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Zusammenfassung

Im Rahmen dieser Dissertation wurde ein neues Verfahren zur Untersuchung von
waéssrigen Losung mit elektromagnetischer Strahlung im Mikro- und Millimeterwellenbereich
entwickelt, dass eine hohe Relevanz fiir biologische Anwendungen aufweist. Whispering-
Gallery-Moden in  kreiszylinderférmigen dielektrischen  Scheiben aus verlustarmen
einkristallinen Materialien wie Saphir oder Quartz ermdglichen sehr hohe Gutefaktoren, weil
die elektromagnetischen Felder sehr stark im Inneren der Zylinder konzentriert sind, und
Abstrahlungsverluste vernachlassigbar sind. Basierend auf diesem Resonatortyp wurden drei
verschiedene Anséatze zur Flussigkeitssensorik entwickelt, analysiert und im Hinblick auf die
Bestimmung der komplexen dielektrischen Permittivitat von Flissigkeiten optimiert.

Als erste Methode wurden Whispering-Gallery-Resonatoren aus Saphir fir den
Frequenzbereich 35-37 Gigahertz fiir Untersuchungen an kleinen Tropfen aus biochemischen
Flussigkeiten entwickelt und optimiert, die VVolumina der Tropfen liegen im Bereich von 100
Pikoliter bis hin zu einigen Nanoliter. Mit Hilfe eines mit einer Genauigkeit von einigen
Mikrometer verstellbaren Mikroinjektionssystems konnten die zu untersuchenden Tropfen an
beliebigen Stellen auf die Oberflache des Saphir-Resonators appliziert werden. Das an der
Oberflache vorhandenen evaneszente Feld fuhrt zu einer durch den Tropfen induzierten
Reduktion des Gutefaktors und zu einer Anderung der Resonanzfrequenz, die von der
komplexen Permittivitdt der Flussigkeit abhangen. Die optimale Tropfenposition auf der
Resonatoroberflache, die dem Maximum der elektrischen Feldstarke entspricht, wurde
experimentell ermittelt.

Es wurden zwei Mdglichkeiten der Resonatoranregung fir Frequenzen im Ka — Band
(26.5 — 40 Gigahertz) untersucht und optimiert. Zum einen wurden die Resonatoren in
halboffenen Metallgehdusen angeordnet, und es wurden stehwellenartige Whispering-Gallery-
Moden mit Hilfe von in der Gehdusewand fixierten koaxialen Koppelschleifen angeregt. Als
zweite Methode wurden laufwellenartige Whispering-Gallery-Moden in Resonatoren ohne
Abschirmgehduse durch dielektrische ,,image guide*- Wellenleiter angeregt. Im Vergleich zu
den stehwellenartigen Resonanzen besteht der Vorteil darin, dass die elektrische Feldstarke
nahezu unabhangig vom Azimuthwinkel ist, was die Positionierung der Tropfen erheblich
erleichtert. Weiterhin ist es vorteilhaft, dass dieses Anregungsschema auch flr hohere
Frequenzen bis in dem Terahertzbereich verwendet werden kann. Als erste Demonstration
wurden auf diese Weise Whispering-Gallery-Resonanzen in Quartzscheiben bei einer
Frequenz von 170 Gigahertz angeregt, die erzielten Gtefaktoren betragen etwa 30.000.

Die experimentellen Resultate beziiglich der durch die Tropfen verursachten Anderung
der Resonanzfrequenz und des reziproken Gutefaktors zeigen eine quantitative
Ubereinstimmung mit den Ergebnissen einer Stérungsrechnung in Verbindung mit
numerischen Feldsimulationen fir den ungestérten Resonator. Insbesondere lassen sich die
durch den Real- und Imaginarteil der komplexen dielektrischen Permittivitit verursachten
Effekte voneinander separieren. Beide MessgroRen weisen — entsprechend den Vorhersagen
der Storungsrechnung — eine nahezu lineare Abhéngigkeit vom Tropfenvolumen auf.



Aufgrund der hohen Giitefaktoren konnten Tropfen bis zu 100 Pikoliter Volumen mit dieser
Methode untersucht werden.

Tropfen aus destillierten Wasser wurden mit Tropfen aus wassrigen Losungen von
Athanol, Natriumchlorid, Glukose und Albumin verglichen. Fir alle gelosten Substanzen
ergaben sich signifikante Unterschiede zu Wasser fiir Konzentrationen oberhalb von 5%. Mit
Hilfe von Stérungsrechnungen konnte gezeigt werden, dass das vom Tropfenvolumen nahezu
unabhangige Verhéltnis von Frequenzverschiebung und Anderung des reziproken Giitefaktors
proportional zum dielektrischen Verlusttangens der Flissigkeit ist. Da letzterer proportional
zur Relaxationszeit flr die Orientierungspolarisation der molekularen Dipole ist, die bei
waéssrige Losungen organischer Molekiile mit zunehmender Konzentration der Losungen
zunimmt, stellen hochgenaue Konzentrationsmessungen eine interessante Perspektive fir die
Whispering-Gallery-Resonatormethode dar.

Als erster Schritt in Richtung einer praktischen mikrofluidischen Sensoranwendung
wurden - als zweite Messanordnung - Whispering-Gallery-Resonanzen in einer Saphirscheibe
bei 11 Gigahertz untersucht. Dazu wurde eine ,,Flipchip“- Konfiguration bestehend aus einer
Quartzscheibe, die mit einer Bohrung zu Aufnahme von 400 Nanoliter Testflussigkeit
versehen war, und der Saphirscheibe eingesetzt, um hochgenaue Messungen an Flussigkeiten
durchzufiihren. Die durchgefiihrten Kalibriermessungen an unterschiedlichen Flissigkeiten
ermoglichen es, mit dieser Methode den Real- und Imaginérteil der dielektrischen
Permittivitat Gber einen weiten Wertebereich zu bestimmen, entsprechend den Erwartungen
aus der Storungstheorie. Aufgrund des hohen Giitefaktors von mehr als 100.000 fir den
ungestorten Resonator stellte sich die durch die Flussigkeit verursachte Anderung des
reziproken Gitefaktors als ein direktes Mal? fur die Relaxationszeit heraus. Aus der Messung
der Temperaturabhangigkeit ergab sich die Kkorrekte Temperaturabhéngigkeit der
Relaxationszeit von Wasser, die durch thermische Anregung bestimmt ist. Es wurde gezeigt,
dass sich mit dieser Methode die Konzentration von wassrige Glucoseldsungen mit 0.2 %
Aufldsung bestimmen lasst.

Als dritte Messanordnung, die auf eine Referenzmethode fir die Bestimmung der
komplexen dielektrischen Permittivitat von Flussigkeiten abzielt, wurde eine sog. ,,radially-
two-layered“-Struktur, die aus einem dielektrischen Ring besteht, der zwischen zwei
hochleitenden Metallplatten eingeklemmt ist, untersucht. Die zu untersuchende Flissigkeit
wird dabei ins Innere des dielektrischen Rings, der aus Saphir besteht, gefillt, so dass die
Flussigkeit einen dielektrischen Zylinder ausbildet, der die gleiche Hohe wie der Saphirring
aufweist. Fur solche Whispering-Gallery-Moden, bei denen das elektrische Feld parallel zur
Zylinderachse verlauft, reduziert sich die Wellengleichung sowohl fiir den leeren als auch fir
gefiillte Resonator zu einer eindimensionalen transzendenten Gleichung, so dass die komplexe
Permittivitat aus dem Modenspektrum und den Gutewerten mit hohen Genauigkeit und ohne
Kalibrierung bestimmt werden kann. Bei dieser Methode, die fur Frequenzen von
36-38 Gighertz entwickelt wurde, ist ein Flissigkeitsvolumen von weniger als einem
Milliliter erforderlich. Messungen mit dieser Technik sowie breitbandige Messungen mit
einer Koaxialsonde wurden als Referenzmessungen fiir die Charakterisierung wassrigen
Flussigkeiten eingesetzt. Die Resultate wurden mit den Experimenten an Tropfen



(35-37 Gigahertz) und den Messungen mit der Flip-Chip Konfiguration bei 11 Gigahertz
verglichen.

Zusammenfassend gesagt, wurde im Rahmen dieser Dissertation eine neues Verfahren
zur hochempfindlichen Analyse von Flissigkeiten mit Volumina im Nanoliterbereich
entwickelt und verifiziert. Daraus ergeben sich herausfordernde Perspektiven fir
Sensoranwendungen in den Bereichen Chemie, Biologie und Medizin.



Abstract

Within this thesis, a novel approach for the investigation of aqueous solutions
interacting with electromagnetic radiation at micro-to-millimetre wave frequencies was
developed and employed with relevance to biological applications. Whispering-gallery modes
in cylindrically shaped dielectric disks machined from low-loss single crystalline materials
such as sapphire or quartz allow for very high quality factors, because the electromagnetic
fields are strongly confined inside the dielectric disk such that radiation losses can be
neglected. Based on this resonator type, three different liquid sensing approaches were
developed, analysed and optimized with emphasis on the determination of the complex
dielectric permittivity of liquids.

As a first method, whispering-gallery sapphire resonators at 35-37 gigahertz were
developed and optimized for the investigation of small droplets of biochemical liquids with
volumes ranging from 100 picolitres up to about a few nanolitres. Employing a micrometer
controlled microinjection system, droplets could be spotted at arbitrary positions on the
surface of the sapphire disk. At the surface of the disk, an evanescent field emerges, such that
the droplet induces a slight change of the resonance frequency and a reduction of the inverse
quality factor depending on complex dielectric permittivity of the liquid under test. The
optimum spotting position on the resonator surface corresponding to the maximum electric
field was determined experimentally.

Two types of resonator excitation schemes were investigated and optimized for the Ka
frequency band (26.5 — 40 Gigahertz). At first, resonators were embedded in a semi-open
metal shielding cavity and excited in a standing wave regime by coaxial loop antennas fixed
at the walls of the cavity. Secondly, dielectric disks without shielding cavity were
investigated, comprising excitation of whispering-gallery running waves by dielectric image
guides. In contrast to standing wave loop excitation, the electric field strength of the running
whispering gallery waves is nearly independent of the azimuthal angle, which is of great
advantage for the positioning of very small samples. In addition, this scheme can be extended
up to the terahertz frequency range. As a first demonstration, whispering gallery resonances
were excited in a quartz disk resonator at 170 Gigahertz with quality factors of order of
30000.

The results on droplet induced changes of resonant frequency and inverse quality factor
were found to be in quantitative agreement with perturbation theory in conjunction with
numerical field simulation of the unperturbed resonator. In particular it was found, that the
effect of real and imaginary part of permittivity could be separated. Both measured quantities
were found to be nearly linear dependent on the droplet volume, as expected by perturbation
theory. Due to the very high quality factor, droplets down to 100 picoliters volume could be
analysed by this technique.

Droplets of distilled water were compared with aqueous solutions of ethanol, sodium
chloride, glucose and albumin. For all solutes, the measured results were clearly different
from water for concentrations above 5%. Within perturbation theory it was found, that the
ratio of droplet induced change of inverse quality factor and droplet induced frequency shift,



being nearly independent of the droplet volume, is proportional to the loss tangent of the
liquid. Since the loss tangent is proportional to the relaxation time of orientational polarisation
of the molecular dipoles, which decreases with increasing concentration in aqueous solution
of organic molecules, the whispering gallery mode resonator method provides an interesting
perspective for accurate concentration determination of highly diluted aqueous solutions.

As a first step towards practical microfluidic sensor applications, a second measurement
scheme based on whispering gallery resonances in a sapphire disk at a frequency of 11
Gigahertz was investigated. A flip-chip configuration composed of a thin quartz disk with a
small hole filled with 400 nanolitres of a test liquid and the sapphire resonator disk was
employed for highly accurate measurement on liquids. Calibration measurements on various
test liquids enable the determination of real and imaginary parts of dielectric permittivity over
a wide range of values, in accordance with analysis by perturbation theory. Due to the high
quality factor of the unperturbed resonator of more than 100 000, the measured liquid induced
change of the resonant amplitude was found to be proportional to the relaxation time.
Temperature dependent measurements revealed the correct temperature dependence of the
relaxation time due to thermal excitation. It was found, that the concentration of aqueous
solutions of glucose can be resolved with an accuracy of 0.2 % by this technique.

As third approach aiming towards a reference method for permittivity measurements,
the so-called radial-two-layered resonator structure composed of a dielectric ring clamped
between two highly conducting metal plates was investigated. The liquid under test was filled
inside the dielectric ring machined from sapphire, such that a liquid cylinder of the same
height as the ring emerges. For those types of whispering gallery modes comprising electric
fields parallel to the cylinder axis, the wave equation for the empty and the filled resonator
reduces to a one dimensional algebraic transcendental equation, such that the complex
permittivity could be calculated from the mode spectrum and quality factors with high
accuracy without any calibration. This method developed for frequencies of 36-38 Gigahertz
requires a liquid volume of less than one millilitre. Measurements by this techniques plus
additional coaxial probe broadband measurements up to 20 Gigahertz were applied as
reference methods for the characterizing of aqueous liquids. The results were compared both
with the nanolitre droplet experiments (35-37 Gigahertz) and with measurements at
11 Gigahertz performed with the flip-chip configuration.

In summary, by this thesis a novel approach for highly sensitive liquid analysis for
volumes in the nanolitre range has been developed and verified, with challenging perspectives
for practical sensor applications in chemistry, biology and medicine.
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INTRODUCTION

I ntroduction

Electromagnetic waves are a common tool for spsctquic investigation of solid,
liquid and gaseous materials with a wide rangepplieations in physics, chemistry and life
science, but also for security systems, processjaatity control and inspection of food and
pharmaceutical products [1]. From the lowest baatdslohertz frequencies towards gamma
radiation, various properties can be probed. I @dsnolecular samples, the kilohertto—
gigahertz frequency bands in conjunction with mégrfeslds yield structural information by
nuclear magnetic resonance (NMR) spectroscopyaredr and Raman spectroscopy vyield
detailed information on individual chemical bond, [optical and UV spectroscopy on
electronic excitations mostly for the individualoats, and x-rays on the average atomic
numbers, mass density and molecular structureT[3. range between about one gigahertz
and a few terahertz is very specific to collecexeitations of a substance: between about five
hundred gigahertz and five terahertz the obsematiocollective vibrational modes of the
molecular solids reveals details of the molecuteucsure and chemical bonds [4]. At lower
frequencies, for liquid samples the degree of foeedof molecular relaxation reveals
information on the intermolecular forces and suue{5].

The investigation of liquids by electromagnetic wa\vn the micro- to millimeter wave
bands represents a great challenge for the fundam@mderstanding of their dielectric and
conducting properties. The structure of its molacebmponents, their intermolecular bonds,
and the electrical conductivity induced by dissdlvens expresses itself in the frequency and
temperature dependence of the complex dielectnction, which contains a rich spectrum of
information including various relaxation processesjentational polarisation of the
molecules, and frequency dependence of the iomduwdivity. For aqueous solutions, where
the pronounced relaxation peak due to orientatipoédrization of molecular dipole formed
by the water molecule leads to a strong absormi@n the whole micro- and millimetre wave
range [6], the observed deviations from the progerof pure distilled water — as the most
relevant reference liquid [7], [8] — are very spiecito the dissolved species, to their
concentration, and modifications of the water ftasla result of the dissolving process.

Although broadband studies covering the largessiptesfrequency range represent the
ultimate solution with emphasis on exploiting thell finformation included in the
electromagnetic response of a liquid, the relasiveplicity of the spectra allows to identify
the main features of a spectrum by precise measmnsnat a few selected frequencies. In
conjunction with the high losses imposed by theoldiprelaxation for water in the higher
microwave frequency bands above ten gigahertz, exgremely small amounts of liquids can
be analyzed, provided that resonant systems of dugtity factor can be utilized as sensing
elements.

In the frame of this thesis, extremely sensitiverapches for the investigation of the
dielectric properties of liquids in the frequen@&nge from ten to forty gigahertz have been
developed and analyzed, with a strong potentidetéurther extended for the terahertz range
in the future. Cylindrically shaped dielectric reators made from low-loss single crystals
were developed, optimized and finally utilized fagh precision measurements on liquids
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INTRODUCTION

down to volumes of picolitres. Employing so-calletispering gallery modes, the dielectric
resonators can be operated in semi-open metalktdghg or even without any shielding. The
evanescent fields occurring near the surface of dieéectric cylinders provide an ideal
platform for the investigation of extremely smath@unts of a liquid either as droplets or
liquids in volumes defined by closed cavities, swash microfluidic systems. Due to the
simplicity of the sensing arrangement, various @pgbns ranging from concentration
measurements on biological liquids such as glucasenitoring of liquids in chemical,
pharmaceutical and food industry, investigationhafnan tissue and investigation towards
label free DNA analysis will become possible in thiire.

This thesis is organized as follows: Chapter 1 jples a brief introduction to the theory
of dielectric properties of matter with emphasisligaids, including models to describe the
static dielectric properties by the different mauken of polarisation. A particular emphasis is
devoted to models describing the dynamic complexediric function, which contains
relaxation and conduction processes. Finally, itieeature data base for water as a reference
liquid is shortly reviewed.

In Chapter 2, an overview about microwave methodae¢asure the dielectric properties
of liquids is given with emphasis on narrowbandresit and broadband transmission line or
free space techniques. The broadband techniquelsecaperated both in time and frequency
domain.

In Chapter 3 the applied method of whispering ggltesonators as sensing element for
the investigation of liquids is introduced. Two amgches are discussed in details and their
accuracy and sensitivity is analyzed: One apprdacperform reference measurement on
liquids based on a specially designed resonaiquid cell geometry being made such that a
rigorous solution of Maxwell’'s equations can bdizegd to deduce the complex permittivity
of the test liquid directly from the resonator aweristics. The other approach is about
measurements on droplets down to 100 picolitresurael the analysis is based on a
combination of numerical field simulations in comgtion with electromagnetic perturbation
theory.

Chapter 4 deals with results in aqueous solutioetia@nol, NaCl, glucose and albumin
by the two whispering gallery mode techniques deedrin Chapter 3. The application of
rigorous solution on the one hand and perturbagghnique on the other hand indicates the
measuring capability of the approaches. In pawdicuthe analytical capability for the
investigation of nanolitre droplets is clearly dematrated.

In Chapter 5, a first WGM based sensing systemzeshlby a combination of a WGM
resonator with a microfluidic quartz wafer is derswvated, which can be calibrated to
determine the complex dielectric permittivity o480 nl liquid sample at frequency around
10 GHz. Based on highly sensitive measurementshahges of the resonator losses, the
concentration of extremely diluted solutions ofamig molecules in water can be determined.
As an approach towards terahertz integrated WGKasr biosensors, first numerical fields
simulations on resonator arrays and experiment®&M resonators at 170 GHz will be
discussed.
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CHAPTER 1: THEORETICAL ASPECTS OF DIELECTRIC RESHON LIQUID MEDIA

Chapter 1: Theoretical aspects of dielectric respae in liquid
media

In this thesis, the interaction of electromagnegidiation in the microwave range with
liquids is investigated. The microwave spectrumeeds from a frequencly of 1 GHz to
300 GHz, the corresponding wavelengdthanges from 30 cm to 1 mm. The microwave range
includes centimeter wavek< 3 — 30 GHzA = 10 — 1 cm) and millimeter wavet< 30 —
300 GHz,A = 10 — 1 mm. The most developed range for a laegesty of applications lies
within the 1 to 40 GHz range. Frequency and wagglteare connected by

C=Alf (1.1)
with ¢ being equal to the velocity of light, which is 281 m/s for propagation in vacuum.

The existence of electromagnetic radiation spectwas predicted by J.C. Maxwell,
who defined the visible light to be only a partenuktase of the variety of electromagnetic
waves in nature which have all other possible feegies. In 1864 Maxwell proposed a
system of partial differential equations, which dle general basis to describe the
propagation of electromagnetic waves in media arahtilyze the experimental results.

1.1 Maxwell's equations in a linear medium

In their differential form, the Maxwell equationseagiven by:

—

ﬁxé:-%_f FB=0 COxH =

(W]}

0

+j Ob=p (1.2)

(o]

t

In these equationg& andH are the electric and magnetic field strengihds the dielectric
displacement due to the polarization of the matersiposed to the field (the effective electric
field inside a dielectric material) at@d/ct is the corresponding displacement currénis the
magnetic inductionj is the electric current density due to chargespart, andp is the
electric charge density. The cited equations dferdnt compared to Maxwell’'s equations in
vacuum; consequently with electric displacemeninstead of the electric field strengi)
and magnetic inductioB associated with the magnetic field strengthbeing introduced to
account for modifications by the medium. These mswopic quantities describe averaged
microscopic material properties such as electrjgoldis, magnetic moments, polarization
charges, and moving charges.

The effective electric field of a linear dielectreedium is composed of the electric field
strengthE and the induced electrical polarizatiery

[3:gOE+5:50E+Xegoézgo(1+)(e)|§=gogré (1.3)

where &= 8.854T0%°As/Vm is the permittivity of the vacuumye is the dielectric
susceptibility of the medium, ang= 1+y. is the relative dielectric constant of a dieliectr

13



CHAPTER 1: THEORETICAL ASPECTS OF DIELECTRIC RESHON LIQUID MEDIA

medium. As it will be explained in this chaptere tbomplex frequency dependent function
&(wW=&-&(w is called dielectric function of complex electrigedrmittivity of the medium.

Correspondingly, the magnetic field strengths connected to the magnetic induction
B by the permeabilityt

B = poH +M = goH + XotioH = 1o 1+ Yo)H = it H (1.4)

where (o= 1.256T0° Vs/Am is the permeability of the vacuurv] is the magnetization
vector, ym is the magnetic susceptibility of the medium, gnd 1+y, is the relative
permeability of a magnetic medium.

One more equation is assumed to apply, which desc®hm’s law, i.e. current density
proportional to the electric field

j =0k (1.5)
wherego is the conductivity of the material (in units@fm).

The relations (1.3), (1.4), and (1.5) are so-cafledstitutive relations which are taken
from molecular theories of polarization, magnetiand electrical conductivity of the media.
In the following, we limit ourselves to the lineaasponset, 1, ande do not depend on the
electromagnetic field strength. For dielectric mials, except ferroelectrics, this holds true up
to moderate field levels. As it will be discussatel, heating by dissipation occurs at much
lower field level than any nonlinearity will appear

In generalpy andeg are 29 order tensors (explicitly for any anisotropic ¢afy but in
homogenous isotropic media such as liquids they lmarsimplified to be scalar. Energy
dissipation due to conducting ions, molecular estation, kinetic processes, etc., which
occur in the sample, can be represented with thedieomplex field vectorg, D, H, B and
P. In general form, the material properties are thepresented with help of frequency-
dependent complex permittivity, permeability anddactivity.

£(w=eW-ie"(w H(W)=Hw)-id(@ o (w)=0(w)-i0"(w) (1.6)

In case ofy and ¢, their frequency-dependent real (substriphd imaginary parts
(subscript) correspond to the dispersion and absorption efteimagnetic energy in the
sample when it is subjected to a field of anguleg@iencyw=2xf.

