters.
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Chapter A. Samples and fabrication process parameters

A.3 Actuating chip-scale LCE substrates

A.3.1 Fabrication process

In this section, the fabrication process of actuating micro-scale LCE substrates is
given. The fabrication process has been developed and advanced within the scope
of this work and is explained here in its final version. Hence, small deviations for
some of the samples from the process steps described here are possible. A more
comprehensive description of this process has been given by Pascal Rietz [142] and
is published in [37].

Actuating LCE substrates have been fabricated using the mask-based UV illumina-
tion of a glass cell filled with custom-mixed LCE resist. The surfaces of the glasses
have been covered with polymeric alignment layers to ensure the required meso-
gen alignment. Therefore, the polymeric alignment layers have been mechanically
rubbed.

Fabrication of the PVA alignment layer

This process has been developed in close cooperation with Lukas Mall [159], Osman
Karayel [62] and Pascal Rietz [142].

1. Thorough cleaning of a glass cover slip (22 x 22 mm?) with isopropanol, acetone
and Ns.

Application of 200 pLi of a saturated solution of PVA in deionized water.
Spin-coating at 1200 min~! for 1 min.

Baking on a heat plate at 80 °C for 2 min.

AR A

Mechanical rubbing using a custom-built tool. More information in [142].

Fabrication of the PI alignment layer

This process has been developed in close cooperation with Lukas Mall [159], Osman
Karayel [62] and Pascal Rietz [142]. The used PI has been synthesized by Dr. Eva
Blasco at the Institute for Chemical Technology and Polymer Chemistry at KIT
(now Centre for Advanced Materials at the University of Heidelberg).

1. Thorough cleaning of a glass cover slip (22 x 22 mm?) with isopropanol, acetone
and NQ.
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A.3  Actuating chip-scale LCE substrates

2. Drying on a heat plate at 180°C for 10 min.

3. Plasma activation of the glass surface by an oxygen treatment for 2min at
30 W with a pressure of 0.3 mbar and an oxygen flow of 10 sccm.

4. Drying on a heat plate at 180°C for 10 min.
5. Application of 200 pL of the synthesized initial solution.
6. Spin-coating at 1800min~' for 45s.

7. Imidation of the initial solution on a heat plate at 80 °C for 1.5 min, 180 °C for
1.5min, 80°C for 30 min, 120°C for 30 min, 180 °C for 30 min and 230 °C for
60 min.

8. Mechanical rubbing using a custom-built tool. More information in [142].

UV illumination of micro-scale substrates

This process has been developed in close cooperation with Lukas Mall [159], Osman
Karayel [62] and Pascal Rietz [142].

1. Mixing of monomer, crosslinker and Irgacure 369 at room temperature and
afterwards magnetic stirring at 80°C for at least 24 h.

2. Attachment of a frame of adhesive spacer foil with a thickness of around 30 pm
(CMC Klebetechnik GmbH, Frankenthal, Germany) to one of the two cover
slips.

3. Stacking of the cover slips to create a cell with defined thickness.

4. Filling of the cell with custom-mixed resist using capillary forces on a heat
plate at 80°C.

5. Cooling to room temperature over several hours.

6. Polymerization via UV illumination under a custom-built mask at around
3mW cm~2 for 155 to 20s.

7. Solving of the PVA layer in deionized water for at least 24 h.
8. Mechanical opening of the cell.

9. Wet-chemical development of the substrates in PGMEA for at least 15 min.
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A.3.2 Samples

The samples are listed in the same order as they appear in this work. For all samples,
the fabrication process given earlier has been applied. All samples include several
LCE substrates with identical fabrication parameters and nominal radii of 150 pm
and 250 pm.

Table A.3: List of all actuating LCE substrates in the same order as they appear in this
work. Each sample includes several substrates with identical fabrication parameters and
nominal radii of 150 pm and 250 pm. Within this work as well as in [142], substrates are
partly labeled with additional numbers, e.g. LCE—S10—1. These additional numbers
represent parts of the the overall samples which are still consisting of several substrates.
The markers on sample LCE—S12 (see Fig.4.5) have been printed from IP-S using the
process described in Sec. A 4.

fabricated ‘ monomer crosslinker Ir. 369 ‘ data in Fig. comment
20.02.2020 not rubbed
LCE—-SI11 Rietz [142] 69.7wt%  295wt%  0.8wt% 4.4(a) as reference
12.02.2020
LCE-S10 Rietz [142] 69.7wt%  29.5wt% 0.8 wt% 4.4(b) -
20.02.2020 4.4(b), partly with
LCE—-S12 Rietz [142] 69.7wt%  29.5wt%  0.8wt% 4.5(b) markers
LOE—S08 1022020 | 6o 0t 205wt%  08wt% | 4.4(c) P1 partly
Rietz [142] missing

A.4 LCE-PMs for tunable coupling

A.4.1 Fabrication process

In this section, the fabrication process of tunable PMs on LCE substrates is given.
The fabrication process has been developed and advanced within the scope of this
work and is explained here in its final version. Hence, small deviations for some of the
samples from the process steps described here are possible. A more comprehensive
description of this process has been given by Pascal Rietz [142] and is published
in [37].