For metals, the frequency dependence of specifiductivity is very small and can be
satisfactory approximated by neglecting of the imagy part ofo*(w), ¢"(w)=0. ¢" is non
zero only for the case of the superconductive statefor normal conducting metals at very
high frequencies [9]. Magnetic materials such aa ffferrites), cobalt, nickel and their alloys
have appreciable magnetic properties. For thedmunvestigated in this thesis the relative
permeability is very close to unity, apdwill be equal tog throughout this work. All the
liquids under investigation have dielectric propstand — some of them — conducting
properties.
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CHAPTER 1: THEORETICAL ASPECTS OF DIELECTRIC RESHON LIQUID MEDIA

1.2 The wave equation in isotropic lossy dielectrimedia

In case of charge and current density being equaéto, Maxwell equations yield the
wave equation:

_(E) 10%(E d> d®> d®> 10*\E
0 - -=—| - |= +—+————| - |=0 1.7
(HJ c’ atz(H] (dx2 dy> dZ ¢’ atZJ(HJ &7

where E= Egexp(-iwt) and H= Heexp(-iwt) describe time harmonic electric and magnetic
fields with angular frequenca

For a wave propagating in vacuum #mdirection the fields are proportional to
expli(kz-at)], such that only a differential equation for ttransverse coordinatesandy

remains.
Lk 2 E
{(W‘*a—yg‘kzz)‘*koz}(ﬁjzo (1.8)

In case of a plane wave the fields do not vary andy direction, hencé; = ko = aJc.
In case of a waveguide withindependent cross section, Eq. (1.8) has to beddtvfind the
eigenvaluek™" andk,™" in case of Cartesian coordinateg,z or k,™" in k,"" in case of
cylindrical coordinate, ¢ z for the different propagation modes with integaticesm, n,
taking into account the boundary conditions for #lectric and magnetic fields at the
waveguide walls. For this case the propagationteonss determined by

K, = k2 — K~k (1.9)

(for Cartesian coordinates), indicating the exiséenf a cut-off frequencykf=0) for each
propagation mode below which wave propagation ahibited and a wavelengtirik; being
longer than the plane wavelengtivid.

For a wave propagating in an isotropic lossy meditiva generalized complex
permittivity

1@z @i 1@z r@=e@-i (1.10)

0 0

has to be considered, where the functigfs) ands;"(w) represent the frequency dependence
of global dispersion and absorption of the samipleorder to describe the losses of a wave
propagating in a medium, often the loss tangend tan

tand() = 1) - W)+ o
(@) W (@)

(1.11)

is used to describe power absorption. The resultiage equation is
15
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0 0% | . E
+ -kN+pn* ~ =0 1.12

In case of a plane wave, the wave nuni@en Eq. (1.12) is replaced by the complex
wavenumberky-72 with respect to propagation in vacuum. Therefohe, plane solution

corresponds to an exponentially damped sine wave:

(EJ O eprkO\/n_*z) = exp(k,n2) Lexp(-k,kz) (1.13)

The quantity

A=yn=n+ix (1.14)

is the complex refractive index, with being the usual refractive index ardbeing the
extinction coefficient, which describes the absiarptength of a plane wave propagating in a
lossy medium. The quantitias and x are related to the real and imaginary part of the
generalized complex permittivity by:

12 n2 ]
n:\/\lﬂ +n"°+n :\/F (for n" <<n") (1.15)

2
and:

n /. %tan&' (for " <<1')

- (1.16)
Vatn® et vy 27

For a low-loss dielectric mediumi'<</'=¢, the wavelength in a medium is reduced by
the square root of permittivity with respect to th@cuum, and the absorption length is
roughly given by 2 times the wavelength dividedthy loss tangent, for example 200 tindes
in case of tad = 0.01. In case of water in the frequency rangeoof investigation
(10-40 GHz), tadis close to unity, such that the exact formulag. @.15) and (1.16)) have
to be employed for the calculation of wavelengtt ahsorption length.

In case of a filled or partially filled dielectngaveguide a rigorous solution of the wave
equation leads to explicit dependences of the cexngropagation constark, on the
generalized complex permittivity.

1.3 Theoretical models for the static permittivityof liquids

In this section we describe theoretical modelstf@ complex dielectric function of
liquids. In contrast to solids, the molecules hdneedegree of freedom of rotation, which is of
particular importance for liquids composed of pomolecules such as water. Therefore,
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relaxation phenomena occur at microwave frequencidsch are very specific for the
molecular composition of the individual liquid.

At first, non-conducting liquids are considere@, liquids with negligible influence of
conducting ions. In this case, the generalized dexpermittivity is/7 equal to the complex
permittivity €. The effect of conducting ions is partially accmeh for by Eq. (1.10),
however, as discussed in [10], the presence ofatstsinduces a significant alteration of the
complex dielectric functios(c) of the liquid.

On a microscopic level, the individual electric aigp momentp of each molecule
contributes to the macroscopic electric polarizatioof the liquid. The interaction of the
alternating electric field with the dipole momemwiseach molecule, which also depends on
the intermolecular forces, determines the complebedtric function of the liquid.

In case of a liquid composed of only one speciesnolecules, the macroscopic
polarization is related to the dipole moment of itigividual molecule by

P=N(p) (1.17)

whereN is the number of molecules per volume. The timeraging of the dipole moment is
rather important, because it implies the statibetects of the thermal motion of molecules
and provides information on the timescale of mdkctelaxation upon reorientation, which
is enforced by the applied alternating electritdfie

In general, a molecular dipole moment can be desdras

p=[rp(r)d’, (1.18)

with o(r) being the molecular charge distribution. Forgshmeplified case of two isolated point
charges ¢ and -¢ separated by a vecthrEq. (1.18) becomes following

Induced polarization

Neglecting the effects of orientational polarizatithe two physical effects contributing
to the dipole moment of the molecule are, streghamd rotation. Polarization only by
stretching occurs fornon-polar moleculesNon-polar molecules are molecules where the
“centers-of-gravity” of the negative and positivieacges are at the same point (see Fig. 1.1
(a)). In absence of an applied field non-polar rooles do not possess a dipole moment.

(@ E=0, I=0, P=0 (b) ES p

. 10, P£0

Figure 1.1 Polarization by stretching (a) withontlgb) with applied electric field.
17
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When the molecule is subjected to an electric fiald electronic re-distribution occurs
in the molecule due to a slight displacement of ¢kextron orbitals. This effect is called
electronic polarization In contrastatomic polarizationoccurs when the positively charged
nucleus of an atom are displaced. In moleculegesine degree of displacement depends on
the electronic environment of the individual atotne effect of atomic polarization is to
stretch, compress, or bend chemical bonds. Atomid @lectronic polarization possess
different relaxation times.

Polar moleculeslike water, are molecules which possess a perntatipole moment
due to the natural non-uniform distribution of ¢éfens. Because of the asymmetric structure,
the centers-of-gravity of the negative and positolearges are not at the same place.
Therefore, the polar molecules are already strorgghgtched naturally; there exists a
permanent charge separation within a polar molecule

Without external field, the polar molecules in guid are randomly oriented. An
applied electric field yields a polarization conisig of two parts: additionatretching of the
molecule in an electric field (like for non-polarofacules) andotation. Here, an applied
electric field will polarize the material by oriemg the dipole moments of polar molecules.
The orientation process may involve an overalltrotaof the molecule around its centre of
mass; or, especially in long flexible moleculestsas polymers, a charged section of a
molecule which will be twisted with respect to mailisections of the molecule. An overview
of the dielectric response of polymers is givefbin

Orientational polarizationby rotation is much more common in liquids and gases then
in solids, because the dipoles can be moved freely.

The total polarizatiorP is represented by the sum of the induced or peentadipole
moments. In order to calculate the correspondingnjgvity of the medium, it is important
to know howP depends on the external applied electric field . In case of induced dipole
moments the polarization is proportional to thealoelectric field at the position of the
individual molecule,

P = Np = NO'EIocal (120)

the proportionality constantr is called of the polarizability of the moleculen the most
general casay is a tensor, for nonlinear dielectric me8i@ontains higher order terms of the
electric field (Eq. 1.8b, p. 2, in [5]).

The local electric fieldgi,c is the sum of the external field plus the so-chll®rentz
field, which results from the polarization of th@lecules surrounding the particular molecule
for which the polarization is calculated.

B} . P
Eocat = Eext ¥ =—
local ext 350 (121)
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Figure 1.2 Polarization by rotation.

The factor 1/3 in Eq. (1.21) accounts for the spiaérshape of an imaginary shell
around the particular molecule, which is charged thg polarization imposed by the
surrounding molecules [11].

Combining Egs. (1.20) with (1.21) and expressigoy the permittivityes (static
permittivity) according to Eq. (1.3) yield the Clus-Mossotti relation,
&-1_Na

S

f+2 %, (1.22)

first derived by Mossotti in 1850, then by Lorenzli869, and refined by Clausius in 1879.

Orientational polarization

The polarization we have discussed up to now issthetching type induced atomic or
electronic polarization. However, if the molecujesssess a permanent ground state dipole
moment, these molecules will tend to reorient ia #pplied field. The alignment of the
dipoles will be disrupted by thermal motion thamds to randomize the orientation of the
dipoles. The orientational polarization will thea bn ensemble average of dipole moments
aligned in the field according to Eq. (1.17). Ietpermanent dipole moment ps then the
interaction energy with the field M/ = pE = |p| |E| cosf, where 8 is the angle between the
dipole and the field direction. Thus, the polariaats given by

P = N(p) = Np(cosb) (1.23)

The indicated average is an average over a Boltandastribution, where the ratio of
dipole interaction energpEcosd and thermal energkT (k=1.38102% J/K =Boltzmann
constant) determine the effective dipole momeiat i@mperaturé.

j osHex;{ pECOSQ}sinédH
0
jex;{ pEkCTOSH}sinede
0
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The solution

(cosé) = coth(u) —% ; u= PE (1.25)

is known as the Langevin function. It approacbh&sfor u << 1 and 1 whem is large. For
liquids at room temperature, the limit <<1 can be applied. As an example, the dipole
moment for the water molecule is 6.3°2@m = 1.86 D (1D= 1 Debye =40 esudm =
3.35510°° C'm) [6], even at a very high electric field 1 kV/din comparison to fields used
in the microwave experiments performed and desdribesuccessive chaptersizpE/KT =
4.3-10" atT = 300 K. Thus, the total polarization can be expedsas the sum of the induced
and orientational polarization as:

2
P= N(a + BiTJE'OC (1.26)

Combining Eq. (1.26) with the Clausius-Mosotti tela (Eq. (1.22)) yields to the
Debye equation for the static permittivity of auid:

L NJ P (1.27)
£.+2 3| 3KT '

Eqg. (1.27) works reasonably well for many orgamaids such as alcohols, however, it
fails for water. The reason for the failure is ttwrentz local field correction, which explicitly
leads to the values of the local field in Eq. ().ahd consequently results in the Clausius
Mossotti relation (Eq. (1.22)) and Debye equatidfg.( (1.27)), starts from a cavity
surrounding a molecule which is large comparecheorholecular dimension. Therefore, the
local interaction between adjacent dipoles is moistdered. In case of organic molecules with
localized polar groups such as alcohol, the infbeeof the dipole-dipole interaction is rather
weak, because the OH-groups of adjacent molecuéeseparated from each other due to the
large size of the molecule.

As an extension of the Lorentz model, two more aded models have been developed
to solve the local field problem, the Onsager mael the Kirkwood model. Both models
attempt to account for the local interactions @ tholecules in an applied electric field. They
are continuum approaches, i.e. like in the Loremtmlel, a molecule is assumed to be inside a
cavity, and outside that cavity the medium is &dads a continuum dielectric with dielectric
constants. The models mainly differ by the definition of thavity. In the Lorentz model a
cavity being much larger than the molecule sizassumed. The Onsager model focuses on
the creation of a cavity around a single molectdlmi@rest which radiua being of the order
of the molecule size, or explicity = (3/4N)*, with N being the number of molecules per
volume. In thelLorentz theory it is assumed that the dipole monpeist not affected by the
solvation shell. For water, which has a gas phapelal moment of 1.86 D, the dipole
moment in the liquid phase is 2.3-2.4 D. Obvioustg neighboring water molecules have a
large effect inducing a dipole moment in the liqufdmore than 25% larger than the gas
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phase dipole moment. In contrast, within the Onsagzdel it is assumed that the local field
Eiocal IS composed of a cavity field, and a reaction fiel&,

—

E|ocal = Ec + Er (128)
The cavity field is produced by the external figidhe spherical cavity:

— S

© T 2e 41 Eex (1.29)

E =% g

Notice that the cavity field is always larger thidn@ external field, in analogy to the
Lorentz local field. However, whereas the Loremtzal field increases proportional &g the
Onsager cavity field increases only from 1 to k5.@approaches infinity.

The reaction field is proportional to the dipolemment of the molecule in the cavity

E - -1 |
2t ,+la’e,

o

= gp (1.30)

r

The reaction field is always parallel to the pereramdipole moment, therefore only the
cavity field can exert a torque on the dipole aadse it to align in the applied field. By
separating these two effects, the Onsager modeltseis the following expression for the
static permittivityss:

(Es B Eoo)(zgs + Eoo) — N pz (1.31)
£ (g, +2)7° 9kTe,

In Eq. (1.31), & is the infinite frequency dielectric constant (aky taken from
refractive index measurements in the optical range)

In contrast to the Lorentz model, Eq. (1.31) presgida better description of the
dielectric constant of dense fluids [6], but it dowt take into account local forces.

According to the Kirkwood model, the static permity is expressed by the Kirkwood-
Frohlich equation derived in chapter 1, 3 of [6]

(6, —€.)(26,t€,) _ N ap.2
£ (e, +2)° 9kTe, Po (1.32)

with pp being the dipole moment of an isolated water mdegecThe Kirkwood-Fréhlich
equation only differs from Eq. (1.31) by thefactor or correlation parametey. This
parameter represents the ratio between the dipolmentp of a sphere when the central
molecule is held in fixed alignment apg . The temperature dependent correlation function
g(T) was calculated for various structural models atex taking into account details of the
hydrogen bonds, giving reasonable agreement wiperaxental results Chapter.3.3 in [6].

Within the Kirkwood model, non-linear effects calsmbe described. The use of the
Langevin function LOE/KT) in higher order of approximation yields the e)gsien
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IN7e, +)py” | | 49E7py (£, +2)°

E(E)=¢, +
S(E) = . 54¢,kKT 540k°T?

(1.33)

which is valid for relatively low fields, which meaE < 5010° V/m, at whichs has dropped
from 80 atE=0 to about 50. However, at microwave frequencieh sa field would already
cause dramatic heating, since the poWer ¥ Z, 'E® corresponding to such a high field
would be 2.5-18 ! Watts for a field generated in a transmissioe lith a line impedance of
Z,=50Q. Even in highQ resonator experiments, where the required powexdsced by the
Q factor, the change af by the temperature change induced by strong tgeatimicrowave
frequencies (see next section) would strongly exdke direct field dependence predicted by
Eq. (1.33).

1.4 Theoretical models for the frequency dependencef the complex
dielectric function of liquids

The discussion above about the polarization of emmducting systems indicates the
existence of two contributions to the polarizat®mwith quite different origins, namely the
strongly temperature- and frequency-dependent t@atienal polarizatiorP,, stemming from
the alignment of the molecular dipole moments agaithermal motion, and the
intramolecular induced polarizatioRjhq, Which is nearly temperature- and frequency-
independent up to optical frequencies.

—

ﬁ = I:é)r + I:i)nd (134)
These facts are used experimentally for the sepdetermination oo andPing:
Is:)r :£0(£S_£oo)E F?nd =& (&, -)E (1.35)

The static permittivitys; includes the orientational polarization, the agtigermittivity
& and denotes the optical polarization, which inekidtomic and electronic contribution of
the induced polarization. Fig 1.3 shows the typstalicture of the dispersiar(f) and the
absorptiong"(f) curves of a simple non-conducting liquid withsiagle energy absorbing
relaxation process in the microwave (MW) regionabibut 10 GHz and two resonant
transitions in the IR and UV regions correspondiogatomic and electronic induced
polarization.

The first plateau from 0 to about 0.1 GHz is thege of static permittivity, where
e=¢'()=¢'(0)=¢ and&"(f) = 0. The steep negative slopef) is situated in the frequency
region where dipole orientation increasingly lagsibd the applied field. This relaxation
process, where'(f) decreases froms to ¢, reduces the orientational polarization from its
equilibrium value to zero. The energy dissipatedrduthe relaxation process is represented
by the absorption curw (f). There is a maximum in th&(f) curve at the frequency at which
¢' versus log exhibits an inflection. The quantitye =es¢,, IS called thedispersion amplitude
of the relaxation process.
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When the direction of the field is changing suffitily fast, the molecular forces
impeding the dipole orientation dominate, and thgoleés become unable to follow the
changes; at these frequencies the orientationrofigsgent dipoles no longer contributes to the
dielectric constant. The relaxation region is fol by a plateau at, where, again, no
significant energy dissipation takes place, &'€)= 0. The induced polarization does not
change during the relaxation process and on thegqulaat., where the total polarizatio(f)
equalsPinq. The resonant transitions due to atomjcand electroni®e displacements further
reduces(f) stepwise fronz,, to unity

Fig. 1.3 shows a plateau in the UV regiomas (no: refractive index of the sample at
the wavelength of the Naline) which is often used in the classical theoriestead of the
correct value o, for the calculation oPi,q (estimated precision 10 to 15%).

The simple model liquid depicted by Fig. 1.3 reftethe major features of the high
permittivity spectra. As far as real electrolytdusions are concerned it is still incomplete,
because it considers only a single relaxation m®@e the solution and, especially does not
consider the dielectric loss in electrolyte solnfi@aused by electric conductivity.

1.4.1 Debye relaxation

As the simplest model for the time evaluation @& trientational polarizatioRy, it is
assumed that increase of orientational polarizé@gis proportional to the polarization itself.

d
d

o U}

_ R

r

(1.36)

—
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& Polarization
| polar dielectric v
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Figure 1.3 Dielectric dispersief(f) and absorption"(f) spectra for a polar liquid with a single Debye
relaxation process in the MW region and two resotransitions in the IR and UV range.
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The relaxation timer describes the time required for a reoriented @i@digned in an
electric field to return to the vicinity of its noal position after removal of the electric field
(or the time required for dipoles to become oridritean electric field). For the case that a
field is switched on at=0, the solution of Eq. (1.36) is

—

P(t) =R, + R, (L-exp(-t/1)) (1.37)

indicating that the polarization evolves with tifnem the induced polarization &0 towards
the sum of induced and orientational polarizatiathiv the relaxation time.

Within linear response theory, the time evolutidntiee polarization is related to the
time dependent dielectric function by:

—

P(t)=P, + j £(t- t)dE(t) (1.38)

InsertingE(t)=Eoexp(d at) and comparing of the time derivative of Eq. (1.@1th that
of Eq. (1.38) leads to (employiRy(€ (c)-&»-1)E )

(£ (w) - €, ~DTE(®) —iae () — €, ~)E(t) = —£,£J wE(t) + £,6,1 aE(t) (1.39)

and hence to the following expression for the camlielectric function of a liquid:

e*(w)=e, +52 6o (1.40)
1-iwr

Separation of the complex dielectric functief({) in real and imaginary part results in
the following expressions:

£ "o ") =(c - )Y 1.41
gw)=¢,+ T £"(w) = (&, £°°)1+a)2r2 (1.41)

Egs. (1.40) and (1.41) are known as the DebyeebDtbye-Drude equations, following
their derivations in Debye’s classic book “Polar Ibtmles” [12], the corresponding results
for &'(«) ande"(w) of water are illustrated in Fig. 1.4.

Cole-Cole diagram

The complex permittivity can also be representegplgically in a Cole-Cole diagram
(Argand diagram) in the compleX, ¢' plane (Fig. 1.5). The imaginary patftis plotted on
the vertical axis and the real parton the horizontal axis with frequency as an indeleait
parameter. A material comprising a single relaxat@acording to the Debye relation will
appear as a semicircle stretching fregaes, ¢"=0 in the low-frequency limit te'=e., "=0 in
the high-frequency limit with the peak of the |dastor occurring at.=1/.
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Figure 1.4 Relaxation of water at 30°C accordintheoDebye equations (Eq. 1.41).
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Figure 1.5 Cole-Cole diagram of the data shownign E4.

1.4.2 Non-Debye relaxation models

The Debye model is essentially the only one whithrts from clearly defined
hypotheses and deduces the dependence of comphaktpaty on frequency on the material
parameters in a rigorous way. For many liquids thiedel can be used to approximate
experimental data, in particular for water. In aidi, it represents more or less reliable
approximation for simple non-auto associating saiseHowever, the relaxation behavior of
a variety of real systems can be reproduced wighhttlp of the Debye model only within
limited frequency regions. In order to deal withe thore complicated relaxation behavior
which is usually observed in case of broader fragyecoverage, the analysis of the
experimental data is based on a combination of rabwdstinct relaxation processes. In
particular, in certain liquids, such as mixturesl @olutions, some dipoles relax with one
characteristic rate, some with another. In suclesas discrete sum or even a distribution of
relaxation times can be employed to fit the datiniwiDebye theory. Over the years, different
models for dielectric relaxation functions were eleped which allow to fit experimental
data.
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Models based on combination of distinct Debye presmes

For liquids composed of non-hydrogen-bonded moks;ubnly one relaxation process
is usually observed. Hydrogen-bonded liquids regeslperposition of several clearly distinct
relaxation processes. The slow process charaafelbiyep is cooperative in naturep is
relatively long, since it is associated primarilytiwa rotation relaxation within a hydrogen
bonded cluster, and reduces considerably with tesyp® as hydrogen bonds are weakened
or broken. Early investigations over a limited fneqcy ranges successfully represented the
permittivity of water with a single Debye procedg@axation timer;=7=7p=8.3 ps at 25°C,
experimental data at frequencies above 50 GHz kedean additional high frequency
relaxation process withh=1.0 ps and 2% relative amplitude, which is conee¢d hydrogen-
bond formation and decomposition, as graphicallisitated by

—H:X—— —H + :X-.

The relaxation process originates from the reoa@mt of mobile water molecules
without or with single H-bonds and of asymmetrigaWo-bonded molecules. Therefotgjs
small in comparison te; and less temperature dependent, which is primdetgrmined by
the translational vibrations (near 200 §mwithin the hydrogen bonded cluster. A double step
Debye relaxation process {B D)

£* (W)= €, + Ag, | As 140
Y l+iwr, 1l+ior, (1.42)
With ese1=etAeitAey;,  Ae1= e — 655 A= e— &2, €= &1 pProvides the best

approximation for the complex permittivity of watand other polar liquids at frequencies up
to 1 THz. For mono-alcohols the superimpositiorthsee Debye processesi(b D, + Ds)
yields an appropriate description of the dieledhebavior (Fig. 1.6). These substances, which
are able to associate into winding chains, exlibilaxation time; due to the interaction of
these chains, a relaxation timg attributed to the rotation of monomers and molesul
situated at the chain ends, and a relaxation tjkie to the hindered rotation of molecules
within the H-bonded system.