The tunable LCE-PMs have been 3D laser printed onto LCE substrates fabricated
following Sec. A.3. As described in Fig. 4.6, this has been done in an inverted configu-
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A.4 LCE-PMs for tunable coupling

ration with the resist being sandwiched between the LCE substrate and an additional
cover slip.

Fabrication of the resist-filled cell

This process has been developed in close cooperation with Osman Karayel [62] and
Pascal Rietz [142].

1. Thorough cleaning of a glass cover slip (22 x 22 mm?) with isopropanol, acetone
and No.

2. Attachment of a frame of adhesive spacer foil with a thickness of around 70 pm
(CMC Klebetechnik GmbH, Frankenthal, Germany) to the cover slip.

3. Mounting of the cover slip with the spacer foil pointing upwards into the
3D laser printer Photonic Professional GT (Nanoscribe GmbH, Eggenstein-
Leopoldshafen, Germany).

4. Application of at least 15 pL of IP-S in the center of the frame of adhesive foil.

5. Placing a cover slip with attached LCE substrates pointing downwards onto
the resist.

3D laser printing onto LCE substrates

This process has been developed in close cooperation with Osman Karayel [62] and
Pascal Rietz [142].

1. Manual search for an LCE substrate using the microscope camera.

2. Automated search for the resist-substrate interface.

3. Manual fine adjustment to account for possible surface imperfections or sample
tilts.

4. Printing of the pedestals/disks as a stack of small/larger spirals, beginning at
the LCE substrate.

5. Mechanical opening of the cell.

6. Wet-chemical development in PGMEA for about 45 min.
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A.4.2 Samples

The samples are listed in the same order as they appear in this work. For all samples,
the fabrication process given earlier has been applied. All samples include several
substrates with nominal radii of 150 pm or 250 pm and resonator pairs printed with
identical fabrication parameters with nominal radii of 20 pm and 30 pm.

Table A.4: List of all tunable LCE-PMs in the same order as they appear in this work.
Each sample includes several LCE-PMs with identical fabrication parameters. All PMs
have been printed as size-mismatched cavities with radii of Ry = 20 pm and Ro = 30 pm.

fabricated ‘ substrate resist ‘ data in Fig. comment
LCE-S10—-1_ 28.05.2020 6.1(b),6.5(a+b),
D8_20201001_P  Rietz [142] LCE=510 1P-5 6.6,6.7,C.5(a+b) i
LCE-S10—-1_ 28.05.2020 6.3(a),6.4(a-c),
C4.2.20200609.P  Rietz [142] | “OETS10 TIPS 170 6 otane)

A.5 Reference WGM resonators from PMMA

In Ch. 3, several exemplary measurements are used to demonstrate the functional-
ity of F'T'S, 2F'TS and polarization-sensitive FTS. These exemplary measurements
have been performed using polymeric state-of-the-art cavities made from PMMA.
Although these cavities have been partly fabricated within the scope of this work,
the applied fabrication processes have only been reproduced from earlier works and
are not suited for the realization of tunable photonic elements. Hence, a detailed de-
scription of these processes is spared here. Instead, sources of additional information
regarding the fabrication of these cavities are given.
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Table A.5: List of all PMMA cavities used for exemplary measurements in the same
order as they appear in this work. Each sample includes several WGM resonators with
identical fabrication parameters. The fabrication methods “deep-UV” and “e-beam” refer
to a structuring of the PMMA cavity using “deep-UV lithography” and “electron-beam
lithography”, respectively. For all samples, citations for additional information are given.

‘ shape

method pedestal substrate ‘ data in Fig. comment

10062018
—4e—60—-3

MGO0200—1A

PMMA_02
—Res02

goblet
goblet

disk

deep-UV ~ PMGI

e-beam

e-beam

Si

Si

glass
Si

Si

3.3(a+b)
3.5

3.6(b)

see
33, 159]
see
[39]
see
(39, 40]
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Appendix B

Additional data on tunable LCE
resonators

In Ch.5, the spectral tuning of WGMs in disk-shaped LCE cavities under thermal
actuation is demonstrated. In the following section, additional data supporting these
results are presented.