25
20
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Figure 1.6 Argand diagram calculated from a fit tofee superimposed Debye equations and
experimental data of methanol at 25°C [13].
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Fig. 1.6 shows an example where a three-step Delyation corresponding to three
relaxation processes in the liquid was employefit experimental data.

Models with broad relaxation time distributions

In the following, non-discrete distributed relaxeatitimes will be discussed in order to
fit experimental data which do not obey to a siigébye equation or a sum of a few distinct
Debye terms. To account for such distribution, &&ole function (CC) can be employed

E, —€&

E*(w) =& +¥,

( ) o 1_ (| a”.)l—a (143)
which describes a more or less broad symmetriciloliston of relaxation times aroundby
use of a distribution parameter 0< a <1. The corresponding Argand diagram shown in Fig.
1.7 is a semicircle with its center lying below therizontale"-axis, on the line drawn from
¢"=0 ands'=¢,, and making an angle aft/2 with the horizontal axis.

The Cole-Davidson modek used for representation of an asymmetricaridigion of
relaxation times with high frequency distributiaordy. The Cole-Davidson function

E, —€&

£* (W) =¢, +(1_Si—wr°°)ﬁ (1.44)

Cole-Cole

(1-o)m/2

\w
() (d)

Figure 1.7 (a), (b} () dispersion and loss frequency dependencies(dr},(¢") diagrams for Cole-
Cole and Cole-Davidson processes.

€0
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includes a distribution paramej&rO</ <1. The corresponding Argand diagram illustrated in
Fig. 1.7 is a skewed arc. The frequency dependehesal and imaginary part of permittivity
shown in Fig. 1.7 for the two different approaclhiesstrate the symmetric (Cole-Cole) and
asymmetric (Cole-Davidson) broadening of the reiaxgpeak.

More generalized empirically equations have beapgsed to describe the complex
permittivity of polar liquids over a broad frequgnange. The model includes Cole-Cole,
Cole-Davidson with more or less broad relaxationetidistributions around the relaxation
time ¢; (characterized by the parameters0 for symmetric andp<l for asymmetric
distributions) as well as single and multiple Delegeiations

e (w) =€, +(c, 8)2[1+(|a)r)1" 7 (1.45)

wheren is the number of separable dispersion sfegsnerated by relaxation timgs The
dispersion amplitude

€j T &y
£ —E,

9; = (1.46)

represents a weight for each dispersion contributiy. (1.45) containBebye procesfD;)
(4=0, p;=1), Cole-Cole procesfCC) (< ¢ <1, f;=1) andCole-Davidson process;=0, 0<p;
<1).

The data listed in Table 1.1 were taken from a eyr{13] in which relaxation
parameters of commonly used solvents are listeddoous solvent classes.

Table 1.1 Dielectric relaxation parameters of delésolvents at 25° C.

Compaund | & frrin Equation | 7, |y Br |e= | |e= | [em | N0
frmax ps €01 ps €02 ps =g,
GHz

Water 78.36 0-60 D, 827 |0 1 5.16 | - - - 5.16 | 1.7765

77.97 0.9-409 D, 832 | O 1 6.18| 1.02 4.59 - 4.59
Methanol 32.63 0.9-12 GC 50.2 | 0.014 1 527 - - - 527 1.7596

32.47 0.9-40 prD, 51.0| O 1 574 3.3 3.64 - 3.6 -

32.50 0.9-293| BPD,2+D; [ 515 | O 1 591| 7.09 4.9 1.1 2719 -
Ethanol 24.35 0.9-89 BD,+D; | 163 | O 1 449| 897 382 181 2.9 1.847B
1-propanol 20.439 0.9-89 BDA+D3; [ 329 | O 1 3.74| 151 320 24D 244 1.914p
2-propanol 19.385 0.9-89 1BD,+D3 | 359 0 1 3.74| 145 3.04 196 242 1.891P
Formamide 109.5 0.9-89 G€D, 37.3 | 0.0057 1 7.08 1.16 4.48 - 448 2.096
N-methyl- 185.98 0.9-89 prD, 127 | O 1 5.88| 358 3.79 - 3.70 2.0449
formamide
Acetonitrile 35.92 0.9-40 D 348 | 0 1 4,001 - - - 4,00 1.7800

35.96 0.9-89 CC 3.21 | 0.028 1 2.26 - - - 2.26 -
Acetone 20.56l 2.9-24 D 3.3 0 1 2 - - - 2 1.84
Propylene 64.96 0.9-89 CP 43.1 1 0 0.9 4.14| - - - 4.14 2.0153
carbonat
Dimetil 46.48 0.9-89 Ccp 205| 0O 0.89| 4.16 - - - 4,16 2.1831
sulfoxide
Pyridine 12.4 0.9-24 D 133 | 0 1 2.3 - - - 2.3 2.27

Column 1 shows the name; column 2 shows the statient permittivity determined
by direct measurements at quasistatic frequen€igslQMHz) where no energy dissipation
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takes place; column 3 shows the range coveredéfitih frequency equipment, and column
4 indicates the model used for data analysis yigltlhe results about relaxation parameters in
column 5a to 5h. Column 6 shows the quantigy from refractometric measurements at
optical frequencies.

Influence of ionic conductivity

The introduction of ionic salts into water or otteavents has a significant effect on
both its dielectric properties and its structur@nds which do not possess additional dipole
moments from polar groups do not produce propexegion process in electrolyte solutions.
Nevertheless, they can be recognized by the infleief their volumes and charges on the
relaxation process of the solvent.

The concurrent solvent-solvent and ion-solvent radgons in electrolyte solutions
generally lead to pronounced changes of the streictompared with the pure solvent. In the
relaxation spectra these structural changes résuttharacteristic changes of the solvent
relaxation parameters. lon pairs and higher ioggragates, which possess dipole moments,
produce additional relaxation processes.

According to Eq. (1.10) the conductivity induced by the dissolved ions add as an
additional contribution to the losses expressedthi® imaginary part of the generalized
permittivity (within the Debye model)

g _(&-é&)wr O

"(w) =&"(w) + :
A we, l+afrt

(1.47)

At low frequencies, the losses generated by thiiente of electrolytic conduction
caused by free ions in the solvent (in biochemiagiids it is usually water) exhibit
characteristic I/frequency dependence. A typical response for coetbiconduction and
relaxation behavior is shown in Fig. 1.8 (a) exilgtthe 1f dependence at low frequencies
and the Debye relaxation behavior of water at highequencies. Fig. 1.8 (b) shows the
Argand diagrams taken from [10] for an aqueous temiuof a completely dissociated
electrolyte compared with that of pure water. ThghHfrequency process>E1l ps) of water
with its very small dispersion amplitude is suppessfor the sake of clarity. Curve 1 is the
Argand diagram of the low frequency water processye 2 is the representation of the
generalized permittivity of the KCI solution (EqL.47)), curve 3 is the Argand diagram
corrected for ohmic loss with the help of the castduty data for the solutions being
investigated, obtained independently using a briag¢hod at quasi static frequencies (200-
10000 Hz). The broken line in Fig. 1.8 (b) shows #symptote of" for «—0. A significant
feature is the decrease of static permittivitfc) of the sample with increase electrolyte
concentration. The concentration-dependent decrefas&tic solvent permittivity is known
as the dielectric depressioke. The physical origin of this depression is thatheaon
polarizes the surrounding water molecules, whicimpers the effect of orientational
polarization by the microwave field (see Eq. (1)33)
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Figure 1.8 (a) Schematic plots ef and ¢" -vs- logor for a sample exhibition relaxation and
conduction behavior. (b) Argand diagrams of themralaxation process of a completely dissociated
electrolyte, KCl-water solution af=0.7931 mol drif (curve 2" -vs-¢') compared with diagram for
pure water (curve 1" vs ') at 25°C. Curve 3 for KCI solution was obtainedeafconductivity
correction Ae¢: permittivity depression.

1.5 Influence of temperature and viscosity of the sdium

There are two factors which mitigate against thgnahent of polar molecules in an
electric field. One factor being responsible foistlincomplete polarization is that the
orientating effect of the field is in competitiontiwvthe randomizing effect of thermal motion.
The temperature variation of the inverse microscopelaxation time will then be
approximately exponential, according to the equmatio

r:Lex _AS ex AH
KT R RT (1.48)
where AS is the molar entropy andH™ the molar enthalpy of thermal activation for the
relaxation process. Provided thAS and AH  are temperature independent, a graph of
In(z-T)* or In(/T), againstT* should be a straight line with negative slopetfrahich AH"

can be calculated, which can give some clues ath@mumolecular energy involved in the
relaxation process.

Another factor which affects the molecule orierdatis the viscosity of the medium. In
effect, a molecule may need to push other moleoolg¢sof the way in order to change its
orientation. Constant collisions cause internaition such that molecules turn more slowly
and approach exponentially to the final state adraation within the relaxation time constant
7. When the field is switched off, the sequencesigersed and random distribution is restored
with the same time constant This fact means that the relaxation behavior ddpeon the
internal structure of the liquid.

From Debye theory for liquids consisting of spharicnolecules of radiuga with
viscosityy, the relaxation time is determined:
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Figure 1.9 Real and imaginary part of dielectriocniftivity between 0°C and 100°C obtained for pure
water (solid lines) and dilute salt-water solutit@ashed lines). The arrows show the effect of
increasing temperature or increasing water activity
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(1.49)

Since the viscosity exhibits a thermal activatadgerature behavior, Eqg. (1.49) results
in the same temperature dependence than Eq. (1.48). At low temperatures, the relaxati
time of dipole molecules is high because of higdtesity of polar dielectric and low thermal
mobility of molecules. With increasing temperatutres relaxation time decreases because the
viscosity decreases, and the molecular orientatedieves. This leads to an increase of
intensity of dipole-relaxation polarization, whiclafter passing through a maximum,
decreases again with reciprocal temperature dtleetthermal motion of molecules.

In particular, for large molecules like proteinshieh are large in comparison to the
dimensions of the water molecule, the descriptip Inicroscopic quantity like the viscosity
is justified. However, it even gives the right ardé magnitude for the relaxation time of pure
water.

The behavior of the complex dielectric function mire and salty (saline) water is
shown in Fig. 1.9 for a variety of temperatures.tis temperature of pure water increases,
both the strength and the range of the hydrogenidadecrease. This lowers both the static
dielectric constant and changes the optical pekntjttslightly, makes the movement dipole
easier and consequently allows the water moleaulestillate at higher frequencies. In
addition, a temperature increase reduces the draté rotation of the water molecules, such
that the friction and hence the dielectric lossdmee lower. Note that,, does not change
significantly with temperature.

For pure water, the temperature dependence ofoimplex permittivity of water can be
described by the Debye relation (Eq. (1.41)) wimperature dependence for the static
permittivity according to the Kirkwood-Fréhlich eafion (Eq. (1.32)) and the thermal
activated behavior of the relaxation time accordmé&q. (1.48).
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In the case of salty water, the ions lead to thprelsion of static permittivity, as
discussed before. At the lower frequencies, the @mm able to respond and move with the
changing potential such that frictional heat isduwed, which increases the loss factor
according to Eqg. (1.47). Since the ion conductivitgreases with increasing temperature, the
losses increase with increasing temperature assthown by the dashed lines in Fig. 1.9 (b),
in contrast to pure water (solid lines). This exmawhy salty foods nicely heats in a
microwave oven.

1.6 Dielectric data base for water

Water is the basis of life; it is the medium whapports it. The outstanding properties
of water have fascinated and likewise intrigued gitigt and physical chemists for a long
time. During the past decades interest in this wmiliguid has grown rapidly with emphasis
on microcopic understanding of the intermoleculaeractions in pure water and aqueous
solutions.

Due to the understandable popularity of water gdadata base about experimental
permittivity data exists. The microwave dielectpmperties of water have been critically
evaluated several times during the past decadess megent reviews are given by [6-8],
[14,15]. Therefore, water is an obvious refererarelie electromagnetic determination of the
biochemical liquids such as being investigatechanftamework of this thesis as well as other
materials containing “moisture”.

The water molecule is strongly polar, possesseglatively large dipole moment
because the molecule is asymmetric (V-shaped)|atvest-energy electronic configuration
provides an angle of 105° between the chemical #endnecting the oxygen atom to the two
hydrogen atoms. This gives rise to a strong ortetaeffect, and a correspondiagof 80 at
low frequencies.

Water is also slightly conductive, even in its pfoem, due to spontaneous formation of
the ions HO* and OF (the F* ion cannot exist independently in the solution attédches
itself to a water molecule to become(*). Water also becomes much more conductive in the
presence carbon dioxide, due to the reaction:

3H20 + CQ — 2H0* + COF

The conduction processes, being ionic in natureglue charged particles which are
vastly heavier than electrons. Conductivity is dfere limited by the restricted mobility of
the charge carriers. According to Eq. (1.4hg absorption declines initially as the frequency
is increased, reaching a minimum at about 1MHz ath=0.005, above 1 MHz it increase
steadily as the frequency moves into the dispensgion for orientation polarization (Table
1.2). Water is intrinsically dissociated; so thaem® de-ionized water cannot be treated as a
dielectric at frequencies much below 1 MHz.

One of the best general sources of experimentatteatetical information concerning
water, up to 1972 was a treatise of Hasted [6],revliie gave a summary of all the known
dielectric properties of water.
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For all currently available experimental permitiyvdata authors usually proposed an
interpolation function that precisely representsrtiown data mostly at standard atmospheric
pressure and temperatures in the range eff & 100°C. However, surprisingly, there are
relatively few general propositions for the permity of pure water over wide frequency and
temperature ranges. Those that exist fall intoaftevo categories: frequencies less than 100
GHz [7,8,16] or frequencies above 100 GHz [17,18].

Kaatze [14,16] analyzed a number of data values tiee literature and introduced new
data in his laboratory. He fitted the data for thequency range 1-58 GHz and the
temperature range 0-60°C to a Debye function.

At frequencies above the abovementioned loss mimiratiabout 1 MHz, values &f
and¢&” can be calculated from the Debye equation Eqljlwith accuracy better than being
obtainable by interpolation from tabulated valuesasured at distinct frequencies. Values of
the Debye parametess, &. and r were chosen to give the best fit with internalbnsistent
data.

The data in Table 1.2 clearly show the decline'iand the corresponding increase in
tary as the frequency is increased.

Table 1.2 Dielectric data for distilled water af@(19].

Frequency / Hz g tary g* =¢' He'taw
M 80 0.005 80 0.4
1G 80 0.056 8014.45
3G 78 0.166 78i42.98
10G 60.62 0.54 60.62132.79
35G 19.9 1.46 19.9i129.06

There are hundreds of published data that enalddmestimate the Debye parameters
at 25°C and over frequency range 0-30 GHz it isrpalated very closely (to within less than
1 %) by a single Debye function. However, it is troe that the extrapolation of this function
to the frequency range 30-100 GHz maintains the dcguracy. At 90 GHz, the differences
between the extrapolated values and independentyasumred permittivity values are
approximately 10%.

Ellison et al. [7] analyzed over a thousand penwitiyt values from 60 different sources
in the world literature. For fixed temperatureg\thitted the data to single Debye functions in
selected frequency ranges that covered the int@rl80 GHz. The temperature dependences
of the various Debye parameters were interpolatedad hoc polynomials. The resulting
interpolation procedure was rather fastidious, aaedainly did not correspond closely to a
physical reality. However, it had the merit of repenting all the data to within the limits of
experimental uncertainty.
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There are experimental reasons to suspect that@nderelaxation process occurs
around 170 GHz in water at 25°C and that the pérityt data should be represented by the
sum of Debye functions. The second relaxation waslipted from theoretical model by
Haggis et al [20]. It was also inferred from andaked to interpret a variety of experimental
data. Buchner et al. [19] attempted to formulatbeoretical model of the second relaxation
process. For an adequate fit to the experimenta, dawas necessary to invoke a second
relaxation process in the permittivity model. Af@the second relaxation frequency is about
120 GHz, at 15°C it is about 97 GHz and at 10°@ iabout 56 GHz. This means that for
T>20°C and for frequencies less than about 70 Gldzirtfluence of the second relaxation
will be small. However, for temperatures less tladout 10° C the effects of this second
relaxation will probably be noticeable for frequessclarger than 20 GHz.

In his recent work [15] Ellison (2007) used all tberrently available experimental
permittivity data for pure water to derive an im@lation function that precisely represents
¢*(f, T) at standard atmospheric pressure, for frequeatiddemperatures in the range D<
25 THz and X T < 100°C. The permittivity data were presented imteof relaxations and
resonance processes. They described three relayaticesses in the microwave region and
two resonances in the far infrared.

For our study it is practical to choose models Whieould adequately and with high
accuracy describe reference water data in the éregyurange up to 40 GHz and temperatures
from the freezing point to 35° C in order to caditr our measurement technique and
emplying relative measurements to characterize madsed solutions of our interest. The
interpolation functions derived in the work of Etn (2007) are too general and too
complicated for our particular case, such that veed pour attention to more simple
considerations of two works of Kaatze [8] (singlepsDebye model) and Buchner et al. [19]
(involving two Debye processes). The results oleifrom the simulations with the aid of
Matchcad 2001 Professional based on both aboveomeati models and the tabulated
parameters listed in [8,19] are shown in the Figj0Xor different temperatures.

The calculated results shown on Fig. 1.10 indieatgood agreement between both
utilized models up to frequencies of 30 GHz in thege of our operating temperatures (15-
25°C). At frequencies above 30 GHz the second atiax process cannot be neglected.
Therefore, for the calibration of our measurememstesns, the two step relaxation model will
be applied, which truly describes the behaviorahplex dielectric permittivity for water in
the selected frequency range.
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Figure 1.10 Comparison of calculated dielectridrsion¢'(f), and loss spectrurg| (f), of water on
the base of 1 relaxation step [8], solid lines, anelaxation step [19] Debye models, dotted liras,
different temperatures. The results are shownréaquency ranges (a) 0-100 GHz, (b) 30-100 GHz.
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Chapter 2. Measurement methods for dielectric properties of
different substances including liquids at micro-to-millimeter
waves

Today, many different approaches have been dewlfggehe microwave - millimeter
wave region which allow to measure the complexedigic permittivity of liquids and other
dielectric substances either at distinct frequenoireover broader frequency range.

The static dielectric constant of a material cardeermined by a variety of quasistatic
electrical measurements. For liquids, accordingthe theory of dielectric relaxation
mentioned in the previous chapter, it becomes d¢letrmeasurements at higher frequencies
reveal the decrease of the dielectric permittivity aqueous solutions with increasing
frequency. For water the dielectric relaxation @ covers approximately two decades of
frequencies. Therefore it was essential to develethods for experimental determination of
the complex permittivity over a wide range of frequies by using different variants of
dielectric spectroscopy, covering nearly 21 ordermagnitude from 16 to 10° Hz [5]. In
order to study systems in such a broad range, @euof different measurement techniques
have been developed, each adequate for a spexjakincy range.

. Low-frequency time domain measurements {200° Hz);

. Low-frequency frequency domain measurements*(i@® Hz);

- Reflective coaxial methods (310" Hz);

- Transmission coaxial method ftQ0" Hz):

- Time and frequency domain quasi-optical method&-10* Hz);
« Fourier-transform methods (1610 Hz);

From 10° to 10 Hz, lumped circuit methods are used, such thaekeadric sample is
usually employed as filling material of a capacitbhe sample-capacitor structure is treated
as a parallel or serial circuit characterized by domplex electrical impedanc&(w),
expressed in terms of an ohmic resistaR@e) and a capacitand®&w), which are frequency
dependent ¢=2xf). The dielectric permittivitye*(w), electrical conductivityc*(w) or
resistivityp*(w) can be derived from the measu®{w).

In the range between 161z and 16" Hz so-called “distributed circuit” methods allow
to deduce the dielectric function by measuringdbmplex propagation factor (in reflection
or transmission). Waveguide, coaxial, and cavithteques can be applied. Here the network
analysis can be used (frequency domain techniguehich not only reflected wave but also
the wave transmitted through a sample are analyzéerms of phase and amplitude. This
allows the frequency range to be extended up tatab®0 GHz. However, with increasing
frequency and hence decreasing dimensions of dolaxés or waveguides, the calibration
procedure becomes cumbersome.
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At frequencies from 1B Hz to 16° Hz the complex dielectric functiaff(w) can also
be found from measurement of the time dependenediiee functioneg(t) (time domain
measurement system). Both functions are related fAaurier transformation

E*(w)-€, = Te(t) (&' @dt (2.1)

wheree,=¢' (f~10'* Hz). The dielectric functiom(t) can be determined from a measurement
of the time dependence of the (d.c.)-polarizatiormentl(t) of a loaded sample capacitor:

CO) 4 qde® _ 1)
Co dt CoU

() = (2.2)

HereUp, is the polarizing voltage arnc is the capacitance of the empty capacitor.

In this case, the experimental approach is simpld Bess time consuming than
measurements in the frequency domain. However,ishpossible only on the expense of a
reduced accuracy.

Within this thesis, the focus is on frequenciesecng the microwave-to-millimeter
wave bands. Therefore, in this chapter examplesmedsurement techniques based on the
utilization of network analyzers or frequency domalystems are shown. Such measuring
systems also allow a broadband determination of dbeaplex permittivity by various
microwave transmission line techniques both ireaifbon and transmission geometry [21-25].

2.1 Measurement systems

Generally, dielectric measurement techniques can classified as reflection,
transmission or resonant, with open or closed siras for the sensing of the properties of
material samples. Closed-structure methods incluaeeguide or coaxial-line transmission
measurements and short-circuited waveguide or abéire reflection measurements. Open-
structure techniques include free-space transmmssieasurements and open ended coaxial-
line or open-ended waveguide measurements. Resetrantures can include either closed
resonant cavities or open resonant structures tgukess two port devices for transmission
measurements or one-port devices for reflectionsomeaents. The choice of techniques and
sample holder design depend upon the nature afighectric materials to be measured.

When microwave energy is directed towards a majguét of the energy is reflected,
part is transmitted and part is absorbed by theptanThe portion of energy that falls into
these three categories have been defined in tefrthe gcattering parameters and these can be
related to the dielectric properties of the sample.

Reflection and transmission of signals due to the interaction with a material under test.

Consider a flat slab of material (MUT=material untiest) in space, with a plane wave
or another TEM wave (like in a coaxial cable) ire@itlon its surface (Fig. 2.1). There will be

37



CHAPTER 2: MEASUREMENT METHODS FOR DIELECTRIC PR®RES

7,1 2720/ ey

ANA NN .
TEM ::> \/ \'\;" VRV \".“, [:> -In'u | N\/\ AVAYAVAVAY
=RV |
Air 8[', ot Esamp

Impedance lower
Wavelength sharter
Velocity slower
Magnitude attenuated

Figure 2.1 Reflected and transmitted signals (f{28}).

incident, reflected and transmitted waves. Sinee ithpedance of the wave in the sample
materialZ is different (lower) from the free space impeda#gethere will be an impedance

mismatch by which the reflected wave is createdt &fahe energy will penetrate the sample,
characterized by sampie Once in the slab, the wave velooityis slower than the speed of light

c. The wavelengthisample is sShorter than the wavelength in free space according to the

equations below:

Z A c
7P T M 5
’ 80 S;ample i g;ample g;ample (2 . 3)

Since the material will always have some lossesgetivill be an attenuation or insertion
loss (see Egs. (1.14-1.16)). For simplicity the magch on the second border is not
considered.
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Figure 2.2 Reflection coefficient versus dielectanstant (from [23]).
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Fig. 2.2 depicts the relation between the dieleatdnstant of the sample or MUT and
the amplitude of the reflection coefficied for an infinitely long sample (no reflection from
the back of the sample is considered). For smallegsa of the dielectric constant
(approximately less than 20), there is a strongngbaf the reflection coefficient for a small
change of the dielectric constant. In this rangeledtric constant measurement using the
reflection coefficient will be more sensitive anghlse precise. Conversely, for high dielectric
constants (for example between 70 and 90) therk beil little change of the reflection
coefficient and the measurement will have more tacsy.