B.1 Real-time investigation of the resonator radius

In Sec. 5.3, the expected tunability of an LCE cavity is estimated based on the expan-
sion of the resonator disk under thermal actuation. This expansion is experimentally
investigated from microscope images as presented here.

A MATLAB routine based on Hough transformations [210] is used to detect the
circle of the resonator disk within these microscope images and calculate its radius.
Due to thermal actuation using a macroscopic Peltier element, also the macroscopic
sample mount is heated and hence thermally expanding. Therefore, the focal plane
of the used optical microscope has to be readjusted for every actuation temperature
step. This leads to the calculated radii at different actuation temperatures to not
be directly comparable. To circumvent this issue, the distance of two microscopic
dot-like scatterers on the surface of the glass substrate is used as an approximately
temperature-independent measure. This assumption is reasonable as the thermal
expansion of the glass substrate is expected to be several orders of magnitude smaller
than that of the LCE. The calculated radii are expressed in parts of this distance.
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Figure B.1: Experimental investigation of the expansion coefficient of an LCE cavity. The
relative change of the cavity’s radius AR/R in percent is plotted versus the actuation
temperature T,.;. The relative radius change AR/ R is estimated from microscope images.
A MATLAB routine based on Hough transformations [210] is used to detect the circle of
the cavity disk in these images and measure its radius. The cavity radius at the lowest
investigated actuation temperature of Tht = 35°C is used as reference value R. As the
circle-detection routine is not working reliably for all microscope images, several data
points are missing. The depicted data shows an approximately linear change of the radius
with the actuation temperature. The applied linear fit reveals a slope of around 0.2 % K~!.
This corresponds to a linear expansion coefficient of o ~ 2 x 1073 K~!. Sample fabricated
in cooperation with Osman Karayel [62], measurement performed by Evelyn Kaiser [145].

Furthermore, also the room-temperature radius of the investigated cavity is un-
known, as this radius deviates from its designed value within the 3D laser printing
process due to polymeric shrinkage. To estimate the expansion coefficient «, the
relative change of the radius AR/R at different actuation temperatures T, is in-
vestigated. The radius at the lowest investigated actuation temperature is used as
reference value R. In Fig. B.1, this relative radius change in the actuation tempera-
ture range of 35°C to 51°C is plotted versus T,.

Based on the depicted data, an approximately linear relative change of the cavity
radius with the actuation temperature is found. This linearity matches the ex-
pectations based on an approximately linear actuation behavior of the LCE in the
investigated temperature regime [36,190]. The applied linear fit reveals a slope of
around 0.2 % K~!. This change of the cavity’s relative radius corresponds to a linear
expansion coefficient of o ~ 2 x 1073 K~!. This value is used in Sec.5.3 to esti-
mate the expected spectral shift of such disk-shaped LCE resonators under thermal
actuation.
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B.2 Preferential field orientations of WGMs in LCE res-
onators

In Sec. 5.3, potential reasons for the significant deviation of the tunability of modes
in LCE resonators presented in this work from results reported by Nocentini et
al. [38] are discussed. Within this evaluation, an influence of differing preferential
field orientations of the investigated modes is ruled out. Here, experimental data
supporting this assumption is presented.

The preferential field orientations of WGMs in an exemplary type 2 LCE resonator
have been investigated using polarization-sensitive FTS. The directional radiation of
the WGMs in the cavity under fiber excitation has been collected using a microscope
objective and analyzed via a polarimeter. (For a detailed description of this mea-
surement approach, see Sec. 3.3 and [40].) In case of a TE- or TM-like polarization
of the WGMs, the azimuth of the polarization of the detected directional radiation
corresponds to the preferential field orientation of the mode within the cavity.

In Fig. B.2, the fiber transmission spectrum (top) as well as the azimuth angles of the
detected WGM resonances (bottom) of the exemplary LCE cavity are depicted (com-
pare Fig. 3.6(b)). The investigated spectral region comprises approximately two free
spectral ranges. A large number of dips in the fiber transmission corresponding to
WGM resonances is found. The azimuth angles of the polarization of the radia-
tion of these modes do not show a separation into orthogonal groups. Instead, a
seemingly arbitrary scattering of the azimuth angles over the whole data range is
evident. In addition, no periodicity of these azimuth angles with the free spectral
range is apparent. These findings strongly suggest that the WGMs propagating in
this type 2 LCE cavity do primarily not carry a preferential field orientation.

Despite the allegedly consistent disk shapes of the LCE cavity in Fig. B.2 and the
PMMA resonator in Fig.3.6(b), the experimental data of the azimuth angles of the
radiation of WGMs presented here strongly differs from the expected behavior. This
deviation is attributed to the non-perfect disk shape of the LCE cavity induced
by the limitations of the 3DLP fabrication process. As demonstrated via FEM
simulations in [40], already small deviations of the shape of a cavity disk lead to
significant modifications of the field orientation of WGMs [40]. Thus, the fabrication-
induced inaccuracy of the LCE resonator disk is assumed to distort the preferential
field orientations of its different whispering gallery modes in an arbitrary manner. As
the LCE ring resonators investigated by Nocentini et al. have been printed using a
fabrication process without the advances presented in Sec. 4.4, these ring resonators
are expected to yield a discrepancy from their intended shape at least comparable
to that of the type2 cavity investigated here. Hence, a propagation of modes with
a TE- or TM-like polarization is also unlikely in these cavities.
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Figure B.2: Investigation of the preferential field orientation of WGMs in an LCE cavity
using polarization-sensitive FTS. As introduced in Sec. 3.3 and Fig. 3.6(b), the directional
radiation of the WGMs is collected and analyzed using a polarimeter. The depicted
spectral region comprises approximately two free spectral ranges of the cavity of interest
and contains a large number of dips in the fiber transmission corresponding to WGM
resonances. The azimuth angles of the directional radiation of these modes seem to be
arbitrarily scattered over the whole data range. No periodicity of the azimuth angles with
the free spectral range is evident. These findings suggest that in such LCE resonators
primarily modes without preferential field orientation propagate. Adapted from [40].

Based on the findings presented here, an attribution of different spectral tunabilities
of WGMs in LCE cavities to either a TE- or TM-like polarization of these modes is
not justified. Hence, an influence of the preferential field orientation of WGMs on
their tunability is not considered in Sec. 5.3
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Appendix C

Additional data and calculations on
tunably coupled LCE-PMs

In Ch.6, the tunable evanescent coupling of a photonic molecule consisting of two
WGM resonators on an LCE substrate is demonstrated. The substrate’s contraction
under thermal actuation is used to reversibly decrease the inter-cavity distance.
Here, additional data and calculations supporting these results are presented.

C.1 Real-time investigation of the inter-cavity distance

In Fig. 6.1, the decrease of the inter-cavity distance g with the actuation temperature
is demonstrated using four microscope images at different values of T,.. Here, a
quantitative study of this gap size is presented for an exemplary LCE-PM.

As for the estimation of the radius change of LCE resonators (see App.B.1), the
cavity disks are detected as circles in microscope images at different actuation tem-
peratures using a MATLAB routine based on Hough transformations [210]. The
difficulties connected to the thermal expansion of the macroscopic sample mount
described in App.B.1 also apply. Here nevertheless, the radii of the two cavity
disks are assumed to approximately match their designed value and not change with
T,et- Therefore, they are used as temperature-independent measures. The inter-
cavity distance is calculated as the difference of the center-to-center distance of the
two circles and the sum of their radii. Therefore, the inter-cavity distance can be
expressed in terms of a length. The gap size at the lowest investigated actuation
temperature is used as reference value. In Fig. C.1, the change of the inter-cavity
distance in the actuation temperature range of 61°C to 72°C is plotted versus Ty.
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Figure C.1: Experimental investigation of the inter-cavity distance of an LCE-PM under
thermal actuation. The change of the inter-cavity distance Ag is plotted versus the actu-
ation temperature T,.;. The distance change Ag is estimated from microscope images. A
MATLAB routine based on Hough transformations [210] is used to detect the circles of the
cavity disks in these images and measure their distance. The inter-cavity distance at the
lowest investigated actuation temperature of T, = 61 °C is used as reference value. The
presented data shows a significant scattering. This scattering is attributed to the limited
reliability of the circle-detection routine. Nevertheless, an approximately linear decrease
of the inter-cavity distance with Ty is evident. The applied linear fit reveals a slope
of dg/dTse; ~ —75nm K~!. Reprinted with permission from [225] (©) Optica Publishing
Group.