S parameter measurements with network analyzer

Vector network analyzers make swept high frequestoyulus-response measurements
from 300 kHz to 110 GHz or even 325 GHz. A vectetwork analyzer consists of a signal
source, a receiver and a display (Fig. 2.3). Theeolaunches a signal at a single frequency
to the material under test. The receiver is turmethat frequency to detect the reflected and
transmitted signals from the material. The measuwesponse produces the magnitude and
phase data at that frequency. The source is theppetl to the next frequency and the
measurement is repeated to display the reflectointi@nsmission measurement response as a
function of frequency.

A generalized block diagram of a network analyreFig. 2.3 shows the major signal-
processing sections. In order to measure the intideflected and transmitted signal, four
sections are required:

- Microwave signal source for stimulus;

- Signal-separation devices;

- Receivers that down convert and detect the ssgnal

- Processor/ display for calculating and reviewtng results

A reflection measurement is the ratio of the rd#dcsignal detected at A, over the
incident signal detected at R. A transmission messant is the ratio of the transmitted
signal detected at B, over the incident signalcetkat R.

The frequency behavior of a microwave device isattarized by its transmission and
reflection propertiesS-parameters (scattering parameters) are a conveftticcharacterizing
RF and microwave devices, consisting of reflectiand transmission coefficients.
Transmission coefficients are commonly referredat gains or attenuations, reflection
coefficients relate to return losses and VSWRstéga standing wave ratios).

ConceptuallyS-parameters describe the linear behavior of a n&twaterms of voltage
wave ratios. Normal convention usssandb, to represent the amplitudes of the waves given
by the voltage of the incoming (incident) and thetgoing (scattered) signalJ{ U°)
respectively at pom of the device divided by the square root of theevianpedancé&, of the
transmission lines connecting the ports of the ndgtvanalyzer to the device. Usually, coaxial
lines withZ, = 50Q are employed.
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Figure 2.3 Network Analyzer block diagram (from 23
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n \/Z—nl_ bn - \/Z—L (24)

The diagram in Fig. 2.4 shows tl8parameter relationship for a two-port network.
Therefore, the transmission properties of the deean be described, when the incoming and
outgoing waves are set into relation:

o) )2

For devices with more than two gates, 8ygarameter matrix is replaced by a matrix of
the corresponding size. Due to the formulationhefa, andb, with a normalization on the
wave impedance, th® parameters are only determined by the frequenpgridence of the
device under test, and are independent from the frégjuency power of the incoming signal.

2y —= O O—= b,

b, -—C O a,

_———— — — — — — — — — —

Figure 2.4 Schematic drawing of a two-port deviégghwncoming signal®,, a, and outgoing signals
b;, b,. The reflection and transmission of the signateugh the device are characterized by $he
parameters;.
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The §; parameters describe the reflection of a signpbati for i=j and the transmission of a
signal from portj to porti for i#. The absolute squaﬁéij‘zdenotes the ratio of the high

frequency power for the incoming and outgoing signa

2 2
‘SI‘Z - I:)in,j — Iin,j — Uout,i . (26)
] I:)out,i I out,i U in, j
The S parameters are given in dimensionless unifs decibel (dB)
byS; [dB] =10(log(S; ) -

2.2 Comparison of methods

Many factors such as accuracy, convenience, formaterials and sample shape are
important with respect to the selecting the mogtrapriate measurement technique. Some of
the significant factors to consider are summarizec:

* Frequency range;

 Expected values @fample@Ndusampié

* Required measurement accuracy;

» Material properties (i.e., homogeneous, isotrppic
* Form of material (i.e., liquid, powder, solid es);

» Sample size restrictions;

* Destructive or nondestructive;

 Contacting or non-contacting;

* Temperature,

* Cost

2.2.1 Coaxial probe

In particular, reflection measurements by open-dncieaxial probes provide a simple
and effective technique for broadband characténisaif liquids and semisolid materials at
microwave frequencies [25-27].

The open-ended coaxial probe is a cut off sectfdraasmission line which forms a flat
plane boundary with the sample. The substance &suned by immersing the probe into a
liquid or touching it to the flat face of a solidr(powder) material. This structure creates
capacitive fields that “fringe” into the materiatyond the conductors (Fig. 2.5(a)). The
dielectric properties of the sample will affect tmagnitude and phase of the signal reflected
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at the boundary. The reflected signal) can be measured and related to sample permyttivit
gsample[27]-

A vector network analyzer can measure the reflactioefficient of the sample and a
computer software algorithm can convert the measui&a to dielectric constant versus
frequency (Fig. 2.5(b)).

This method is convenient and easy to use; idegddamittivity measurements of liquid
and semisolid materials of relatively high lossjekhincludes most biological materials, non-
destructive for many materials, and requires nopsarpreparation. It operates over a broad
frequency range (200 MHz to 50 GHz) which makeasiful as a trend analysis tool for
frequency optimization of a resonant device asdeise in the frame of this thesis. Open-
ended coaxial probes can be used successfullyeionitiivity measurements of hard solid
materials [27]. But in this case measurement reguar preparation of at least one flat surface
and a specially designed “large flange” probe sthdad applied. In the case of liquids, it is
necessary to eliminate air bubbles between the ¢ddbe coaxial probe and the sample.
There is also uncertainty about the homogeneitthefsample in the vicinity of the probe
face.

Before measuring, calibration at the tip of theljgrmeeds to be performed. All parts of
the instrument (including the probe) should be raedasally fixed to avoid changes in
instrument configuration or cable shape that migtiect calibration. Usually, like for a
standard S-parameter calibration of coaxial cabldsp calibration is performed by an open
end, a short circuit and a matched load (b@esistance for standard calibration). In case of
the coaxial liquid probe, short and open ends ianédas, but the matched load is replaced by a
lossy liquid, usually bidistilled water at a knowemperature. Since no liquid with frequency
independent properties exists, the well known fesmqy dependent permittivity of water,
which can be translated into frequency dependeatl lmmpedance, is employed in the
calibration algorithm.

The sample needs to be sufficiently thick to app@#inite” to the probe, i.e. the
evanescent fields at the open end of the coaxidéhould decay almost completely within
the sample, which occurs within a distance of ttaepof a few times the inner diameter of
the probe. Typically, this method requires samplekness of larger than one centimeter,
resulting in a minimal required sample volume dieav milliliters in case of a liquid. The
coaxial probe measuring technique is not well suiter low loss materials, magnetic
materials or when high accuracy is desired. Thaddiantages of the method are the limited
accuracy compared with other methods (transmissind resonator methods) and the
limitation of the thickness of the sample.

Various approaches have been reported recenthedace the volume of the liquid
required for broadband measurement. Murata ef8]. ¢§mployed a variable capacitive gap
between the inner conductors of two oppositely daoeaxial lines and demonstrated
broadband permittivity measurements on thin filhS®to 300um thickness.
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Figure 2.5 (a) The reflection scheme of the sigfigljllustration of the apparatus used for micreava
probe liquid measurements (from [23]).

A practical coaxial probe technique for convenid¢ast and accurate measurements of
thin dielectric materials is presented in a receaper [29]. The thin dielectric samples,
backed by a short circuit, are placed flush witd gnobe. Here two practical measurement
set-ups were specifically developed, for thin sehenples and thin liquid samples.

2.2.2 Transmission line methods

Usually a section of a rectangular waveguide oaiafilled coaxial line (Fig. 2.6 (a)) is
filled with the MUT being precisely shaped to coetply fill its cross-section. Placing of the
sample in the transmission line segment causesaagehin impedance and propagation
characteristics in the loaded section of lifignpieandusampieOf the sample (even with distinct
magnetic properties) are computed by standard iamps transformation [30] from the
measurement of the reflected signal; and transmitted signa${;) of the loaded line by a
vector network analyzer (Fig. 2.6 (b)). The trarssiun line method is best for solid materials
that can be precisely machined. Measurements aidgpowders and gases are also possible
but these substances must be properly containsdnre specially developed cuvettes. For
waveguides, the required sample volume is inversaportional to the frequency.

Coaxial transmission lines cover a broad frequeaoge, but a toroidal shaped sample
is more difficult to manufacture. Waveguide fixtsirextend to the mm-wave frequencies and
the samples are more simple to machine, but thieguency coverage is limited to the
specified waveguide band. Anisotropic materials lmameasured in waveguides.

Although the transmission line method is more aatmurthan the coaxial probe
technique, it is somewhat limited in resolution fow loss materials (depending on sample
length). For liquids and any other material, thguieed length depends on the loss tangent
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Figure 2.6 (a) Transmission line method; wavegaide coaxial line case; (b) A practical example of
the transmission line (waveguide) setup for micneeveneasurements under temperature control [23,

31].

which determines the absorption length. At 30 Gétze cm may give already a very high
accuracy for water. Same argument holds for freeepneasurements.
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Figure 2.7 (a) Free space measurement setup; gh)teimperature measurement in free space [23].
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2.2.3 Free space measur ements

The free-space methods are also considered assmission line technique; instead of
a guided wave a quasi-plane wave (for example gleapiace in the waist of a Gaussian
beam) is employed. A typical free space systemistmsf a vector analyzer, two antennas
facing each other with a sample holder between tAdra antennas focus microwave energy
at or through a slab of material without the need d test fixture (Fig. 2.7). This has a
potential benefit in comparison with transmissime Imethods such as a possibility of having
material moving in a continuous stream betweenstratting horns fitted with focusing
lenses. The basic free space materials measuresystém is simple and provides the
permittivity measurements without contacting thengke, which can be applied to materials
to be tested under high temperatures [32] and laostivironments. It is ideal for remote
sensing and high temperature applications. The kanogm be heated by placing it within a
furnace that has “windows” of insulation materiséit are transparent to microwaves (Fig. 2.7
(b)). Either the transmission thru and/or the iten off the sample is used to calculate the
permittivity.

Uncertainties of th&;; measurement using the vector network analyzemanamized if
the sample thickness is close tol%ar 3, 1 wherel is the wavelength in the medium. The

required lateral dimensions depend on the spot efzéhe beam, which increases with
increasing wavelength and increasing antenna distaAs a rule of thumb, in case of a
Gaussian beam (minimum possible diffraction raditi® illuminated area can be as small as
the product of wavelength and antenna distance s@h®le should be several times larger in
order to avoid uncertainties from diffraction a¢ ttample edges.

The errors in free-space measurement come fromi-mefliéctions between the
horn/lens antennas and the surface of the sample.

The free space techniques are inherently broadaaddcan be used up to the terahertz
frequency range. At terahertz frequencies, typycathe domain picosecond pulse techniques
based on femtosecond lasers and detection by @legttical sampling is employed to
measure the dielectric properties of thin sheatthja cuvettes in case of liquids) in the range
from typically 100 GHz to 2 THz (see for examplg)[4Since flat and parallel faces are
required, for measurements on liquids the developmiflat liquid containers is necessary.

2.2.4 Resonant ver sus broadband techniques

All the above listed methods are broadband teclesiguhich avoid difficult and time
consuming measurements made point-by-point at ieaghency in the range of interest.

In comparison to broadband coaxial probe technandetransmission type methods the
approaches based on resonator measurements ardecedso be the most sensitive ones,
because they provide a higher sensitivity due @ rttultiplicative effect expressed by the
quality factor, which is the main characteristic asfy resonator. In general, the sample is
included as a constituent to the resonator.
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Cavity perturbation resonator technique

The resonant method which gains general accept@cthe cavity perturbation
technique [33, 34].

Resonant cavities are high structures that resonate at certain frequencigsiege of
sample material alters the center frequency (regdnequency {;) and quality factor@) of
the cavity. A network analyzer is used to measheerésonant frequency aQdof the cavity,
both empty and with the sample present. The redlgigpermittivity can be deduced from
measuring the shift of resonant frequency of tfedéal cavity; the imaginary part from the
change of quality factor (a detailed analysis bytyrbation theory will be presented in
Chapter 3 in conjunction with the experiments penked in the framework of this thesis). The
resonant cavity method has a superior loss resoluind is therefore suited for low-loss
materials.

There are many different types of cavities and wath The original and most
convenientcavity shape is derived fromractangular waveguide. A rectangular waveguide
with iris-coupled end plates, operating in&Enode (Fig. 2.8) is employed. The sample is
placed in a maximum electric field and for a magneteasurement, in a maximum of the
magnetic field. If the sample is inserted throudioke in the middle of the waveguide length,
then an odd number of half wavelengths=(2k + 1) will bring the maximum electric field to
the sample location, such that the dielectric prioge of the sample can be measured. An
even number of half wavelengths £ 2k) will bring the maximum magnetic field to the
sample location and the magnetic properties ofsdmaple can be measured. For dielectric
measurements the sample should be shaped andedramch that the electric field is always
parallel to the sample surface (typically a cylinde slab aligned along a homogeneous
electric field) and no field deformation occurs dag¢he sample (see also Chapter 3).

Iris-coupled end plates |Sz1 | 9:937_
- ~ Halb

- ~a
Empty cavity
0.0035 Sample 1

i Sample 2 A
“sample 0.0025 n

- |
ﬂs »—:—-0— 0.0015 Samplp 3 ’v \ /\

T 9.8 99 f, GHz
0

() (b)

Figure 2.8 (a) Resonant cavity measurement; (bpl@draf the empty cavity and three different
samples (from [23]).
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According to perturbation theory),is determined by the cavity resonant frequencit shi
ande” found from the reduction of cavity.

Fig. 2.8(b) shows measurements of three differéait shaped samples employing a
rectangular cavity. The three measurements arempies in the same graph for comparison.
Due to the sample, the resonant frequency of thatyeoavity in the Tky; mode shifts to a
lower frequency when the sample is inserted inctngty. When the resonator is loaded with
a sample, the resonance curve broadens, whichtgesud lower quality facto®. On the y-
axis of Fig. 2.8(b) the magnitude of the lineansmission coefficient},| is displayed.

In contrast to broadband measurement, the netwoddyzer does not need any
calibration for highQ resonator measurements.

Although the resonant cavity technique is extrenaglgurate, it is still subject to errors.
The network analyzer must have excellent frequeasyglution (1 Hz) to measure very small
changes in th@ factor. The sample cross-section dimensions naeighbwn precisely. There
is also an additional error due to the approxinmaitothe analysis (perturbation theory). This
method has limitations for very low-loss samples ttuthe comparatively lo®-factor of the
empty rectangular waveguide cavity.

A cylindrical type of cavity offers higherQ-factors, and therefore requires smaller
volumes of the measured liquid. Usually, the ligggkcimen is introduced in the following
forms:

(i) A rod-shaped solid sample or liquid filled in cdgiy tube is inserted into dgyio
(TMo10) cylindrical cavity [35-37]. The specimens usuaktend over the complete length of
the axis of the resonator, as shown in the Fig.(2)9 A single cylindrical cavity has the
advantage of highdgp, more simple design and the resonant frequentiyeoflominant mode
is independent of the cavity height. The dominaatienof the resonant cavity is the circularly
symmetric TM10 mode, which has a maximum axial electric fieldha centre of the cavity.
The dominant mode TMo (m=0,n = 1,1 = 0), is circularly symmetric singe=0, it has one
half field variation across the radius £ 1) and has no field variation in the axial direq (|
=0).

(i) A disk-shaped container is inserted into lHgi-mode [TEpi,) cylindrical cavity,
Fig. 2.9 (b). The diameter of the dielectric spesmnis identical to that of the cavity, and is
ideally (for minimum uncertainty) an integral numloé half-wavelength thick [38,39]. This
geometry has proved more fruitful in the 8-40 GEgion when applied for measurements on
very-low-loss materials. The requirement for remafahe degenerated TiYimode has led
to the construction of these cavities from heliwaveguide. The technique can be extended
for measurements of liquid dielectrics [40].

Other resonant modes and cavity geometries canskd, tas appropriate, for the
materials under study, and improvements in expernatgechniques for such cavities have
been the concern of a number of authors [41-43].
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Figure 2.9 Two cylindrical cavity configurationsa)( The TMy, cavity, commonly used for
perturbation measurements up to 10 GHz. (b) Thgi,T€vity used for low-loss permittivity
measurement (8-40 GHz) [22].

Practical difficulties and mathematical approxiraas can easily increase uncertainties
in perturbation measurements to the order of 1@guerfor permittivity. The adoption of a
more complete description of the cavity fields dam afforded by employing numerical
analysis [44].

Resonant methods allow measurements at only oaef@w frequencies. This brings a
disadvantage. Many workers have been content t& afleast at three different microwave
frequencies, reasonably widely spaced over the rwatkaxation band and for aqueous
solutions and mixtures the complexities of multiéaxation can not be adequately unfolded
by such microwave studies.

Open resonators

Open resonators, which were developed for millimetavelengths, are based on the
principle of the Fabry Perot interferometer [45hid quasi-optical method is most accurate
for low loss materials and is superior to the atbsavity resonator in the millimeter bands.

The most sensitive open resonators are of the y@aneave type (a spherical mirror
antenna radiates directly onto a plane metal reifeon which is placed a disk dielectric
specimen) or bi-concave [46], as shown in the Rig.0. Such structures exhibit TEM
resonances in which the electromagnetic fields thkeform of a standing-wave Gaussian
beam, [47]. The resonant fields have maximum aomiditon the axis and decrease according
to a Gaussian function in radial direction. The twidf the beam at the waste position (in the
center of the resonator for the case of two spakenurrors with identical radii of curvature,
Fig. 2.10b) needs to be smaller than the diamétéheo disk in order to avoid diffraction
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losses. Similar to the broad band plane wave meamnts, the illuminated spot at the waste
position has an area of the orderboly, whereb is the mirror separation amy is the free

space wavelengifihe Q-factors which can be achieved are remarkably kighove 150 000
at 35 GHz.

Nowadays, commercially obtainable computer-corgmblineasurement systems allow
many dielectric studies in physics, chemistry amdolgy to be routinely run. However, even
though several types of sensors have been sucltgssiployed in the study of a variety of
samples, the construction of specimen cells fotiqdar applications is still a challenging
specialist’s task. Most methods in use yield thega properties relative to a reference. The
accuracy could be significantly increased by thailability of appropriate sets of reference
liquids with their dielectric spectra being pre¢ysenown from absolute measurements.

In the framework of this thesis, methods utilizisg-called whispering-gallery mode
(WGM) dielectric resonators of different modifiaatis of cylindrical shape comprising local
inhomogeneities filled with the liquid under tesene developed. The main advantage of
WGM resonators: they allow to achieve the highealues of the quality factor and
correspondingly, the highest sensitivity to distirsy changes in the resonator parameters due
to introduction of even an extremely small amouhtiguid into the resonator structure.
WGM microcavities have already been successfulpliag as miniaturized biosensors in the
optical range for the identification and monitorin§) proteins, DNA, peptides, and toxin
molecules [48-50]. In the microwave-millimetre rantpe idea of utilizing WGMR-s is still
quite fresh and promising. More detailed descriptiof this approach as a new and
challenging tool for material characterization égs@mplished in the successive chapters.
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Figure 2.10 Two geometries of the open-resona@jr [2) “hemispherical” and (b) bi-concave.
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Chapter 3: Electrodynamic properties of whispering-gallery mode
dielectric resonatorswith liquid inhomogeneities

Whispering galleries have been known in many ceemgince ancient times. The name
itself comes from architectural acoustic, and #flethe fact that sound in closed spaces
sometimes propagates not along the shortest pathiather along concave walls or domes.
For instance, in Peking (Beijing), near a famowsdrical memorial, the Temple of the Sky,
there is a miraculous stone wall, which forms amaat closed cylinder. The “miracle”
consists in the fact that sound uttered in a lowceran one of the directions along the wall
return back after some time to a person who uttéredhis person hears that somebody
invisible behind pronounces the same sounds bgerson’s voice.

The modern physical explanation of this effect wesposed by Rayleigh on the basis
of his own observations made in an ancient gallecated under the dome of St. Paul’s
Cathedral in London (Fig. 3.1(a)). Rayleigh fouhdttsound “clutches” to the wall surface
and “creeps” along it. The concave surface of el does not allow the beam cross section
to expand as fast as during propagation in freeesp&/hile in the latter case the beam cross
section increases and the sound intensity decrgaeesrtionally to the square of distance
from a source, the acoustic “ray” in the whispergaidlery propagates within a narrow layer
adjacent to the wall surface. As a result the saatehsity inside this layer decreases only
directly proportionally to the distance, i.e. mwtbwer than in free space.

The relevant physical effect, wave propagation gloarved interfaces between two
media, is known in other wave processes as walluding light propagation (Fig. 3.1(b)).
This gave the namehispering-gallery wavefor all the cases of wave propagation, which
have the same spatial structure as acoustic wagmgating in the so-called “whispering
galleries” [51]. In the last decades this type afves became the object of wide studies due to

(@) (b)

Figure 3.1 (a) Whispering gallery under the dom&bfPaul’'s Cathedral in London. (b) Whispering-
gallery mode near the surface of a concave mifioe. arrows show the directions of the entrance and
exit of the wave; O is the center of curvaturehaf mirror;a is the glancing angle; PP' and QQ' are the
lines being tangential to the mirror surface [51].
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applications in optics as ultrahig resonator, for the frequency stabilization of
semiconducting lasers, for the microscopic freqyenansducers of laser beam. Apart from
that, optical whispering-gallery resonators endidly-sensitive biosensing applications.

One example of whispering-gallery type wave profiagaare microwave dielectric
resonators of cylindrical or spherical shape.

3.1 Didlectric resonators

A dielectric resonator is a piece of high-dielexttonstant material, usually in the shape
of a disk or sphere. This dielectric element o=ats a miniaturized microwave resonator
because of internal reflections of electromagnetaves at the high dielectric constant
material — air boundary. This results in a confieabof electromagnetic energy within and in
the vicinity of the dielectric material. At microweto-millimeter wave frequencies,
dielectric resonators can replace traditional, Hghmetal cavity resonators in many
applications, because tligfactor of a metal resonant circuit is proportiobalits volume.
These limitations are overcome by dielectric resansa(DR) due to the fact that their losses
are dominated by dielectric losses (decribed byldlss tangent, see Eqg. (3.1) below), and
only to a small extent by metallic losses (in thedlsvof a metal housing surrounding the DR)
or radiation losses (for unshielded or semi-shild2Rs). Dielectric losses have been
improved constantly in course of refining matepegparation methods such as single crystal
growing or ceramic processing, whereas metal losgidls the exception of superconductors,
have remained substantially the same. DRs can lae maperform similar to metal cavity
resonators, but being smaller by a factif (¢ = permittivity of DR), light-weight, posses
high-Q, are of low-cost and high reliability, posses higimperature stability and can be
easily tuned in frequency.