Based on the depicted data, an approximately linear change of the inter-cavity dis-
tance with the actuation temperature is found. This linearity matches the expec-
tations based on an approximately linear actuation behavior of the LCE in the
investigated temperature regime [36,190]. The applied linear fit reveals a slope
of dg/dT, ~ —75nmK~!. In combination with an estimated room-temperature
gap size of around 2 pm (see Fig. 6.1) and a starting temperature of the LCE’s phase
transition of T, ~ 35°C [188], this slope leads to an expected mechanical contact
of the two investigated cavities at T, ~ 63°C. As obvious from Fig. C.1 as well
as Fig.6.3 and 6.4, this is not true as the inter-cavity distance is still decreasing
with T, at They = 72°C. Nevertheless, the inter-cavity distance is expected to be
close to 0 at that actuation temperature. Therefore, the respective coupling strength
of |1],90c = 207 GHz (see Fig. 6.4) is assumed to be close to the maximum achievable
coupling strength of the investigated LCE-PM in case of a mechanical contact of the
WGM resonator disks.

136



C.2 Spectral shifts of WGMs in LCE-PMs under thermal actuation

C.2 Spectral shifts of WGMs in LCE-PMs under ther-
mal actuation

In Sec. 6.3, the resonance splitting of bonding and anti-bonding supermodes in a tun-
ably coupled LCE-PM under thermal actuation is investigated. The PM’s coupling
strength |n| is calculated from this resonance splitting. As introduced in Sec. 5.1,
most polymeric WGM cavities show a spectral shift of their resonance wavelength
under elevating temperature due to the polymer’s thermo-optic effect and thermal
expansion. This also holds for the resonators of the presented LCE-PM. In the fol-
lowing, the implications of these spectral shifts on the determination of the coupling
strength of the LCE-PM are discussed.

As the used resonator material IP-S has a small expansion coefficient and a larger
but negative thermo-optic coefficient [224,255], the resonance splitting of the de-
localized supermodes is superimposed by a general blue-shift of the modes. For
the reader’s convenience, this general blue-shift of the modes has been neglected in
Fig6.4(a) via the definition of a temperature-dependent central wavelength A..
The spectral blue-shift of WGMs under thermal actuation depends on the spatial
field distribution and can therefore vary for different modes. Hence, an increasing
spectral distance of two modes under thermal actuation of the LCE substrate can
not be directly attributed to a resonance splitting of bonding and anti-bonding su-
permodes. Instead, additional investigations are required to ensure the resonance
splitting of delocalized supermodes as leading effect of such spectral shifts. For the
data presented in Fig. 6.4, such an investigation is exemplarily demonstrated here.
To that end, the unedited F'TS spectra of this resonance splitting are depicted in
Fig. C.2(a). The spectral shifts of these modes are compared to those of other reso-
nances of the same spectra: In Fig. C.2(b)/(c), spectra of a single-cavity resonance
detected in the large/small cavity shifted from the modes in (a) by one/three times
the free spectral range AApsr of the respective cavity are depicted.

As the single-cavity resonances in Fig. C.2(b) and (c) are shifted from the modes in
(a) by integer numbers of the respective free spectral range of the cavities, they are
expected to have the same spatial field distribution (expect their azimuthal mode
number Ny). Nevertheless, they don’t show any coupling behavior as there is no
suitable coupling partner due to the Vernier effect. Under equidistant changes of
the actuation temperature of AT, = 1K (white area), an approximately linear
blue-shift is found for both single cavity resonances in (b) and (c). This observation
matches the expectations based on a constant and negative thermo-optic coefficient
of the resonator material IP-S [224]. The spectra in (a) on the other hand show
a significantly differing behavior for high actuation temperatures: While the mode
with smaller resonance wavelength yields a notably larger and non-linear blue-shift
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Figure C.2: Demonstration of negligibility of the thermal blue-shift of bonding and anti-
bonding supermodes. In (a), the unedited FTS spectra at different actuation temperatures
Tact of the resonance splitting presented in Fig. 6.4(a) are depicted. (An allocation to which
resonator the fiber has been coupled for each measurement is given by the color-coded
pictograms in (b) and (c).) An overall blue-shift with elevating actuation temperature is
apparent. In the coupled regime at large actuation temperatures, both modes appear in
each spectrum. Furthermore, the resonance splitting of the modes leads to an increased
blue-shift and net red-shift of the left and right mode, respectively. In (b) and (c), other
spectral regions of the same spectra are depicted: (b)/(c) shows the transmission dip
of a single-cavity WGM in the large/small cavity that is shifted by one/three times the
free spectral range AArgr of the respective cavity with respect to the signature depicted
in (a). As these single-cavity resonances are shifted by integer numbers of AApggr, they
are expected to have the same spatial field distribution (expect their azimuthal mode
number Nyg) and therefore an equal spectral tuning under increasing temperature as the
respective modes in (a). Due to the Vernier effect, the modes in (b) and (c) do not show
any coupling. For equidistant steps of AT, = 1K (white area), approximately linear
and equal blue-shifts are found for both single-cavity modes. Comparing the spectra in
all three plots, these findings demonstrate the generation of bonding and anti-bonding
supermodes to induce the the spectral splitting found in (a). Reprinted with permission
from [225] (©) Optica Publishing Group.
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C.3 Spectra of transferred intensity in add-drop configuration from CMT

with the actuation temperature, the mode with higher resonance wavelength even
changes its direction of spectral shifting into a red-shift. In comparison with the
linear blue-shifts in (b) and (c), this behavior can not be attributed to the thermal
shift of the WGMs, but only to the resonance splitting of bonding and anti-bonding
supermodes.