3.1.1 Modesin cylindrical dielectric resonators

As in a conventional metal wall cavity, an infiniteimber of modes can exist in a
dielectric resonator. As first approximation, aleiéric resonator can be explained as a
hypothetical magnetic wall cavity, which represeitts dual case of a metal (electric) wall
cavity. Dielectric resonator can be divided intamteategories with respect of modes which
can accrue in it: resonators, utilizing fundamentadd lower order electromagnetic
oscillations, and resonators excited in a regimaznmnuthally oscillations of a higher order
(whispering-gallery modes).

The natural modes of a cylindrical sample of lowslo dielectric material can be
classified in the four categories

TEnsn, TMngn, HEngn andEH e,

wheren ands are integers which describe the wave patternsdrazimuthal ¢-coordinate in
the cylindrical coordinate system) and radial dimts (-coordinate), respectivelyn is an
axial (alongz-coordinate) wave number, which in general is Ameanber, reflecting the fact
that the two circular boundary surfaces do mecdy contain an integer number of half
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Figure 3.2 Modes in a dielectric resonator. Thedsbhes indicate electric field distribution and
dashed lines — magnetic component field distrilmufa®].

wavelength as in metallic cavities. The mode nunmbés usually substituted by a Greék
m=4, 0+1, 6 +2, and assumes values in the rafiged.5-1.0.

TE (transverse electric) and TM (transverse maghatodes do not contain electric and
magnetic fields in the axial direction)( respectively. HE and EH modes are called hybrid,
because all six field components are present ih.bdE (quasi TM) and EH (quasi TE)
modes possess dominant magnetic and electric h&lds, respectively. Fig. 3.2 shows a
sketch of the fields for the lowest order azimutnaldes.

The ratio between the DR diametgrand heighth, d/h together with the external
elements such as shielding cavity walls, tuningnelets, holders and substrates determine
which of the two fundamental modes gifor HE; 15 has the lowest resonant frequency. For
most configurations the Tk is the lowest mode when the aspect ratid/lnis> 1.42 [53]. For
a majority of practical applications either the o;Emode or HEy; mode is employed,
including measurements of the dielectric propertésnaterials [54-56]. But it should be
pointed out that the Tdg—mode dielectric resonators have very large ramhalosses
therefore require metal shielding which leads tditt@hal losses. Studies by J. Arnaud [57]
show that applying higher order azimuthal mode8V& modes enable designers to employ
larger-sized dielectric resonators at higher fregies, say above 30 GHz, where fundamental
mode resonators become very small to be effectigehtrolled. Such higher-order modes
possess much smaller radiation losses and theraffore for higherQ-factors.

Whispering-gallery modes (WGMs) in a dielectricameator are high-order azimuthal
modes, which exhibit special wave patterns withdfigariations in the direction of the
curvilinear coordinate around the resonator axis. The wave undergoespieuiotal internal
reflections at the resonator boundary along théenpeger and becomes confined inside the
resonator, giving rise to resonances. The impoff@aiure of total internal reflection is the
presence of an evanescent wave outside the resaesjoclose to the boundary surface and

52



CHAPTER 3: ED PROPERTIES OF WGM RESONATORSWITH LIQUID
INHOMOGENEITIES

almost negligible radiation losses in high-order M/@sonators. An additional advantage of
these modes in dielectric resonators with respeclotver order modes is an improved
confinement of the electromagnetic field inside B and, consequently, high€factors.
Typically, for azimuthal mode numbers above 6 dudhctors in the 10to 1¢ range can be
achieved in open unshielded resonator structure®ah temperature, if low-loss single
crystalline or ceramic dielectric materials are &@yed [58].

In general, the unloaded factor of a dielectric resonator can be written as

1

rad

1 R
6=Zk| tandi +ES+ (31)

where the taf) are the values of the loss tangent of the dieteataterials present in the
resonator volume. The valuelgfdescribes the electric filling factors of the digtic parts,

& [E*dv
=V , (3.2)
: [e(v) E?dv
\%

E the electric field distribution in the resonator e the total resonator volumé is
composed oN sub-volumes/; (dielectric parts of resonator or air) with petmaity &. Rs is
the surface resistance of the metal from which ghielding cavity is machineds is a
geometric factor accounting for the distributiontieé magnetic field over the surface of the
shielding cavity, andaq the quality factor associated with radiation losgegase of an
(semi) open DR.

Due to the high permittivity of many DR materialse value ok; (i=DR) is often close
to unity such that the inverse loss tangent reptese limitation for the maximum achievable
Q- factor.

Each WG-mode of azimuthal numbemhich accrues in the cylindrical specimen, for
example®., can, depending on the way of wave excitationehiégs orthogonal partneps.
Both are characterised by the same (degeneratedhaet frequencies and quality factors,
such that:

fris=fre, Qs=Qc. (3.3)

The dependencies of their electromagnetic fieldstlm anglep are shifted along
azimuthal direction by a quarter wavelength anddaseribed by harmonic functions,

sin(ng +y) o - |costp+y)
{cos(an +w)} B {sin(n¢ +w)}

s (3.4)

C

wheren is the azimuthal mode inde¥, is an angle determined by the azimuthal positibn o
the excitation source or any inhomogeneity, whiignupts the azimuthal symmetry. A typical
behavior of (¢p)| is shown in Fig. 3.3(a).
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Figure 3.3 Distribution of the azimuthal waves goazimuth (a) and along radial and axial
coordinates (b). (c) Three-dimensional EM-field qamtation of TEy;. (d) Ray-tracing model of
WGMs.
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If the dielectric resonator structure is disruptadthe presence of some constructs,
coupling elements or inhomogeneities in the resondielectric material, such that an
azimuthal irregularity is introduced, the condisor(3.3) will be disrupted as well.
Eigenmodes with the two kinds of azimuthal dependen(3.4) will have different and
differentQ, indicating that the two orthogonal modes are mvertegenerated. This causes a
frequency splitting of the eigenmodes, which becowisible if it gets of the order or even
larger than the resonant halfwidth determined leyqhality factor.

The field distributions ire-direction and along the radius are shown in Fig.(B). The
radial distribution can be described by Bessel tions inside of the dielectrig<R and by
Hankel functions within the external ar@aR. For the lowest order modes the radial
dependences of the field are shown in Fig. 3.3 (b).

In order to explain the radial distribution of azithal waves we can use the concept of
caustic surfaces (Fig. 3.3 (b,d)). A caustic isoarglary separating regions of wave and of
“exciding, exponentially decaying” evanescent fielthracter. Caustic surfaces are located in
the areas which satisfy the conditiama;*°=n/, partial radial waves propagate onlyajc.
Therefore, caustic areas are the cylindrical avais radii pc; andpe, including the physical
boundary of the cylinder dielectric-air @R. They divide the space into 4 areas (I...IV) with
different character of field distributions. Theamal caustic has a radius:
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pa=ni/(2me.”) (3.5)

In the region |, where<p., the field decays very quickly and the centralt mdrthe
disk is almost free of field. Abi1<p<R (region IlI), the field has a character of a stagdi
wave along the radius. At the boundary wheR, the field distribution starts to alter due to
the influence of the external caustic with a radifis

pPc2=NA21 (3.6)

Region Il (R< p<pq ) can be found inside of the external (outer) ttauand the field
decays almost exponentially. Wheg<p, the field receives the character of an evanescent
wave along the radius. An increase of the azimutidegx n, according to (3.6), moves the
caustic of the resonator, decreasing the radidsses from an open resonator structure.

Whispering gallery modes excited in a dielectricorator form almost periodic
sequences of the resonance response possessirigudes®h,® with increasing azimuthal
mode indexn, as shown in Fig. 3.4 (a) f&=1 andm=1. The amplitude$;:™ shown in Fig.
3.4 (b,c) represent corresponding sequences foehiplues of the radial and the axial mode
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Figure 3.4 Mode spectra of a WGM dielectric resona, m andn are mode indices along radius,
height and azimuth, respectively.
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number. All sequences of low and high mode numkeerst simultaneously, such that the
reduction of the mode spectrum becomes a releganei Due to some special instruments
and procedures leading towards a reduction andimis@tion of particular modes, in can be
achieved that only one single highmode remains isolated in a certain frequency ranigs
range is called the region of single-mode operatidrich in the best case can reach values up
to 15 to 35% of the resonant frequency.

3.1.2 Applications of dielectric resonatorsin microwave-to-millimeter wave technology

Dielectric resonators (DR) for micro-and-millimeterave bands have been used to
attain a reduction of device dimension, weight, ams$t, simultaneously enhancing its
performance, reliability, stability and functionpbtential. Microwave devices and systems
utilizing dielectric resonators can be divided iBtgroups: dielectric resonator filters; devices
utilizing DRs and ferrites; antenna devices; DRnsmeasurement setups; devices for
microwave signal processing and solid-state osoilawith DR employed for frequency
stabilization.

The most popular applications of DRs are high perénce filters for satellite
communication and base stations in cellular telaphmetworks, frequency stabilizing
elements for low-phase noise oscillators as emplagesatellite receivers (local oscillator
unit) and point-to-multipoint high-performance algss data links. The main advantages of
DRs in such applications are low insertion losd$it®rs), low phase noise (oscillators), high
frequency stability, particular with temperaturadasmall dimensions. For most commercial
applications low-orders modes of DRs are emploa&dl. [

Low-loss dielectric resonators operating on whisgegallery modes in the microwave
region have recently found more applications inices as ultra-low-noise oscillators [59],
power combiners and filters [60].

Measurement applications of DRs are resonatorsniasuring the surface impedance
of unconventional metals such as superconductdr&2$ and real- and imaginary parts of
dielectric permittivity of solids [55,56,63]. Foush applications, the material parameters are
usually extracted from the shift of resonance festuy and reduction of quality factor
imposed by the sample under test. Whispering-galeodes in cylindrically shaped DRs
made from low-loss single crystals such as sapphaee been used to determine the
anisotropic dielectric properties, in particulare trextremely low losses at cryogenic
temperatures [64,65].

So far, the results of a large number of invesiogeat on dielectric resonators excited in
WGM indicate a potential for their applications fovestigation of liquids of arbitrary losses.
Annino et al [66] constituted in their approachetatively simple method of multifrequency
EPR spectroscopy of high-sensitivity up to the Telgime. The utilized apparatus employs a
novel combination of far infrared molecular lasarsl of probe heads exploiting dielectric
resonators working in whispering gallery modes. Hagne team [67] reports about the
measurements of the electromagnetic parameters®tiectric resonators in the frequency
range of 18-27 GHz and applications of these measemts to the determination of the
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complex dielectric permittivity of the material foing the resonator itself and materials
interacting with the WG dielectric resonator. Ire tbecond case dielectric properties of the
interacting liquid materials (of low losses) werstained by plunging the resonator in the
liquid under test. Kirichenko et al. [68] developaddielectrometer in form of a semidisk
“image-DR” excited in WGMs by a diode module. A iigpy tube of 0.08 ml volume was
placed inside a hole in a semidisk at maximum efdfiintensity and filled with ethanol,
kerosene, water, acetone and their mixtures. Theesurement parameters such as frequency
shift and change in the relative attenuation factiothe signal correlate with the dielectric
properties of the liquids under test. Cherpak ef68l] studied the electrodynamic properties
of WGM resonators of two types with liquid-filledngll cavities at K-band frequencies. One
of the WGMR types is a two-hemidisc resonator vétdiametrical slot in which a cuvette
with a thin (0.01-0.1 mm) flat liquid layer is pkat and the other is a disc resonator with a
small diameter (0.3-2 mm) and liquid-filled cylinchl capillary.

The concept of WGMs with still acceptable dimensiofor millimetre and
submillimetre waves (much larger than that of fundatal mode in the same frequency
range) can be employed from the low Gigahertz raq® optical frequencies and therefore
provides a challenging approach for highly sensibwadband investigation of liquids.

3.2 Senditivity studies and optimization of WGM-resonators for liquid
characterization

As already mentioned in the first chapter, watesnis of the most common substances
in the biosphere, it is the major component in Bwing system and therefore represents the
main solvent for biochemical liquids and for biomolles. Many biomaterials of scientific
interest are often water-based fluids (blood, serphysiological solutions, buffers, etc.).
Water is characterized by its high dielectric lessed dielectric constant at micro- and
millimeter wave frequencies (see, for example Tdhkin Chapter 1).

In most cases the investigated liquid solutionsasgnt two-component (binary) water
compounds, with complex permittivity depending ba solution concentration, which in turn
can be utilized for concentration determination.eTdtrong dependence of the dielectric
permittivity of the solutiors* on concentration is stipulated by high value*obf the water-
solvent in comparison to the permittivity of thesblved substances in it. At the same tifne
of the solution depends on its structure and intdéegular bonds. Approaches which allow to
measure water-based, so-called lossy liquids oBthallest possible amounts down to pico-
to-nanolitre volume are of great practical intereBhe requirement for microlitre and
submicrolitre measurements has become increaspngiyalent due to on-going technological
advances in the life science. There is a needtdittay the potential applications range from
the detection of particles of proteins or DNA (fiabel-free DNA analysis), analysis of
organic solvents towards investigation of blood ahdy tissue samples, medical
investigations of biochemical liquids. Chemical amibchemical methods for liquid
characterization usually require volumes of attisaseral microlitres. Therefore, the physical
methods described in this thesis have a potemitiafaracterization of smaller volumes.

57



CHAPTER 3: ED PROPERTIES OF WGM RESONATORSWITH LIQUID
INHOMOGENEITIES

Due to the high microwave losses of aqueous ligesn a macroscopic resonator
allows for a high measurement sensitivity for nared volumes, provided that its quality
factor is sufficiently high. If a resonant struetus partially filled with a liquid, its resonant
frequency and quality factor are altered dependmghe values of real and imaginary part of
permittivity e*= ¢&'+i &":

_ I n _ I n 3.7
fres = fres(‘fliq +€liq ) Qres—Qres(gliq 1€lig ) (3.7)

The problem of the electrodynamic analysis is Bt (3.7) cannot be simply inverted,
i.e. the complex permittivity cannot be determirfiesin the measured resonant frequency and
quality factor in a straightforward way for any #irlry geometry. The problem represents a

serious challenge because fundamental difficutiiese in dielectric measurements of lossy
liquids, which are inherent.

Any physical measurement can be carried in twaeebfit ways:

i) “absolute measurement”, i.e. the measurementh wéspect to basic physical
guantities (mass, length and time),

i) the measurement of physical properties using agparatus which demands a
procedure of suitable calibration with the helpeference samples of known properties.

The two main approaches which were developed & wuork follow the two above
mentioned measurement principles and allow a comgeary study of solutions of
nonorganic and organic molecules dissolved in wdtkese highly sensitive techniques are
based on different modifications of whispering-gall mode (WGM) dielectric resonators
comprising local inhomogeneites filled with theuid under test. Since this kind of resonator
possesses extremely high values of @actor, this approach becomes rather attractive
because the available quantity of water-bio-sultgtawlutions studied can be very small for
high concentrations of bio-molecules.

In the first approach, we explore the use of ope@MVcylindrical resonator with a
local inhomogeneity in the form of a small dropdétthe studied liquid of pico- to nanoliter
volume. The introduction of a lossy liquid of sweclsmall volume causes a small perturbation
of the electromagnetic field distribution with a aserable change of resonator parameters at
an operating resonance frequency of around 35 Gtéz.such a case no rigorous solution of
the eigen mode problem exist such that calibratr@asurements with reference liquids are
required [7,8].

In particular for solutions, reference data are alatays available in the literature. On
the other hand, for the purpose to create “referedata for liquids, reliable and a highly
sensitive technique for absolute measurementsarefore required. The development of our
second approach, we hope, can be considered aspanse to one of the challenges of
modern physics of liquids, which is an insistentessity for the development of first
principle measurement technique for lossy liquidlkis is important, especially because
“Reliable dielectric data is rather scarce androfire must glean where one can” [7].
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For this purpose we employed a so-called radially-tayered (RTL) disk resonator
shielded by two conductive metal end plates, whdah be excited in whispering gallery
modes with constant electric fields parallel to ¢ggnder axis (in TM WG-mode). The liquid
is filled inside cylindrical volume embedded by centric dielectric ring. Due to the
rotational symmetry andindependent cross section of this structure aroig® solution of
the electrodynamic problem exists, i.e. real andgimary part of the liquid permittivity can
be calculated by an analytical expression frommigasured resonant frequency and quality
factor. Therefore, we consider this technique #éereace method for precise determination of
the complex dielectric permittivity of aqueous smaos and other lossy liquids. However, this
method needs a respectively large volume of ligtod,examplen(rinniaye)™h=z-(3.5mm§:

2.5 mm= 9610°m®= 96ul at 36 GHz for the resonator made of sapphirdizifty WG modes
with the highest possibl®-factor (even despite a considerable decreas@ die to the
presence of metallic endplates) allows to prevesesetialQ-factor degradation connected to
high losses of millimeter wave radiation in polassy liquids under test.

3.2.1 Electrodynamic properties of WGM resonators with a liquid droplet on the
resonator surface

As a first step in this approach, we studied thesgiwity which can be achieved by a
WGM sapphire resonator for determination of the plax permittivity of a small liquid
inhomogeneity in form of a small water droplet dowenpicoliter volumes, which can be
spotted on the resonator surface.

Since the volume of the droplet is very small imparison to the resonator volume,
perturbation theory can be applied to describe rdsilts and to optimize the resonator
structures with respect to maximum sensitivity. rEfiere Slater’s perturbation formula in its
most general form for the case of nonmagnetic nads$€i70] is following:

Af

R ALIES [j(e EE, - ElE)dv]

1
a1 O
Wy (3.8)
E,2

EVE [ 1)(E,/E,))]

In Eq. (3.8), D; and E; represent displacement current and electric fielith w
perturbation andD, and E, without, respectively,W is the stored resonator energy,
& = 8.8510™ As/Vm, andV, is the volume filled with liquid.

For the change of inverse quality factor, the ineeatal frequency rule applies [71],
such that
NEAWLE
Q f

with tand = £'/¢ being the loss tangent of the liquid.

dano (3.9)
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In Eg. (3.8), the term in front of the bracketsaledfilling factor, resembling in Eq.
(3.2), which increases with increasing sample v@dm with increasing amplitudgy of the
unperturbed electric field at the position of tlnple, and with decreasing field enekyyof
the resonant mode. Within a series of mod#'sis roughly proportional to the resonator
volume, which depends on the permittivity of theléctric resonator materidles according
to &es>'%. However, the sensitivity for droplet detectionpi®portional to the ratio of liquid
induced frequency shift divided by the resonanftwidth, which decreases with increasing
quality factor. For that reason, the selectionhaf tesonator material and resonant mode is a
trade-off between permittivity and achievaRlefactor.

In EqQ. (3.8), the term in brackets accounts foocal field deformation by the sample.
As simplification, the electric field strength &etposition of the samplg, is assumed to be
constant over the sample volume, but may deviabagly from the unperturbed field. In case
of a high permittivity liquid like water embedded & low permittivity dielectric materiak;
can be significantly lower thak, Therefore, the choice of dielectric material ahe
selection of mode have to be performed thoroughig @dividually for each sensing
arrangement. Perturbation theory in conjunctiorhwitimerical field simulations provides
helpful support for the optimization procedure.

For most of the ceramic and single crystallineatiic resonator materials, i@acales
linearly with increasing frequency. In particuldor frequencies above 35 GHz, sapphire
represents a reasonable compromise, because divelglahigh permittivity &'-=9.4,
¢)=11.59) and the lowest loss tangent of(F at 10 GHz [56]. Our investigation was
performed at frequencies of 34-35 GHz, which lieghtly above the maximum of water
absorption, and therefore provides suitable comstifor detection of small amounts of water
with respect to a compromise of short wavelengthtagh water absorption.

In our preliminary investigation [72], we compartte electrodynamic properties of
two sapphire resonators with slightly differentrdeters and essentially different heights in
order to optimize the dimensions of the resonaioliguid sensor from the point of view of
its sensitivity to the smallest droplet.

We selected modes from the HE—family with nearly axially homogeneous electric
field because of high field amplitude at the cy&ndurface, relatively low density of the
mode spectrum for azimuthal mode numbees 7 at which radiation losses are negligible.
Fig. 3.5 shows the simulated distribution of thectic field for a HEis -modes witm = 7 in
two sapphire resonators of slightly different didene and essentially different heights
operating the same resonant frequency of arourRil@Hiz. Simulations have been performed
with CST Microwave Studio utilizing the Eigenmodeh&r. As seen from the details of the
field distribution, the electric field inside theoghlet is almost the same as without drofgt,
= Ep, such that the term in brackets in Eq. (3.8) isa¢tp unity.
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h=5.04 mm; d=8.41mm  v» h=3.6 mm; d=8.86 mm

Resonator 1 — Cylinder ’ &textor 2 — Disk

Figure 3.5 Simulated electric field distributioris-Ccomponent) of the HE —mode in two sapphire
resonators of different size.

Standing wave WGM excitation by lumped element coupling

For verification and experimental determination eénsitivity, we performed
experiments with all-side polished sapphire resmsatof abovementioned dimensions
purchased from Crystec GmbH. Each of the resonai@s placed inside a semi-open
cylindrically shaped copper housing of dimensi@éns 28 mm andd = 20 mm. In order to
perform the droplet experiments, free access taémsitive resonator surface from above is
essential. We employed coupling of electromagmetigation from coaxial transmission lines
into a dielectric resonator by mearsupling loops(formed of a bent coaxial probe), which
are mounted through holes in the semiopen metatlycaall Fig. 3.6(a). This coupling allows
to excite standing WGM-modes inside the dieleatytinder by their magnetic fields. The
measured quality factors were between 30 000 ar@D87 limited by the dielectric losses of
sapphire.

For droplet positioning we utilized a 2D-scanningble and 1D-automated
microprocessor controlled microinjection pipettdivd@ing precise nanoliter volumes. The
volume of the smallest droplet produced by thelale pipette and detected by our system
was about 90 picoliters.

Micropipette

(@) (b)

Figure 3.6 Semiopen metal housing confined sapplgenator of dimensior$=8.41 mm,h=5.04
mm and coupling. (a) Simulated standing wave fakdribution of theE, component. (b) Photograph
of one of the developed resonator devise placedrnthé microinjection pipette during spotting.
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The properties of the droplets can be determinexh fthe induced change of resonant
frequency and losses according to Egs. (3.8) ai®l. Bxperimentally, droplet induced losses
were determined from the changes of the inversditguactor A(1/Qig-air) by using the
equation

Al 1
Qqu—air Qliq Qair , (310)

where Q = f, was determined from the resonance frequdneyd the halfwidthAfy,.

Af1/ 2

Although the so-called “3 dB” method is used ofterdetermineQ, more accurate results we
obtained by fitting the resonance curve to a Laiant[73].

In order to find the most sensitive areas on teemator surface, we spotted small water
droplets of about 2 nl volume at different posisoon the surface of the resonator. The
measurement results are presented on Fig. 3. opetimduced change of the inverse quality
factor. In Fig. 3.7(a) the droplet position wasigdralong the semicircle of the resonator in
azimuthal direction on the flat surface of the dapp cylinder at a radial position of
maximum electric field. The dependencies shownig B.7(b) are the radial dependencies
measured for a droplet position being fixed at theximum of the azimuthal field
distribution. The dependencies shown in Fig. 3.fil@k a very good agreement with the
petals in Fig. 3.6 (a) representing the simulateld distribution of the HR; WGM, which
was excited in the resonator. The 7 maxima defiet most sensitive areas for droplet
positioning which correspond to 7 antinode areaheffield distribution along the semicircle
of the disk. According to Fig. 3.7 resonator 2 afaler height (disk resonator) is more
sensitive because the field at the droplet posisohnigher than for resonator 1. The ratio of
measured frequency shift for a fixed droplet volufoe the two resonators roughly
corresponds to the ratio of their calculated sqoétbe electric field (numbers at false colour
scale in Fig. 3.5) at the field maximum, as expeétig Eqg. (3.8). Even the absolute values of
the measured frequency shift agree well with valpeeglicted by Eq. (3.8), providing the
value for the total field energy & = 1J, which is employed internally by the Microwav
Studio software as the basis for the depicted fad$eur scale in Fig. 3.5.

A practical application of the spotting-positioniagstem is the identification of modes
in dielectric resonators by probing the field dmmition with a water droplet. This is
sometimes a difficult task, which can be succelsfdlved by this method.

For the purpose of optimizing the amount of liquicder test we have measured the
dependencies of frequency shift and loss variationthe water droplet volume. Fig. 3.8
shows the measured droplet induced changes ofarsfrequency and inverse quality factor
as a function of the number of droplets of aboufpB@olume each, i.e. as functions of the
water volume, for both resonators. The dropletsevggotted at the most sensitive positions
on the surface corresponding to maxima on the ipasinap defined by the simulation
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Figure 3.7 Measured droplet induced change of sevguality factor when the droplet position is
varied in (a) azimuthal and (b) radial directions.

(Fig. 3.6 (a)) and the experiment (Fig. 3.7). Thsuits indicate almost linear dependencies
for both resonator parameters (frequency shiftlaed variation) on the number of droplets,
within the range of small droplets up to 2.5 nl,iethis expected by perturbation theory (see
Eq. (3.8)). This can be convenient for calibratanour method with the help of reference
liquids in order to obtain the complex dielectrermittivity of an unknown liquid.

For further verification of perturbation theory, wempared the measured values of
frequency shift and shift of inverse quality factBor a volume of 3 nlAf/f = 1.7610° and
A(1/Q) = 2.410°. According to Eq. (3.9), the ratio A{1/Q) andAf/f should be equal to tan
of water, the resulting value of 1.36 agrees with values of 1.46 (see Table 1.2 from
Chapter 1) from broad band measurements. Due tbngs@ volume dependences this ratio
enables - in some limits - a volume independemtifieation of unknown liquids by their
loss tangent - independent of the liquid volume.

Although the resonator size is relatively larges thduced change of inverse quality
factor by a single droplet of 90 pl volume could dearly detected. We expect that the
sensitivity can be increased by a further reductdrresonator height, which could be
compromised by a reduction of resonator qualitydiac

In Fig. 3.8(a) the experimental results on the aatlichange of resonant losses which
were obtained by fitting the resonance curve taLbrentzian are shown in the form of closed
diamonds and circles on solid lines.

As an alternative method providing even higher eacy for the smallest droplets
changes of the quality factor were determined bgsuang the decrease of the amplitude of
the resonant curve &t f;,
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Figure 3.8 Measured droplet induced changes ofrgevquality factor (a) and resonant frequency (b)
for the cylindrical and disk resonators superimploseone plot as a function of water volume (each
point corresponds to an integer multiple of 90 pl).

whereaqir —aiiq is the difference between the amplitudes in dBhis case the measured data
are presented as open diamonds and circles orottesldines.

So far, first results with WGM resonators at 3412z2Gvith quality factorsQ of 30 000—
37 000 revealed sufficient sensitivity for the d#éten of a single water droplet of 90
picolitres volume. Both resonators were shieldedgemiopen metal housing and standing
waves were excited by lumped element coupling,tasas clearly shown by azimuthal
dependence in Fig. 3.7(a). This kind of couplingef§icient in the microwave region.
However, at millimeter- to — submillimeter-wave dreencies lumped elements of the
coupling are too small to be effectively adjusted aontrolled.

Excitation of nearly running waves by a distributed quasioptical coupling

The utilization of higher frequencies leads to duion of resonator dimensions and
correspondingly, to a smaller minimum droplet votumhich can be sensed by the system.
Apart from that, the use of higher frequencies mayvide additional information on the
properties of a liquid substance. The excitatiostahding WG waves in dielectric resonators
shielded by semi-open metal housing (Fig. 3.6 i&@MNmited to frequencies below about 100
GHz. In addition, integrated resonator arrays cabeaealized in this manner. Therefore, we
have developed and optimized a scheme for disgtbebupling of completely unshielded
dielectric resonators by dielectric image wavegsidehich can be scaled towards the
terahertz frequency range and allows even multfrator excitation.

The dielectric image line has received renewedastein recent years for millimeter-
wave integrated circuits [74]. Many passive andvacmillimeter-wave devices have been
developed in dielectric image line technologies|[Mhe reason for this interest is that, in the
regions from millimeter wave to optical waves, tetal wall structures cause attenuation
due to skin effect loss. This conduction loss ispprtional to the square root of the
frequency. Since the dielectric image line is notlesed by the metal wall, the conduction
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losses are caused by only one metal image plans.ni¢tal plane may also provide a heat
sink and is convenient for dc biasing of integrat@ctuit devices. Another source of
attenuation is absorption due to the dielectricamak This dielectric loss depends on the loss
tangent and the dimension of the dielectric matelmapractice, however, the cross-sectional
dimensions of the dielectric become rather largerder to confine most of the energy within
the dielectric.

From point of view of low losses, pure dielectriawgguides without image plane are
even superior, and represent the method of choicexcitation of WG resonances in single
resonators at submillimeter wave frequencies. @rother hand, for integrated circuits image
guides are easier to integrate on a dielectrictsatiesand are more compact in size, which is
advantageous for the microwave experiments perfoiméhe frame of this thesis.

The rectangular dielectric image line, as depictedFig. 3.9 (a), consists of a
rectangular dielectric core with relative dielectdonstant,, surrounded by a semi-infinite
medium of dielectric constant (usually air) and the metal image plane attacleedhe
dielectric core. This image line can support a it spectrum of guided modgS,; and
Emn (Mm=1,2,3,. ...n=1,3,5,. . .), and also a continuous spectrum ajuisied modes. The
subindicesm andn indicate the number of half cycle variations edéield component has
within the dielectric core. The main transversédfieomponents of thE,, modes ard, and
Hy. The dominant mode is tH€1;, mode, as shown in Fig. 3.9 (b), whose field \aiais
given by a cosine function, and outside the dielecbre (on top and on both sides) the fields
decay exponentially.

A theoretical analysis of rectangular dielectricage line propagation characteristics
was initially described by Toulios and Knox [76]hd wavelength of the guide depends on
the normalized guide dimension

B=—.¢ -1 (3.12)

Dielectric core

Ey, Hx
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Figure 3.9 (a) Rectangular dielectric image linb) Rectangular dielectric image line field
distribution.
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with 1o being the free space wavelength. The guide wag#iefor B=1.108 has been

determined from the graphs presented by [75] fdreéectric core having a cross section of
2ab with a/b = 1. Under this condition the one mode regime arattained over a wide

frequency range. This particular image guide isivadent to a rectangular dielectric

waveguide in free space with aspect ratls=1.

The dielectric image waveguides applied for exiatatof our resonators in the K
frequency band were made of Teflap=@.01) and had dimensionstof 2.5 mm and 24.6
mm calculated on the base of the Eq. (3.12). Téid flistribution of the fundamental mode in
the image guide shown in Fig. 3.9 (b) is similathe distribution of the HEs mode in the
dielectric resonator in axiakz) direction and along the radius as shown in Fi@ ®).
Coupling between the image guide mode and the W&Nhé sapphire resonator disk is
achieved by the overlapping evanescent fields tifi.déor verification and optimization, we
employed CST Microwave Studio to simulate an opesomator structure coupled by
dielectric image waveguides in a transmission tgpefiguration. One more advantage of
utilizing the dielectric waveguide excitation inngparison to coupling loops in a metal
housing is that dielectric waveguides allow addisity to select the modes to be excited in
the resonant structure. In the coupling configorashown on the Fig. 3.10, only HEtype
modes can be excited. Similar to the loop coupdixigeriments, two different resonators were
employed, each being placed between the inputl@dutput waveguides. The first one was
so-called resonator 2, or the sapphire disk withaisionsh=3.6 mm,d=8.9 mm which we
used in our preliminary loop coupling experimerfieTexcitation of the Hks (n=7) mode in
this resonator is demonstrated by the simulati@wshn Fig. 3.10 (a).

The tilted ends of the waveguides shown on Fig0 3epresent a cut which allows
fixing an absorbing material (usually carbon basddhe tilted plane of the waveguide. With
such a configuration, the portion of field energyhich is not coupled from the upper
waveguide to the resonator, is absorbed suchefiattions and hence standing waves on the
dielectric image guide are minimized. The angléhed tilted cut should be selected such that
the tapered waveguide end is at least five timebm@g as the wavelength. Such matched
loads allow to selectively excite running wave tyg@spering gallery modes.

| O |
P
AN
| |
Resonator 2 Resonator 3
(a) (b)

Figure 3.10 Simulated distribution of the electr@d amplitude at resonance. (a) Resonator 2 edcit
in HE;s (n=7), dimensionsh=3.6 mm, d=8.9 mm (b) Resonator 3 excited in RE (n=12),
dimensionsh=2.5 mm ,d=14.5 mm.
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Experimentally, the two waveguides were arrangeghty tilted with respect to each
other rather than parallel like shown in Fig. 3.40¢ch that the coupling strength (defined by
the minimum distance between the guide edge andcitteimference of the dielectric
resonator) could be adjusted by moving the digecéisonator between the two waveguides
(or by moving the waveguide assembly with respeet tixed dielectric resonator).

Experiments performed in this way revealed a qué&ictor of only 25000 for the open
resonator 2 without any shielding, which is smaiitethe value 30000 measured in the semi-
open housing with loop coupling. This reductionhwigéspect to the ultimate value defined by
the dielectric losses in sapphire is expected dube influence of radiation losses.

In order to obtain higher quality factors for areapstructure without any shielding, we
tried to utilize modes with azimuthal index10. As an example, a new resonator, so-called
resonator 3, was excited in the kE(n=12) mode with the field distribution shown on Fig.
3.10 (b). For the operating frequency of 35 GtHe manufactured sapphire cylinder has a
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Figure 3.11 Dependencies of quality factor andmasbfrequency of the resonator 3 as a function of
azimuthal mode numben calculated on the base of model described in AgipeA (a) and
corresponding experimental results (b).
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Figure 3.12 Dependence of the optimum azimuthalariodex on the permittivity of the dielectric
resonator material for which radiation losses cannbglected (corresponding to the onset of the
plateau in Fig. 3.11) at a fixed frequency of 35GHz
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much larger diameter af = 14.5 mm. The height di = 2.5 mm was chosen to be even
smaller than in case of resonator 2, without sigaift affecting ofQ-factor. This provides a
quite high sensitivity for our liquid measuremenEg. 3.11 shows the measured and
calculated resonator parameters as functions ofenmmbem. The highest measureg-
factor for the open resonator was as much as 40 000

The calculated dependence @ (open circles) was obtained as a sum of two
constituents:Qsappn (Open triangles) -Q-factor which describes losses in the sapphire,
dielectric material of the resonator, aQdq (open squares) corresponds to radiation losses in
the resonant structure. At some optimum azimuthahler nyyima the radiation losses
become negligible and th@-factor of the resonator is equal to tQgappn and does not
improve anymore with increase of The value of optimum azimuthal index varies wiile
dielectric properties of the dielectric resonatoatenial. Fig. 3.12 shows that this index
decreases with increasing permittivity of the regonmaterial.

In the case of the resonator excitation by distaducoupling elements based on
dielectric waveguides possessing high directivitgth degenerated modes(p) and @(p)
appear to be shifted by 90°, such that the net waNée a running wave propagating around
the dielectric disk either clock or counterclockevis

@ =coshg + ) £isin(ng +y) =" (3.13)

The angular propagation consténs equal to integer number of waveat the resonant
frequency. The multiple superpositions of theseasguroduce interference effects, such that
at the resonance the net amplitude increases &prlipts resonance becomes noticeable by a
significant change of the transfer ratio of the agwide coupled via the dielectric disk. When
the matched loads terminating the dielectric fewdliare properly implemented, reflections
from the resonant structure are absent. Such resenggime is called the running wave
regime. If this regime can be realized practicaitycan give us one more advantage to
improve our liquid-detection measurements: the tmosng of the small liquid droplet
becomes independent on the azimuthal coordinatevanidave to choose the position of the
droplet only in radial direction, which is more e@mient. Thus, if we extend our approach to
higher frequencies, where the resonator dimensaassmaller, the search for the most
sensitive point for spotting of the droplets beceraasier. In the ideal case of a running wave
we will have the same response and correspondiegbal sensitivity along the azimuth
direction at a fixed radial coordinate of the dedpl

In order to verify the advantages of running wawedroplet excitation, the azimuthal
dependencies of the change of the inverse qualiiof corresponding to losses induced by
the droplet was measured for resonators 2 and i&tpg in the same frequency range (34-35
GHz) atT=18°C [77]. Fig. 3.13 shows the measured values wherdroplet position was
varied along azimuth (along the semicircle of thiekd at a fixed radial coordinate
corresponding to the maximum strength of the alet#ld.
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Figure 3.13. Measured water droplet induced chasfgeverse quality factor as a function of the
droplet position varied in the azimuthal directimn two different resonators: Resonator 2 excited i
HE.; (n=7) with dimensions oh=3.6 mm,d=8.9 mm, Q=25 00Q Resonator 3 excited in HE
(n=12) with dimensions dfi=2.5 mm d=14.5 mm Q=40 000.

The experimental dependencies shown in Fig. 3.E8rtte very well the calculated
HEn;s field distribution (Fig. 3.10) excited in both ogstors. Seven maxima and minima in
the dependence for resonator 2 WG are strongly raeeh which demonstrates the
propagation of standing waves in the open resosamtcture excited by the distributed
coupling elements, in contrast to our expectation.

The azimuthal dependence for resonator 3 measored firoplet of 2nl volume still
resembles the features of an azimuthal mode numsit, but the modulation depth is only
about 20% of total invers® change. This indicates that the excited WGM isnprily of
running wave character and that a high sensitfatydroplet detection can even be achieved
in positions of the minima of the azimuthal electreld distribution.

As an explanation for the observed difference fothlresonators, it is apparent from
Fig. 3.10 (a) that the excitation of resonator Rimilar to coupling loop excitation, since the
field of the dielectric waveguide interacts effitily with only one petal of the field in the
resonator (the curvature of the resonator 2 ilangth respect to waveguides than in case of
the resonator 3). In result, this leads to a dontistanding wave formation. In resonator 3 the
directivity of the running wave is stronger pronoead due to the simultaneous interaction of
the waveguide field with several petals of the nagor field.

As a summary, the field distribution determined exxmpentally by the droplet induced
change of the inverse quality factor and shift eéanant frequency for resonator 3 are
illustrated in Fig. 3.14. The results confirm thath the frequency shift and the losses show a
similar behavior. The radial dependencies for boghonator characteristics at a fixed
azimuthal position of maximum of electric field anserted in Fig. 3.14 and reflect the radial
distribution of the square of the electric fielf. Further optimization of the dielectric
waveguides and matched loads should further ineré@s running wave portion and may
provide a more uniform dependence of théd fenplitude on the azimuthal coordinate
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Figure 3.14 Water droplet induced changes of irvepsality factor 1Q,.—1/Qq: (solid circles) and
resonant frequencifyaair (OPen squares) as functions of the droplet positoy resonator 3. The
droplet position was varied in the azimuthal dii@ttat a fixed radial position=6.1 mm. Insert: the
radial dependence for the same parameters at@pgostion of azimutlp=86°. The volume of water
droplet was 1.8 niT=18°C).

approaching the red dashed line symbolizing a 100%ing wave propagation in the
resonator structure.

In order to optimize the amount of liquid to betégesby resonator 3, we have measured
the dependencies of frequency shift and loss vaniatn the volume of the water droplet. For
that purpose, droplets of different volumes werettggl onto the resonator surface at a
position of maximum electric field, according to rogimulated (Fig. 3.10 (b)) and
experimental (Fig. 3.14) maps.
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Figure 3.15 Measured water droplet induced chamje®sonant frequencifyaiar (SQuares) and
inverse quality factor Q.-1/Qqi (circles) as functions of droplet volumE=(18°C) for resonator 3.
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The results shown in Fig. 3.15 indicate almostdmédependencies of both frequency
shift and loss variation on the droplets volume dooplets smaller than 2 nanoliters. For
larger volumes, the observed sublinear behaviorbeaaxplained by the fact that the droplet
extends over a large surface area such that thek iieomogeneity should be taken into
account (see Fig. 3.10 and 3.14).

Finally, we compared the response from the twonasws 2 and 3 when spotting
diluted aqueous solutions onto the sensitive pantthe surfaces of each resonator. Fig. 3.16
shows the experimental volume dependencies of aesdrequency shift and loss variation
for diluted aqueous solutions of ethanol in bidlisti water for 10% and 20% volume
concentration compared with the volume dependemrcedter as reference liquid. The results

indicate that both resonators allow us to distisgusoncentrations below 10% of ethanol in
such small volumes.

From point of view of sensitivity, both resonatarg almost equal. For the investigation
of biochemical liquids of interest resonator 3 vea®sen, because it allows to obtain more
reliable results due to high€and much less noisy resonance response.
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Figure 3.16 Droplet induced change of resonaujuigacy (a) and inverse quality factor (b) measured
for resonator 2 and change of resonant frequenkyr{d inverse quality factor (d) measured for

resonator 3 as functions of volume of bidistilledtar, and binary mixtures of 10% and 20% volume
concentration of ethanol in bidistilled water.
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3.2.2 Electrodynamics of the radially two-layered disk WGM resonator with liquid
internal layer

Finally, the electrodynamic properties of the la&geMWGM resonator with conducting
end plates (CEP) is discussed, which was emplayedalibration measurements of reference
liquids. The employed resonator configuration ipidied on the Fig. 3.17(a) representing a
structure consisting of a dielectric disk sandwicbetween two conducting metal end plates.
The analysis of the field distribution in this gestny allows to calculate resonance
frequencies and quality factors by analytical ezpi@ns depending on the complex
permittivity of the dielectric disk material, th@mductivity of the conducting endplates and
the physical dimensions. For the first time suchtracture was investigated in 1999 [78].
WGMR implemented in a form of the disk of uniaxaistal with metallic end plates was
theoretically investigated in [79]. In fact, suclstaucture represents a quasioptical analogue
of the Hakki-Coleman resonator configuration [8@here the Thk; mode is excited in a
dielectric cylinder clamped between two metal ga®milar configurations have been used
for measuring the surface impedance of normal peswonducting metals, provided that the
loss tangent of the dielectric resonator matesdtnown with sufficient accuracy [81], [62].
In reverse, the Haki-Coleman method can be useétermine the dielectric properties of the
dielectric disk material, if the conducting propestof the metal endplates are known [82,83].
Alternatively, lossy liquids were used as dieleculisk such that WG modes were excited
directly in liquids.

The rigorous solution for the resonator with cortthgsendplates also exists when the
resonator has a laminated structure along the sadiuthe present work, we consider a
structure consisting of two concentric radial lay@fig. 3.17(b)). The first internal layer of
this resonator structure is the liquid under tasg the second external layer is a dielectric
ring made of a solid dielectric material with knowamplex permittivity, such as Teflon,
sapphire, quartz, or a common microwave ceramig¢s Timg shaped external layer also
provides the confinement of the liquid inside thesanant structure. Measurements of
dielectric permittivity of different liquids with &arge variety of dielectric properties rely on
the possibility to select the suitalfefactor by optimizing the diameter of the intertiguid
layer.

The real part of permittivity'iq of the liquid arises by the comparison of experitak
and simulated mode spectrum, if the permittivitytlod external layer is known. At the same
time, it is necessary to solve a number of problemder the condition of the known
dispersion equation and field structure being inm@eted in a computer program, i) to
calculate&iiq and £%iq (or tamiiq = &g/ €liq) Of the liquid by a computer program from the
measured resonant frequency @actor; ii) to identify the oscillation modes ermpéd for
the measurements; and iii) to optimize the resonditmensions from the point of view of
highest measurement sensitivity. The latter is @afig important to achieve a high precision
for reference data of lossy liquids.
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Figure 3.17 (a) Cylindrical quasi-optical dielectresonators with conducting endplates. (b) Radiall
two-layered quasi-optical dielectric resonator vatimducting endplates.

Electrodynamic properties and optimization of the radial two-layered resonator

In order to optimize the dimensions of the resonat® carried out experimental studies
with different liquids various values of the intatmmadiusri, which is the radius of internal
liquid layer. For this purpose the external layedlectric ring was made of Teflon. Teflon
was chosen because it is machined easily and kaptable electric properties for application
in microwave and millimeter wave ranges. Within tkgband {= 35 — 38GHz) at room
temperature the complex permittivity is equal @72i3.510.

The external dimensions of the resonator were chosehe base of the analysis of its
frequency spectrum and quality factors. As a Btsp we obtained the dielectric permittivity
of a homogeneous Teflon disk (see Fig. 3.17(ap}=G8mm diameter and height lof7 mm,
which was the base for the ring in Fig. 3.17(b)e ®pectrum of the disk was investigated
experimentally in K band using axially homogeneous jiEmodes or (TMig) when the
azimuthal index was varied from 35 to 38 (see Bi§2). Then on the base of the dispersion
equation (see Appendix, Eg. (A.24)) the theoretsg@ctrum of the homogeneous resonator
was obtained, performing the calculation of the e@gpectrum for a certain value df
(employing test values being close to the valuesh® real material under test). The
experimentally determined spectrum was compareld thi¢ calculated one. In the case of a
discrepancy an iterative process was started irerotd achieve the highest level of
coincidence between the simulated and the measspedtra. This fit of the measured
spectrum by the calculated one revealed the degale@ for the permittivity of Teflon.