The blue-shifts of the single-cavity resonances in Fig. C.2(b) and (c) with T, are
not only linear, but also approximately equal. This finding justifies to assume that
the increasing spectral distance of the bonding and anti-bonding supermode with
elevating T, in Fig. 6.4 is solely induced by the resonance splitting of these modes.
In Sec. 6.3, this assumption has been applied by equating the modes’ spectral dis-
tance at room temperature with their spectral distance AX at elevated actuation
temperature in the theoretical absence of coupling. However, also small deviations
from this approximation would not be a critical issue, as they only lead to erroneous
values of |n| in the case of weak coupling (AA ~ AM)). For strong evanescent cou-
pling (AA > AM), small deviations in A\ should not induce relevant errors of the
calculated coupling strength |n].

C.3 Spectra of transferred intensity in add-drop config-
uration from CMT

In Sec. 6.2, the intensity transfer through a tunably coupled LCE-PM is calculated
using coupled-mode theory. Based on the assumption of mutually coupled, lossy
harmonic oscillators with an incoupling and an outcoupling waveguide, Eq. (6.11) is
found to describe the intensity transfer via delocalized supermodes. This equation
is compared with the change of the experimentally detected intensity transfer with
increasing actuation temperature. However, Eq. (6.11) is rather complex and can
not be analyzed without further effort. To get a more thorough understanding of
this transferred intensity and its factors of influence, it is plotted in Fig. C.3 under
different parameter variations.

As a starting situation, two coupled WGM resonators (cavity 1 and 2) with resonance
wavelengths near the IR c-band, a small spectral distance in the uncoupled case
of Ay — A\ = 100 pm and equal quality factors Q; = Qs = 4 x 10* are assumed. This
assumption leads to the intensity peak at larger wavelengths (right-hand side of the
spectrum) to always correspond to the supermode generated from the single-cavity
WGM of cavity 2. Cavity 1/2 are coupled to the incoupling/outcoupling waveguide
by the respective critical coupling coefficient |gin|/|ftout] and are mutually coupled
by the inter-cavity coupling strength |n| = 200 GHz. (Here, critical fiber-resonator
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Figure C.3: To get a more thorough understanding of the intensity transfer through a
tunably coupled LCE-PM, it has been calculated for delocalized supermodes near the
IR c-band using Eq. (6.11) under different parameter variations. The assumed config-
uration is illustrated by the pictogram in (a). A spectral distance of the uncoupled
WGMs of A\ — A\; = 100 pm is assumed. Therefore, the left/right intensity peak always
corresponds to the supermode generated from the uncoupled WGM of cavity 1/2. In
all four plots, the same reference spectrum (red) with an inter-cavity coupling strength
of |n| = 200 GHz, symmetric quality factors @1 = Q2 and critical fiber-resonator cou-
plings |uin| & |fout| is depicted (parameters given in (b)). In (a), the inter-cavity coupling
strength is increased by 80 GHz with each plot. An increasing spectral distance of the
delocalized supermodes as well as enhanced maximum intensity transfer is evident. The
intensity peaks for both supermodes are symmetric. In (b), the quality factor of cavity 2
is increased by a factor of 2 with each plot. The increasing quality factor leads to a
decrease of the FWHM of both intensity peaks. The general amount of transferred inten-
sity decreases. The decrease of the maximum intensity transfer is asymmetric and more
pronounced for the left peak. In (c), the coupling between cavity 2 and the outcoupling
fiber |fout| is changed by a factor of v/2 with each plot, || is assumed to still be critical.
With increasing |pout|, the FWHM of both peaks increases due their increasing coupling
losses. Furthermore, more light is coupled from the PM to the outcoupling waveguide and
the maximum intensity transfer of both supermodes increases. This increase is however
asymmetric and less pronounced for the right peak. In (d), both fiber-resonator couplings
are simultaneously increased by a factor of v/2 with each plot. This leads to a strong and
symmetric enhancement of the maximum intensity transfer of both of the supermodes.
Additionally, both intensity peaks are broadened due to their increased coupling losses.
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C.3 Spectra of transferred intensity in add-drop configuration from CMT

coupling describes the coupling coefficient that would be critical in the absence of
inter-cavity coupling.) The respective reference spectrum is depicted in each plot of
Fig. C.3 in red and the corresponding parameters are given in (b). The pictogram
in (a) illustrates the assumed configuration. Starting from this situation, different
parameters of the calculated intensity transfer have been varied.

In Fig.C.3(a), the coupling strength is changed by 80 GHz with each plot. This
leads to an increasing spectral distance of the delocalized supermodes and therefore
also of their intensity peaks. Also, an increase of the maximum intensity transfer
of each supermode is evident. This maximum intensity however asymptotically
approaches a threshold value for large |n| (compare Fig. C.4). All calculated spectra
are symmetric due to the symmetry of the parameters and underlying Eq. (6.11).
In Fig. C.3(b), the quality factor of cavity 2 is changed by a factor of 2 with each
plot. This increase of one of the quality factors leads to a decrease of the FWHM of
both intensity peaks. This effect is however more pronounced for the right peak, as
this supermode has a larger field amplitude in cavity 2 and is thereby more affected
by the losses of this cavity. The general amount of transferred intensity decreases,
as the assumption of critical fiber-resonator couplings leads to a declining |pious|- As
the intrinsic losses of cavity 1 are constant, the share of intensity being dissipated
there increases. The decline of the maximum intensity transfer is more pronounced
for the left peak as this supermode has a larger field amplitude in cavity 1.

In Fig. C.3(c), the fiber-resonator coupling |iou| is changed by a factor of v/2 with
each plot. |ui,| is assumed to be constant and critical. With the increase of |ptout|,
the FWHM of both intensity peaks increases due to the increasing coupling loss of
both supermodes. This effect is again more pronounced for the right intensity peak
due to the larger field amplitude in cavity 2 of this supermode. As expected, the
general amount of transferred intensity increases with the coupling coefficient |pious|
for both supermodes. However, the increase of the maximum intensity transfer is
again asymmetric and less pronounced for the right peak, as the intensity transfer
of this supermode is mainly limited by the coupling coefficient |y |.

In Fig. C.3(d), both fiber-resonator coupling coefficients are set equal |uin| = |fout]|
and changed by a factor of v/2 with each plot. As expected, the intensity transfer of
both supermodes is significantly enhanced in a symmetric fashion. The FWHM of
both intensity peaks is again increased due to the increasing coupling losses of both
supermodes.

The spectra depicted in Fig. C.3(b) and (c) only show an asymmetric behavior due to
the assumption of non-degenerate modes in the uncoupled case. In case of perfectly
degenerate modes A = Ao, all spectra are symmetric regardless their assumptions.
All parameter variations and spectra in Fig. C.3 are symmetric under a swapping of
the cavities.
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C.4 Impact of intrinsic losses on the maximum intensity
transfer in add-drop configuration

In Sec. 6.4, the intensity transfer through a tunably coupled LCE-PM in add-drop
configuration is investigated and compared to calculations based on coupled-mode
theory. These calculations are performed using Eq. (6.12) under the assumption of
neglectable intrinsic losses, meaning o = 1. Although this assumption is obviously
not true, it is justified in the presented case as demonstrated in the following.

To get a more thorough understanding of the dependency of Iy on a and 3, I is
calculated using Eq. (6.12) and plotted versus the ratio 5 in Fig.C.4(a). [4(B) is
shown for « ranging from 1 to 2 in steps of 0.2. « = 2 corresponds to a critical
fiber-resonator coupling, significantly larger values of o are therefore not expected
in the context of (2)FTS measurements. For all depicted values of «, I increases
in an approximately exponential fashion for small values of 5. For larger 3, I is
asymptotically approaching a threshold value. This threshold is strongly depending
on on «. The scale of 5 on which this threshold value is approached is however only
slightly changing with a.

In Sec.6.4, not the absolute intensity transfer, but only its relative change with
the actuation temperature is investigated. To evaluate the influence of « on the
relative change of 14(5) in detail, the graphs shown in Fig. C.4(a) are reproduced in
Fig. C.4(b) is a normalized manner. The normalization is performed following

1 1\*
lim Iy = — and therefore Ig yopm = ( > 1. (C.1)

B—00 a2 a2

As apparent from Fig. C.4(b), the normalized intensity transfer I4,om does only
slightly change with a. All depicted plots show a comparable increase of of I norm
towards a threshold value of 1.