The basic expressions for two-layered resonatacttre are reviewed in the Appendix
B. The modes in the radially two-layered resonataucture are described by solutions of a
set of Maxwell's equations with appropriate bourydawnditions. As for the disk resonator, a
dispersion equations was derived which allow t@wbthe spectral and energy characteristics
(i.e. eigen frequencies and eig@factors) of the anisotropic radially two-layerexsonator.
These characteristics depend of dielectric progpedf both resonator layers.
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In the first part of the given work an externalmdeter 2,=78mm was fixed and the
internal 21 was changed by means of mechanical removal ahthenal part of the dielectric
disc (Fig. 3.17(b)). The internal radius was chahgech that the liquid substance gradually
came up to the area where the field of WGM is cotre¢ed (this area of electromagnetic
field confinement is called “caustic area” (seesmdtion 3.1.1), for the employed Teflon disk
it was equalr,-ri= 8 mm distant from the dielectric cylinder edge pmriphery). The
resonance frequendynd the quality factd® were measured for the resonator without liquid,
i.e. with air filled internal layerf{:, Qair) and with liquid in the internal layefi{, Qiq)-
Sufficiently weak coupling of the resonator by ilmagaveguides was established such that
the measureflandQ are not affected by the coupling. The couplingrsgth was controlled
by means of a distance variation between resoratdr dielectric image waveguide. The
optimum orientation of waveguides relatively a dattic disc was chosen for excitation of
axially-homogeneous modes TM (or HEyug), because just these modes could be excited
most effectively in WGMR with conducting endplatesh resonator heighi=A.

The experimental data on frequency sWifity.ai-=fiq—far (Fig. 3.18) and quality factor
Qiq (Fig. 3.19) as function of the resonator exter@glel radial thickness, -r, (see Fig.
3.17(b)) were obtained for water, ethyl alcohol dmhzene. In the same diagram, the
calculation results obtained by solving the disper&quation (Eq. (B.6) in Appendix B) are
shown. The results indicate that the results obretecal calculations coincide very well with
the experimentally determined data for a reson@ted with these three liquids possessing
completely different ranges of their complex digliecpermittivity values. For the calculation
of losses, the metal losses of the endplates akentinto account.

Values of complex permittivitg* =¢'+ie” of liquids under test obtained with our
measurements at the actual resonant frequency.bf@Mz of the empty resonator were as
follows:

Bidistilled water &* =16.80 H 27.38; tan=¢"/¢' > 1;
Ethyl alcohol e = 3.6 +1.08;, tan<l;
Benzine g =188+ 0.062; tan<<1.

The frequency shift data were taken as a measuaeaimeter with the purpose to
eliminate inaccuracy of measurements. Becausertiglaes of the resonator have not ideal
form and it possess some roughness on the surfaceaarespondingly some air gaps, there
remains an influence of pressing strength betweetalnplates and resonator surface on the
resonant frequency. The effect of such gaps anghroess is difficult to estimate, particularly
if one reassembles the resonator. Therefore, thasumements were carried out without
reassembling the resonator each time for frequehdy Afiig.air= fiq—far determination has
been performed for each given radial thickness of the external layer. The values of the
guality factor were found to be practically indedent on reassembling; therefore values of
Qiiq Wwere used for the measurement results analysis.
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the conducting endplates.

It is worth to underline a number of “anomaliestaibhed found by the experimental
investigation. These “anomalies” do not manifestntelves for resonators filled with

dielectrics having values ta< 1. They are as follows:

I) A positive sign of a frequency shifffi.ir for both lossy liquids, namely, water and
ethyl alcohol is observed (see Fig. 3.18); Watesspeses higher losses than ethyl alcohol,

such that the slope &ffjiq-.ir curves for water is bigger than for ethyl alcohol.
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i) Qiq of the resonator filled with water is higher thithe corresponding value for ethyl
alcohol (see Fig. 3.19), in spite that daof ethyl alcohol is lower than that of water;

i) Liquids characterized by small loss tangeniues like benzene lead to a decrease of
Afiig-air With increasing inserted volume.

iv) A sign of a frequency shiff\fiq.r for ethyl alcohol changes from negative to
positive at variation of,-r; from large to smaller values as it is shown in. Bid.8 (see more
details for ethanol in Fig. 3.20 (b)).

These observations indicate that perturbation themcording to Eq. (3.8) does not
apply. The reason is that in the case of the radiallayered resonator the field distribution is
altered by the permittivity of the liquid.

Within this work there was studied the situationewtthe Teflon resonator body has a
bottom of height (see insert on Fig. 3.20 (a)). For such resorggometry the characteristic
equation cannot be obtained accurately. In thig ¢he behavior olMfig..r becomes more
complex because the internal layered structureoiermomplex. As it is displayed in Fig. 3.20
(a) the sign of the frequency shift changes fromatige to positive even more significantly
for alcohol than it was the case for the resonaititout bottom (=0). For water the decrease
of the slope was also observed in comparison tagdke of=0.

However, all of the mentioned peculiarities can tbeoretically described by using
Maxwell equations with corresponding boundary ctiads and can be explained by means
of the evolution of the field distribution of R2L @MR filled with lossy liquid. Fig. 3.21
shows the calculated field distribution along theius for water, ethyl alcohol and air (the
latter for comparison). One can see that becaukenalr loss in alcohol, the microwave field
is damped more weakly in alcohol than in watersTheans that a field penetration depth for
alcohol is larger than for water, which causes &ighalues ofQjq in the case of a water-
filled resonator. High values of loss tangentdgnand dielectric constantjy cause a
screening — “metal” behavior of the frequency shiith a positive signAfig.air for the
resonator with ethyl alcohol and water.

Finally, the change of the sign of frequency ssidin (see Fig. 3.20) depending 1orr;

in case of ethyl alcohol shows that a competitibtmm effects takes place in the resonator
with lossy liquid. Namely, the influence of a dietiéc liquid leads to the negative sign of the
frequency shift (due to increase of electric fieltergy when the distribution of the electric
field is not altered), and the influence of a lofgyid on the field distribution itself leads to
the positive sign of the shift. As the experimest®ow, the phenomenon of changing a
frequency shift is very sensitive to the referefice. without liquid) field distribution and
hence to the particular type of resonator, its ggoynthe volume of liquid, and also to the
dielectric properties of the liquid.
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Figure 3.20 (a) Frequency shiftiq..ir = fiq —fair Of the resonator as a function of radial thicknessr,

of external dielectric ring of the resonator witibeirnal ring filled with ethyl alcohol,is a thickness of
Teflon bottom in the internal layer. Inserted R2isonator implemented in a form of double ring with
bottom of thickness and internal Teflon ring was made to keep metalegsl rigidly parallel to each
other. The electric field is shown for HE-mode; {t®quency shiftAfiq.air = fiq—far as a function of
radial thickness of the resonator with ethyl aldokleenI=0 (zoomed view).
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Figure 3.21 Distribution of the normalizee&component of the electric field in the resonatong the
radius of the dielectric disk (ring), when the negior is filled with ethyl alcohol, water or air.

It is necessary to note that an analogous changedfequency shift sign for the same
liquid was observed in another type of WGM resonatamely, in a dielectric disc with a
cylindrical capillary filled with water and placed caustic area of the electromagnetic wave
in the resonator [69]. The effect of increasingX@factor with increase of the loss tangent of
liquid was found theoretically also for a hemi-spbta two-layered resonator excited in a
lower order mode, however, only at large thickrefghie Teflon layer of the resonator [67].

In summary, the electrodynamic properties of raglidalvo-layered quasi-optical
dielectric resonators with conducting endplates lasdy liquids (for example, ethyl alcohol
and water) have been studied experimentally anarétieally. Whispering gallery modes are

77



CHAPTER 3: ED PROPERTIES OF WGM RESONATORSWITH LIQUID
INHOMOGENEITIES

excited in such resonators. The mode energy isectrated near the inner side of the
cylindric surface of the external layer. Liquidsthvarbitrary values of complex permittivity
including liquids with tadiq > 1 represent the internal layer. The obtainedlt®sllowed to
determine an optimum value of the external ringkhess or thickness of the external layer
(at fixed external radius) to be equal to aboutr8.All further investigation with this type of
resonator filled with different liquids was carriedt with fixed resonator dimensions.
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Chapter 4. Characterization of diluted aqueous solutions with an
open WGM resonator technique

In this chapter the studies of the electrodynamioperties of WGM dielectric
resonators of the two types described in Chaptee liscussed for the case of introduction of
different aqueous biochemical liquids in the resonatructure in order to determine the
dielectric properties of these liquids. The intéiat of electromagnetic waves with water and
agueous materials forms the subject of this work. &&n approach this subject with many
different objects in view, when water serves a®laent for small inorganic ions and low-
weight organic molecules as well, and it plays anhant part in determining the structure
and functional properties of proteins and otherno@olecules.

Aqueous systems have been in the focus of mantigations comprising a variety of
experimental methods based on application of dietetheories, helping to elucidate the
“structure of liquid water” and of solutions, bo#ectrolytic and bimolecular, including
computer simulation studies of the microdynamicswaiter and aqueous systems. Much
progress has been made recently in the understantliihe dielectric properties of biological
systems [84-87]. The understanding of the prinsipliehow biological macromolecules work
is a challenging topic in biophysics. Conformatioshanges and molecular motions are
essential to life processes. Dielectric spectrogcap sensitive to intramolecular
conformational variations of proteins in solutid88] as well as to hydration properties of
macromolecules [89]. It is also an effective nowasive method for investigations on a
cellular level, for example for monitoring the effeof glucose on the human erythrocyte
membrane [90].

Depending on the liquid composition we can descsbeeral types of liquids with a
specific behaviour of the dielectric function. Imeo case, the strength of the electrical
polarizability and the molecular relaxation, thé#dabeing determined by the molecular mass
and the intermolecular interaction, provides a dmgint for semipolar liquids such as
alcohols. In the other case, long chain hydrocashwith low real part of permittivity can be
differentiated to some extend by their variatiord@lectric losses. Finally, the contribution of
conducting components such as ions leads td dependence of the imaginary part of the
permittivity. In particular, for biological liquidsvhich are water based, both the organic and
inorganic constituents lead to specific modificaiaf the frequency dependence of the real
and imaginary part of the complex permittivity atrowave frequencies.

Below we discuss the data on selected solutes terywahich were measured by our
resonator techniques. Organic polar and non-polalecnles with slow relaxation time or
electrolytes dissolved in water cause a reoriamabif the intermolecular bonds and result in
a change of the frequency dependence of real aadimary part of permittivity. Therefore,
we expect that the developed WGM resonators allbgexving changes of frequency and
inverse quality factor depending on the dissolveedcges and on concentration with a good
accuracy for small volumes.
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4.1 Example of aqueous solutions of non-electrolytes. ethanol-water
mixtures

In this chapter we consider the dielectric propsrtof aqueous solutions of non-
electrolytes, particularly of organic liquids andlids, such as alcohols and sugars. Such
molecules will usually dissolve extensively in waifethey are able to interact in some way
with the network of OH...O hydrogen bonds. This implithat some parts of the solute
molecule must itself be able to make a hydrogerdlioran HO molecule. Polar liquids such
as alcohols possess their own static dielectristams, correlation factors, and characteristic
relaxation times. Aqueous solutions often showuiesst which derive directly from the pure
polar liquids.

Alcohols are compounds in which a hydroxyl (-OH)ugy is attached to a carbon atom,
or replaces a hydrogen atom in a correspondinghalkaolecule. The hydroxyl group is the
functional group of alcohols. Their general formugaR—OH, and they are classified as
monohydric, dihydric, trihydric, and polyhydric alwls. The O-H bond is highly polar,
because oxygen is highly electronegative. The axygeries a partial negative charge)(
and the hydrogen carries a partial positive ché&sge The polarity of the O-H bond gives
rise to an attraction of partially positive hydrogatoms of other molecules. Due to this,
hydrogen bonding requires a lot of energy in thenf@f heat to overcome these attractive
forces, and hence the boiling point of alcoholkigher than for pure organic substances of
same molecular size such as the alkanes.

The first examples of water-based liquids beingseiman order to test our measurement
systems were water-ethanol mixtures of differemtcemtrations. Ethanol, with sum formula
C,HsOH, is one of the most simple alcohol molecules iaral semipolar liquid with low real
part of permittivity. Dissolving ethanol moleculeswater leads to increase of the relaxation
time and to a decrease of the dielectric permiftiwith respect to water.

For the water dipole to be able to undergo conalder rotation about one of its
hydrogen bonds, the breakage of its other bondeeressary. Unbound molecules, or
molecules making only one bond, can rotate withmeakage, whilst molecules bonded to
three or four neighbors require more than one bomttiwo bonded” molecules reorientation
occurs after breaking of one bond. The strong midh remains will play the dominant role
in the principle relaxation process. The fasterdsbreaking processes make slower (higher-
energy) processes very rare, such that the thrédoam bonded species do not contribute to
any appreciable relaxation, even though they aesgmt in large proportions. The dipole
properties of water molecules affect the interacti@tween water and other molecules that
dissolve in water.

Water, methanol, ethanol, and others are hydrogerddd liquids and completely
miscible with each other and each of them exhiisincipal dispersion of Debye or nearly -
Debye type in the microwave frequency range. Thehaeism of the dispersion is suggested
to be rotational diffusion of individual polar moldes or molecule clusters in the liquid
under the action of the applied field.
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The dielectric study has extensively been done lophal-water mixtures [91-95]
because these systems exhibit an interesting b@haath emphasis on hydrogen bonding,
hydrogen-bonded clusters and cooperative procdssethe molecules. Dielectric spectra
were obtained with different techniques. To thet lméany knowledge, there is a paucity of
such data covering a wide frequency range. Usimgpéex nonlinear least squares (CNLS)
fitting techniques, the dispersion parameters fatew-methanol and water—ethanol mixtures
could be determined based on both Debye and Coled&xm functions. The dependence of
the relaxation time on the fraction of water reveals different relégxatmechanisms with
various dominant relaxation processes in the diffeconcentration regions.

Pure alcohol molecules are assumed to form chiaéncliusters in the liquid phase, and
dispersion is due to the cooperative processestieeclusters [96]. In the region of mole
fraction of water below 80%, water molecules jdme tclusters like the alcohol molecules.
The smaller size of the water molecules leads hgher dispersion frequency compared to
that of pure alcohol. Pure water molecules areelseti to form loosely bonded circular
clusters in the liquid phase compared to that ot puater, and each of them contains six
molecules. In the region of mole fraction of waabove 80%, alcohol molecules take part in
the circular clusters like water molecules. Thgdarsize of the alcohol molecules results in a
lower dispersion frequency.

Water, methanol, and ethanol display distinct rafiex processes that differ from each
other. For instance, two or three such processesiri@ liquids could be observed. For their
binary mixtures the existence of only a single pmynrelaxation strongly suggests that these
molecules in the liquid phase react to the extefiedd in a strongly cooperative way rather
than individually. The Debye function actually résdor a system of non-interacting dipoles.
In general, two relaxation processes would be drpeéor binary mixture according to
rotational diffusion theory, so it still presentsheeoretical challenge [93] to understand how
two well separated relaxations in the respectives iquids fuse into one relaxation process
in their binary mixture even when the sizes of th@ecules differ substantially, such as in
water—alcohol mixtures.

Therefore, the dependenciesegf andeiq” on alcohol concentration in water mixture
can be calculated by a single Debye function

m m

£ =& +ig =gn+fs “Ce 4.1

m

wheree] &' are high-frequency and static dielectric constahtsixtures respectivelyq, is
relaxation time of the mixture.

A linear relation between the static dielectricstamte]' and the volume concentration of the
solution C,) can be derived from the Onsager equation for ilWissdiquids within some
approximation [97]. It means that the valg€ of mixture can be calculated from its pure
constituents.
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Values &' and €] are connected by means of relation which follomesnfan expanded
theory by Frolich for static permittivity, where a&ffective dipole orientation factogy, is
introduced [98],

(gsm — goT)(zgsm + 2‘9:) - Na gm Yo, Xe/'[e + XWIJW (4 2)
EM(eM +2)? 9k, T """ XM, + X, M, '

whereX. andX,, are mole fractions of ethyl alcohol (ethanol) avater respectivelyivle and
M,, are mole masses of mixture componentsand4, are the dipole moments of ethanol and
water (/. = 1.68, 14y = 1.86 D), anch, the density of the mixture.

Data ong, of ethanol water mixtures are presented in a bteatperature interval in
[94]. In the same work, the concentration dependeari@ have been obtained. The values

of gg correspond to Kirkwood's orientation correlatiactbrg, andg. for each component
of the mixture.

The temperature dependence of the relaxation tnpedsented by Eyring equation [6]

(see also Eq. (1.48)).
r= h exp{ AG’“)
kT TURT (4.3)

whereh is the Plank constant, is the absolute temperatui,is the gas constant ad{>
given by (see®lchapter)

AG,, = X AG, +(1- X, )AG,, (4.4)

whereAG. andAG,, are the free activation energies for ethanol aatery respectively. The
relaxation timery, for the mixture is then given by

h AGy, X, (1-X,)
Ty = ex =715 T e
m kgT F( RT j e Hw (4.5)

wherer, andr, are relaxation times of the mixture components.

The obtained values oby, gm= 9%; &' € and 1, depending on the volume

concentration of ethanol in water are presentedTable 4.1. Valuesr,= 184 ps and
Iy = 9.38 ps have been taken from the literature 949, All data are presented for the case of
room temperature (20°C).

On the base of the Egs. (4.1)-(4.5) and the datargrized in Table 4.1 the calculations
were carried out with Mathcad 2001 Professional.
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Table 4.1 Values ofi,, g =92, &,

room temperature (20°C).

&M and 1, depending on ethyl alcohol concentration in water

| %, p;ig:;’ anloa) | S erpon | s o
0 0 0.998 1.180 80.124 3.823 9.38
0.1 0.033 0.990 1177 75.353 3.833 10.36
0.2 0.072 0.978 1.175 70.301 3.842 11.61
0.3 0.117 0.964 1171 64.982 3.857 13.29
0.4 0.171 0.948 1.163 59.428 3.883 15.6
0.5 0.236 0.928 1.142 53.683 3.942 18.95
0.6 0.317 0.906 1.085 47.813 4.103 24.1
0.7 0.419 0.881 1.069 41.905 4.167 32.67
0.8 0.553 0.853 1.139 36.067 4.021 48.65
0.9 0.736 0.823 1.288 30.432 3.754 83.8
1 1 0.790 1.611 25.153 3.322 184

4.1.1 Radially two-layered WGM Teflon resonator with ethanol-water solutions

After preliminary investigation of the radially twayered resonator with Teflon outer
layer described in Chapter 3, measurements ofdheentration dependences/di; andQigq
were performed for different concentratid@s of ethanol in bidistilled water. The thickness
of the external Teflon ring was fixed tg—r, = 8 mm. Such thickness allows to achieve a
reasonable sensitivity of frequency siiiff; against the variation of alcohol concentrat@n
There is a stronger dependenceéQaf on concentration with larger thickness-r; (see Fig.
3.19), however, at the same time the dependentdipbn C. will be weakened. Evidently,
the selected thickness —r; is the optimum from point of view of achieving ni@xm
accuracy of measuring/ ande”. The measurement results are shown in Fig. 4.1.

The experiments are important for establishingdispersion of substance properties in
the microwave and millimeter wavelength rangesthia connection it is relevant to find an
opportunity to measure the concentration dependehttee complex permittivity of solutions
excluding a calibration procedure.
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Figure 4.1 (a) Frequency shift and (b) quality dactf a R2L WGM resonator with a binary water-
ethanol mixture as functions of ethanol volume emiation, mode HE ; o (TM), h=14mm,r, —
r. = 8 mm,f,=37.5 GHz — resonant frequency of empty resonator.

Using a special program composed for computer Glons of R2L type WGM
resonators, realks(q) and imaginary £jiq) parts of complex permittivity of the mixture were
determined by means of fitting the calculated valokthe experimentally determined values
of Afiq andQiiq. These results are presented in Fig. 4.2. Indheesplace, the solid lines show
results ofe&liq and £”q calculation for the mixture, obtained independeioth above stated
results on the base of Debye’s model for complexnfigvity of binary mixtures £fiq = &mix
and&’iqg= €"mix) and parameters of the Debye equation listedarTeible 4.1.
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Figure 4.2 (a) Real and (b) imaginary parts of ptivity of binary water-ethanol mixture as
functions of ethanol volume concentration. Thedsdilies are a result of calculation using Debye's
formula (Eqg. 4.1)
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The very good agreement between theoretical calook and experimental results
indicate the validity of the mentioned model fossdeption of binary mixture properties and
demonstrates the usefulness of a calibration freasnrement approach. The obtained field
components allow to calculate the coefficiekiskiq, k-=king , Which are coefficients of
inclusion of liquid (air) and dielectric materidi the ring, as well aés =1/G , which is called
CEP inclusion coefficient which determines the losatribution of CEP metal to the quality
factor of the resonator (see Chapter 3, Eq. (3Thus one can determine tap from the
measured values dDiq. In the given work the coefficiemds was calculated only for a
homogeneous disk or large thicknessrofr; (see for example [62]). This time it was
determined in the whole interval of —r; variation using the known properties of water and
by comparison to the experimental dependend@p@bnr, —r, and calculated dependence of
Qiq for the resonator with perfect CEP. In future, toefficientAs will be calculated through
field components of the corresponding mode of thsomator intended to be used as
measuring cell.

4.1.2 Sapphireresonator with a small droplet of a water-ethanol mixture.

In the previous chapter the approach, which wasldeed in order to investigate
various substances dissolved in water in the slwdpa droplet of volume down to 90
picoliters, was described. Fig. 4.3 demonstratesftimctioning of the device. The water
droplet of a very small amoun?£2 nl) leads to a significant reduction of qualigctfor and
shift of resonance frequency. This can be utilizsda highly sensitive detector for the
identification and monitoring of different aqueagmutions in small volumes. Droplets were
prepared by a microprocessor controlled microimpecpipette and spotted onto the most
sensitive position on the WGM resonator surfacemiing to the calculated field distribution
in the resonator (see Chapter 3). Our dielectgigidi-sensor operates by monitoriQgfactor
and resonant frequency changes induced by thealraplfrequency around 35 GHz. The
signal transmitte&,; from the input to the output waveguide through résonator depicted
in Fig. 4.3 (absolute value of,;§ around the resonance frequency was measttied

I I Resonator v:lithout
droplet: T
f=35.685658

Q=40552
/

6of water: V,=1.8 nL
f=35.685405
l@=30000
0b—

35682 35684 35686  35.688
Frequency (GHz)

Figure 4.3 Measured resonance curve before andthéealroplet spotting. The experimental data are
fitted by Lorentzian curves.
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Hewlett-Packard 8722C Vector Network Analyser. THE 8722C was interfaced with a
computer using HTBasic 9.5 and a GPIB controller measure and store the data.
Measurements were always performed approximatedytimes for the same droplet volume
of each liquid under test.

The resonator assembly was composed of the sappsomator, resonator holder,
coupling elements and a Peltier cooler based sy&tetemperature stabilizing as shown in
the photograph (Fig. 4.4). The resonator assemblyattached toja scanning table through
a metal holding plate as it is shown in Fig. 4.4fafomputer controlled spotting positioning
system employs the scannirgtable for precise positioning of the resonatortesysin front
of the nozzle tip of a fine glass capillary coneeglcto an autodrop pipette system. The AD-K-
501 pipette is based on a piezo-driven inkjet prgqntechnology, the smallest droplet which is
emitted from the nozzle tip and detected by ouomator system has a volume of about 90
picoliters. The spotting system is also equippedhwa miniature camera setting for
controlling the droplet shape. For the purpose tabiszing the droplet on the resonator
surface and avoiding rapid evaporation of the tqfiom the surface as well as for
stabilization of the dielectric resonator chardst&s, a temperature controlling system was
utilized to keep the temperature of the resonatdBa0.1°C, which was slightly lower than
the temperature of 23°C in the laboratory.