The ratio of the intrinsic losses and those due to fiber coupling (and therefore «) is
not known for the measurements presented in Sec.6.4. Nevertheless, « is expected
to be approximately in the range of the plots depicted here. Hence, the influence of
the exact value of « is not critical to I3 and the assumption of & = 1 is reasonable
for the investigations of the change of the relative intensity transfer through the
LCE-PM in Sec.6.4.
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fiber-resonator couplings
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Figure C.4: Influence of « and /8 on the intensity transfer Iy. In (a), I is calculated using
Eq. (6.12) and plotted versus f for different values of & = 1 to o = 2. All plots show
an approximately exponential increase of Iy for small 8. For larger 8, Iq asymptotically
approaches a threshold value. This threshold value strongly depends on «. In (b), the
intensity transfer is calculated in a normalized manner using Eq. (C.1). All depicted plots
show a comparable increase of the transferred intensity towards a threshold of 1. The shape
of these curves is only slightly changing with «. This justifies the assumption of @ =1 as
used in Sec. 6.4. Reprinted with permission from [225] (C) Optica Publishing Group.

C.5 Normalization of the intensity transfer in add-drop
configuration on fiber-resonator couplings

In Sec. 6.4, the intensity transfer through a tunably coupled LCE-PM in add-drop
configuration is investigated using two tapered optical fibers. However, this intensity
transfer does not only depend on the inter-cavity coupling strength ||, but also on
the fiber-resonator couplings |u|. These couplings are strongly influenced by the
distance between the respective fiber and resonator, which has to be readjusted
with every step of the actuation temperature. To account for the influence of the
fiber-resonator couplings, they are estimated for each actuation temperature T,.

The influence of both fiber-resonator couplings is estimated from the depth of res-
onance dips in single-fiber transmission spectra under the assumption of an under-
critical coupling. As already mentioned in Sec. 3.2, a simultaneous detection of both
FTS spectra with the 2FTS spectrum is not feasible. Hence, these measurements
have to be performed in a consecutive manner. However, the tapered optical fibers
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Figure C.5: Normalization of the fiber-resonator coupling using FTS spectra. Exemplary
FTS spectra of a tunably coupled LCE-PM at T, = 53°C with the respective fiber
coupled to (a) the small or (b) the large resonator only are depicted (see color-coded
pictograms). In each spectrum, Lorentz-shaped fits have been applied to the 10 deepest
resonance dips. The average depth of these dips of one spectrum has been used as a
normalization factor for the respective fiber-resonator coupling |u|. The intensity transfer
of the LCE-PM at each actuation temperature (see Fig. 6.6 and 6.7) has been normalized
using the two respective normalization factors. Reprinted with permission from [225]
(© Optica Publishing Group.

are known to undergo mechanical oscillations. Therefore, it is not reasonable to
estimate the fiber-resonator coupling of a single supermode’s intensity transfer from
the resonance dip of a consecutively performed FTS measurement. Instead, the
fiber is assumed to mechanically oscillate around a time-stable center position. This
should lead to a change of the fiber-resonator couplings around an approximately
time-stable value. Hence, the fiber-resonator couplings have been estimated in an
averaging manner from the consecutively performed FTS measurements.
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C.5 Normalization of the intensity transfer in add-drop configuration on
fiber-resonator couplings

The number of resonance dips as well as their overall depth is expected to increase
with the fiber-resonator coupling in the under-critical coupling regime. Therefore,
the average depth of the 10 deepest resonance dips of an FTS spectrum is used as an
averaging measure of the fiber-resonator coupling. Following this approach, two nor-
malization factors are calculated for all supermodes at each actuation temperature:
one for each fiber-resonator coupling using the respective single-fiber transmission
spectrum. This approach is exemplarily depicted in Fig. C.5 for an actuation tem-
perature of T,., = 53°C. In Fig. C.5(a)/(b), the FTS spectrum of an LCE-PM with
the respective fiber coupled to the small/large resonator only (see color-coded pic-
tograms) is depicted. Lorentz-shaped fits are applied to the 10 deepest resonance
dips. From the average depth of the 10 dips, the respective normalization factors
are calculated.

The data of transferred intensity presented in Fig.6.6 and 6.7 have been corrected
following this approach. These corrections are however just coarse estimates due to
their averaging nature. This leads to the significant scattering of the presented data.
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Appendix D

Measurement data

All underlying measurements (including both raw as well as processed data) can
be found in the respective directory of this thesis. This directory is structured in
accordance to the thesis: the data is subdivided into chapters, sections, and single
figures. For each figure, the complete set of used data is given despite potential
overlaps with other figures.
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