As a first step, volume dependencies of resonamainpeters of our droplet-detector were
measured by spotting solutions of several dilutttentrations of ethanol in water (Fig. 4.5).
The limiting concentration was around 50% of ethandere the speed of the evaporation
process is still comparable with the spee@lofost “instantaneous” measurements of the

Figure 4.4 (a) Photograph of the experimental sétup close view. (b) A view of the resonator
including spotting-positioning system. The mainnaats of the experimental setup indicated by
arrows are: 1- resonator; 2 — holder for resonatut temperature platinum sensor; 3 — elements of
temperature stabilizing system including a Pelékament and plate with circulating cooling liquid
providing an effective extraction of heat; 4 — duttic waveguides; 5 — mobile carriage utilized for
positioning of the coupling elements, serving asrtholder simultaneously; 6 — xy scanning table; 7
z-axis moving automated microinjection pipette; Biriature CCD camera.
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changes in the resonant curve. The results indibatethe resonator allows us to distinguish
between different concentrations of ethanol in suanall volumes. The obtained
dependencies tend to be linear on droplet volum#éhfe range, which is advantageous for the
calibration of our system [99].

Now, one can compare the measured changes of redoaguency and inverse quality
factor with the real and imaginary parts of the pter dielectric permittivitys*( ) of diluted
agueous solutions of ethanol, which can be weltiiesd by a Debye-type relaxation spectral
function Eq. (4.1). Fig. 4.6 shows the data cakeddor the real and imaginary parts of the
complex permittivity as a function of concentratiosing the parameters of the Debye
function displayed for water-ethanol mixtures inbukar format (Table 4.1). The
corresponding values for 35 GHz are representetthanform of relative change (in %) of
dielectric permittivity with respect to the pernvity of bidistilled water. The negative sign of
the percentage means that adding ethanol to wateealses both real and imaginary parts of
&(a). These results can be compared directly withditoplet data depicted in Fig. 4.5. The
open symbols connected by the dashed lines in4&gshow the percentage of change of
resonant frequency with increase of alcohol correéioh (change of slopes of the frequency
shift-vs-volume curves in Fig. 4.5 (a)) and thecpatage of change of the inverse quality
factor (slopes from Fig. 4.5 (b)). According to tpebation theory (Eqgs. (3.8) and (3.9),
chapter 3), these curves directly predict the ingdathanges of’ and £”, respectively. There
is a gqualitative agreement between the dropletslteesand theoretical predictions, the
difference may be due to a smaller than nominateotration of alcohol in the droplets due
to evaporation (in fact, “squeezing” of the concatidn axis for the droplet data in Fig. 4.6
would cause a better agreement with the calculebdes).

It is interesting to compare the ratio of slopeasffequency shift and change of inverse
quality factor, which is proportional to the losmgent (see Eq. (3.9)). According to the
Debye model (Eqg. (4.1)), the loss tangent can higenras:
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Figure 4.5 Measured droplet induced changes ake&)nant frequencXfiq.ar and (b) inverse quality
factor 1Qjq-1/Quir as functions of volume of dilute aqueous solutiohsthanol T=18°C).
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Figure 4.6 Calculated dielectric permittivity (reel and imaginarye" parts) as a function of
concentration (¢ of ethanol in bidistilled water (T=20°C) (full syools connected by solid lines) and
experimental data taken from droplet measuremepisn(symbols connected by dashed lines).
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Taking thes&, data shown in Table 4.1 and the permittivity refee data shown in Fig.
4.2, the approximation tan= wz in Eq. (4.6) holds true (&fr = 0.46 for water at 35 GHz) for
the measured concentration values below about 4@D4dé. to the linear dependences on
volume shown in Fig. 4.5 our method allows the dweieation of the relaxation time as a
function of concentration without exact knowleddehe droplet volume. In turn, out method
allows a high precision determination of the aldoboncentration of nanolitre droplets
without exact knowledge of their volume. This isetiremely important finding, indicating
the analytical power of our method.

Fig. 4.7 shows the relaxation time determined by

_ 1 A0/Q)
o A (4.7)

employing the linear slope of th&(1/Q) and Af data on the droplets for the different
concentration values shown in Fig. 4.5. The dataafoumin and glucose will be discussed
later. The full line is the theoretical curve fdc@hol water mixture according to Eq. (4.5),
roughly corresponding to the reference data frofler4.1.

One should note that this methods gives the cometdr of magnitude for pure water
(concentration = 0), which is an indication for thedidity of the perturbation approach. At
low concentration values (below 10%), the curveegithe correct slope. For higher values,
the experimental slope is significantly lower. Thigy be partially due to neglecting of the
& 1€" term in Eq. (4.6), but also due to a lower-thammal alcohol concentration in the
droplets, as discussed in conjunction with Fig. #6éwever, a non-monotonous dependence
of the relaxation time on concentration in alcotvalter mixtures was also reported in the
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literature [100]. As it will be discussed in Chap¥e loss tangent measurements represent a
powerful tool for concentration measurements ofexely diluted aqueous solutions.

7lps]

10+

5 T T T T T T T T T
0 10 20 30 40

Volume %

Figure 4.7 Relaxation time as a function of volupercent concentration for ethanol (squares),
glucose (triangles) and albumin (circles) dissolvied bidistilled water, determined from the
measurements on nanolitre droplets.

4.2 Example of aqueous electrolyte solutions. sodium chloride dissolved in
water

The results on the dielectric properties of aqueelestrolytic solutions are of
considerable importance because of the particufaifeance of electrolytes in diverse
chemical and biological processes, and their imibeeon the dielectric properties of cells and
biological tissue. Besides this, interest in elatiagnetic wave interaction with saline
solutions also springs from a variety of applicaioThe most important electrolytes are NaCl
and KCI| water solutions, which particular contioé ttunction of biological membranes at the
cellular level. Contrary to the major role that aqus solutions of salts do play in nature,
science, and chemical engineering, their dielecmoperties are insufficiently known.
Presently, a generally valid theory describingdredectric properties of solutions of charged
solutes is not available. In recent years compstsrulations have been used to study
principally the structure and the dynamics of iosatutions [101-104]. There exist a great
interest in the dynamics of hydrogen bond fluctwagi and collective dipole moment-current
correlation functions. However, more detailed dyitaaspects such as effects of ion
concentration on ion-water pair dynamics, frequedependent conductivity, orientational
relaxation of water molecules, and coupling of $fational motion of ions in concentrated
electrolyte solutions have not been investigatefibrbe One reason for this are the long
simulation runs for aqueous solutions based onwatdr models.

In many cases, the complex dielectric constantaNvater solution as a function of
frequency can be adequately represented by theeDatdpyation of the following form [105]
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e>-¢& +i 2 48
1-ilory &£ (4.8)

Es(w) =€+

wheres,=8.85410" F/m is the permittivity of vacuume" is the high frequency limit of,

known to be independent on salinity [105] and edgoi@ne of pure (distilled) wateg’, s, o

are static dielectric constant, relaxation time aodic conductivity of the solution,
respectively.

This equation is similar to the Debye model fortilesl water with the addition of the
effect of conductivity on the dielectric constaBf many authors solutions with salinities up
to 3.5% weight percent were measured and analymedrder to obtain the complex
permittivity of aqueous NaCl solutions as a funetad frequency (20 MHZ f < 40 GHz) and
temperature [95,105-108].

The experimental results can be expressed in tefraalinity of water and temperature
by the following equations

£ =& (T) AT, S); 4.9)
rs =1, (T)[B(T,S); (4.10)

0= 0r=25c(S) & PETI,

(4.11)
where the salinitys is expressed in parts per thousand (ppt) on ahveiasisA(T,S), B(T,S)

and ¢(T,S are empirical functions. All the models describadthe literature evaluate the
functional dependence of the terms in Eq. (4.8)then salinity and temperature by fitting
polynomial, rational or exponential functions t@ texperimental data. The parameters were
determined from experimental data to predict theatian of all the terms in Eq. (4.8) with
temperature and salinity. The highest concentrat@rsidered in these studies corresponds to
the salinity of sea water. Dielectric referenceadat strongly conducting solutions (higher
concentrations of salt) are just scarcely availaBlenigh conductivity impedes dielectric
measurements by imposing a small resistance onsaitgble specimen cell and also by
potential space charge polarization effects atithugd-electrode interface.

By analyzing all listed above models, convenientadgns being valid for a wide range
of salinities and temperatures on the base of pohyals were constructed by [105] and
[106].

The temperature dependence of the static dielggénmittivity and relaxation time of
pure water are given by,

£)(T)=87.74-4.000810" [T +9.39810* [T? + 14110° [T?
r,(T)= Zi [{1.1109010™° -3.82400™ T +6.93810 ™" [T? - 5.096[10° [T?) .
7l

The parameterA(T,S) andB(T,S) in Egs. (4.9) and (4.10) by:
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A(9=1-0.255IN(9+5.15110%*N(S9*~6.88910>N(S*;
B(T, 9=0.146310%T-N(9+1-0.04896N(S)—0.0296 N(S)*+5.64410°>N(S)°

whereN is the normality of the solution. The relationsbigtween the normality and salinity
is

N= S[1.70710%+1.20510°5+4.05810° .
The other parameters are
AT=25-T;

¢=2.03310%+1.26610* -AT+2.46410°-AT? — S[1.84910°-2.55110" -AT+2.55210°%
*AT?).

The ionic conductivity of salty water may be fitteda different way for dilute aqueous NacCl
solutions and for concentrated NaCl solutions:

- For the case of 8 S< 40:
01=25:(S)=5[0.182521-1.461920°> S+2.0932410° $—1.2820510" S7]

- For the case of 40 8< 260 it was necessary to derive new expressiong&ronic
conductivity of concentrated NaCl solutions:

6=07=25:(N)-[1.000-1.962L0%AT+8.0810°> AT*-AT-N(S)}{3.02:10°+3.92210°>AT +
+N-(1.72210°-6.58410%AT )},

whereor-o5:o(N)=N-[10.394—2.3776+0.68258N*-0.13538N°+1.008610>N.

80+ 40
T=18C
60+ 304
8Il
g 404 204

— water
— NaCl 20ppt

20 - NaCl 40ppt |
—— NaCl 70ppt 10

9 10 11
10 10 10 10° 10 10"

Frequency, Hz Frequency, Hz

(@) (b)
Figure 4.8 (a) Real and (b) imaginary parts of pnity of sodium chloride- water solution as

functions of frequency calculated by the empirfoamulas.
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e¥was taken equal to 4.9 because it leads to a Isligletter fit to published data at

high frequencies. This frequency limit is indepemden salinity and equal to that of pure
(bidistilled water).

The frequency dependence of the complex permittigdlculated by the empirical
equations was programmed with Mathcad 2001 Prafieaki The results for a temperature of
18°C are shown in Fig. 4.8, being in very good agrent with experimental data.

Measurements on droplets of NaCl-water solutions

The droplet-detection technique operating at 35 @#dg applied. At this frequency the
influence of ionic conduction on the imaginary pafrtpermittivity is not anymore strong in
comparison to lower frequencies (see Fig. 4.8)order to investigate the sensitivity for
sodium chloride-water solution, we employed a eergalinity of 70 ppt. The measured linear
volume dependencies shown in Fig. 4.9 allow torbfedistinguish this solution from the
reference liquid (water). Like for ethanol solutspmn Fig. 4.10 the changes (with respect to
water) of complex permittivity for diluted aqueosslutions of sodium chloride of different
concentrationsC,, calculated using Eq. (4.8) for electrolytic solusoare shown. The
corresponding data from the droplet measurementf&o70 ppt solution are 17% change for
the change of frequency shift (corresponding tongkaof¢') and 7% for the change of
inverseQ shift (corresponding to change &9, in quite good agreement with the data shown
in Fig. 4.8.

The results demonstrate that the change' icorresponding to the frequency shift is
more sensitive to increasing salinity than theratten of ¢" with a corresponding smaller
change of the inverg®-factor. The selected NaCl concentration, whichhsut seven times
higher than in a physiological solution, revealsnaall effect on measured parameters. This
result gives an advantage for the observation @bgical liquids, since the effect of diluted
biomolecules may otherwise be masked by the ions.
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Figure 4.9 Measured droplet induced changes ak&@mnant frequencifiq..r and (b) inverse quality
factor 1Qiq-1/Q4r as functions of volume of bidistilled water anduaqus solution of NacCl for a
salinity of 70 ppt (T=18°C).
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Figure 4.10 Calculated dielectric permittivity e’ and imaginarg" parts) as a function of salinity
(S) of NaCl in bidistilled water (T=18°C).

4.3 Aqueous solutions of albumin and glucose

The dielectric study of biological complex moleaildke proteins and carbohydrates
dissolved in water is important, since these amemsal parts of the living organism and
participate in every process within the cells. Tiesults can provide new and unique
knowledge and understanding of molecular processesibuting both to the polarization and
the conduction of biomolecular solutions; they daninterpreted in terms of the protein
molecular structure in its water environment armbah terms of the hydration of a protein
solution. In general, dielectric relaxation spestapy of proteins allows studying the
structural properties of proteins in various enwimental conditions [109]. The static
dielectric constant of the solution yields the s®lprotein molecule dipole moment, which
can be related to its structure. The dielectricstamt in the microwave band, to which there is
little contribution from orientation polarizatiorf the protein molecule, can be related to the
extent of “binding” of water by the protein. Som@armation may be extracted about the
relaxation of the bound water, which can be disegrat frequencies between that of the
protein molecule and that of the free water. Big firocess can be attributed to relaxation of
individual parts of the protein molecule.

From practical point of view, dielectric methode @omplementary to more traditional
approaches and might provide new insights into stractural and electrical differences
between normal and transformed cells (biologicgéciis). The analysis of these substances
has been of ever growing importance because ofptssibility of simple diagnosis of
diseases by measuring dielectric properties.

As an example approaching biological liquids, weehstarted with the investigation of
diluted albumin and glucose. In magnitude relatedibumin is mostly represented among
other proteins and was one of the first proteindbéostudied in dielectric spectroscopy
experiments [110]. On the other hand, the glucaseentration in blood is of diagnostic
relevance in medicine. Glucose serves as a manggseurce, used to maintain the structural
and functional properties of the cells. Thelitgbof carbohydrate to substitute water in the
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Figure 4.11 Measured complex dielectric spectra(@rlactalbumin-water and (b) glucose-water at
25°C at different mass fractions.

hydrogen network is essential for their role inrbalecular stabilization and protection.
Microwave results on various saccharides were tedon the literature [111,112].

In order to define the character of the dielectuicction aqueous solutions of glucose
and lactalbumin we measured their complex dieleg@ermittivity in a wide frequency range
from 45 MHz to 20 GHz for 3 particular weight cont®tions 5%, 10% and 20% of each
solute using the standard open-ended coaxial prextieique, which is very convenient for
liquids. As described in chapter 2, with this teigue dielectric spectra can be obtained as a
continuous function of frequency.

The spectra obtained for albumin (Fig. 4.11 (a¥pldiys that apart from an increase of
relaxation time and decrease of static dielecteiemttivity with increase of concentration of
macromolecules in the solutions, the dielectrigpprties of liquids are also influenced by the
presence of dissolved ionic residuals, which cbaota to a the fhbehavior of the imaginary
part ofe* resulting from the conductivity.

In contrast, glucose (Fig. 4.11 (b)) is a compleyaoic molecular which increases and
slightly broadens the relaxation time distributiara similar manner as alcohols. In addition,
the static dielectric constant decreases with asirg concentration.
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Despite the coaxial probe technique shows us aeterydof the dielectric behavior in a
wide range of frequencies; it does not exhibit gy \@wod accuracy. In particular, the increase
of the real part of permittivity at low frequenayrfthe albumin solutions of high conductivity
is an artifact due to imperfections of the calilmatprocedure. Furthermore, it requires
respectively larger volumes of a few ml which amt malways available for any liquid
substance of interest. Therefore, our investigatimsed on dielectric resonator methods were
continued.

4.3.1 Radially two-layered WGM sapphire resonator with aqueous glucose and albumin
solutions

For the determination of electrophysical parametdrdhe “expensive” biochemical
liquids there was applied a new modification of thdially two layered resonator. Earlier it
was shown that the Teflon ring sandwiched betweerecting endplates (CEP) can be used
for complex permittivity measurement of lossy lidsii[113]. It is worth to note that the
accuracy of lossy liquids (such as water) measunerbg means of a Teflon resonator is
insufficient. Evidently, the accuracy will increadeinstead of Teflon another microwave
material with the permittivity being of the sameler as the permittivity of water at the given
operating frequency of 37 GHz can be utilized floe tielectric ring. Therefore, a new
resonator composed of a sapphire ring with comp&ittivity being noticeably higher than
the permittivity of Teflon. The complex permittiyiof sapphire is a tensor, the components
of this tensor in parallel and perpendicular diat of the crystal optical axis are equal to

11 =¢11 (1+-tand.1)=9.4 (1+i-2.510°) andeyy = &'j1 (1+-tan)=11.59(1+i-2.510°).

Another advantage of sapphire is the decreaseeddithensions of the resonator with a
corresponding decrease of the internal liquid gavdlume. The resonator was operated in
the HE;, » o mode excited in the traveling wave regime by meahdwo dielectrics
waveguides using distributed coupling at 38.2 Gizich supposes two field antinodes along
the radius (see Fig. 3.3 (b) case wkeB), in order to decrease additionally the radiithe
internal caustic and correspondingly the radiughefinternal liquid layer. The external radius
of the resonator was, =7.25 mm, and the axial dimension was edua2.51 mm (Fig.
4.12(a)). The photograph of this measurement satwgpa schematic drawing are shown on
Fig. 4.12 (b,c).

The experimental and numerical study of the moaetspm was performed in analogy
with the case of Teflon ring. In order to optimite volume of the internal liquid layer, the
dependencies of frequency shift and quality faotoradial thickness, —r, were obtained in
a way described in Chapter 3 aark presented in Fig. 4.13. The results of the migale
study are presented as solid and dashed linesdasunmements with water and ethyl alcohol
filling, accordingly. Experimental results are sholy symbols¢) and (A) for measurements
with water and ethyl alcohol filling. The surfacesistance of copper CEP was equal to
Rs=0.065 Ohm.
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(b)

Figure 4.12 (a) Scheme of the resonator structlresapphire ring, 2 — liquid, and 3 — conducting
endplates; (b) Resonator section in a close viewnietal conducting endplates (sapphire resongtor i
hidden behind these plates, because it is significamaller), 2 — dielectric waveguides, 3 — matth
loads, 4 — resonator holder, 5 — temperature spmser Peltier element; (c) Photograph of the
experimental setup: 1 — resonator section, 2 — biétanalyzer, 3 — EPU, 4 — Temperature monitor.
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Figure 4.13 Dependencies of (a) frequency shift @) quality factor of the resonator filled with
ethanol and water on radial thicknegs-r;. The solid line is calculated for water taking irtocount

microwave loss in the conducting endplates.
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The dependencies of measured valdgg and Q;q on both partsgiq' and &q", of
complex permittivity complicate the analysis ofags of §iq', &ig" measurements by means of
the proposed technique. However, the most probabler (MPE) for the permittivity
measurement can be evaluated on the base of theifud) expressions

21 Y2

12 '
' a£||q aé‘”q
S = A )|+ 2 g (4.12)
lig aAf“q 5( I|q) aan @Ilq
_a " 12 ‘a " 2 ]/2
" _ || %€iiq Elig 4.13
58y = O, )|+ - (4.13)
lig aAf”q ( ||q) aan @Ilq]

Values of dAfiq) and AQiq in Eqgs. (4.12), (4.13) are the measurement erobrs
frequency shiftAfiq and quality factorQjq. The derivatives in Egs. (4.12), (4.13) depend
strongly on thickness, —r; and the correlation of the dielectric constantshef liquids with
that of the material of the external layer of tvagydred WGM-resonator. The complex
permittivity of lossy liquidse’iq + 1 &iq" can be determined with sufficiently high accuracy
using a resonator with a sapphire outer layer. @ase Eqs. (4.12), (4.13) the accuracy of
complex permittivity measurement for distilled waitede'/e' =~ 0.24%,0¢"/e" =~ 1% .

In Fig. 4.14 the resonator parameters are presemsedoncentration dependencies
obtained at 38 GHz when the resonator was filleth wiqueous solutions of glucose and
albumin. The quality factors and resonant frequeslifts are recalculated into real and
imaginary parts of dielectric permittivity of bokinds of liquids and plotted as functions of
concentration (Fig. 4.15). The data indicate that & given frequency the complex
permittivity of glucose deviates stronger from waten albumin.
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Figure 4.14 (a) Frequency shift and (b) qualigtdaof a R2L WGM resonator with a binary glucose
and lactalbumin aqueous solutions as function®bfte’'s weight concentration, mode Hk, (TM),
r,—r,=3.75 mm.
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Figure 4.15 (a) Real and (b) imaginary parts ofnptivity of binary water-glucose
albumin solutions as functions of weight concerdrat

and water-

4.3.2 Investigation of glucose and albumin-water droplets by an open WGM resonator
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Figure 4.16 Measured droplet induced changes ak&nant frequena¥fiq..ir and (b) inverse quality
factor 1Qj-1/Qur as functions of volume of bidistilled water ancuaqus solutions of glucose (gl)
and lactalbumin (al), all measurement3=at8°C.

The results on droplets depicted in Fig. 4.16 iatichat for concentrations down to 5%
both solutions can be clearly separate from wafmralitatively, there is a challenging
similarity to ethanol and NaCl. Glucose, which iscamplex organic molecule, simply
reduces the concentration of “active” water molesulwhich absorb electromagnetic energy
by the dipole relaxation process. Therefore, bdth ihverse quality factor and resonant
frequency are reduced by a similar percentage uporeasing the concentration of the
solvent.

Similar to the analysis performed on ethanol sohsgj in Fig. 4.17 the relative changes
of frequency shift and change of inverse qualitstdg as determined from the slopes in Fig.
4.15 (open symbols), are compared with the pemntittdata obtained with the radially two
layered resonator determined from Fig. 4.15 (fythbols). Both quantities show the same
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tendencies, the differences in the details, ini@#gr the non-monotonous concentration
dependences, are not clear yet.

The relaxation time data depicted in Fig. 4.7, Wwhicere determined from the ratio of
A(1/Q) and Af slope according to Eq. (4.7), indicates a stronglepe with increasing
concentration. In contrast, albumin is a chargexdgin. Broad band experiments on proteins
indicate a 1f/ part in the imaginary part of the permittivity &w frequencies [114].
According to Fig. 4.16, at respectively high fregoye of 35 GHz the resulting change of
inverse quality factor with increasing concentmatmf albumin is significantly smaller than
for the observed frequency shift. Since the coriditigtdoes not affect the imaginary part of
permittivity at 35 GHz, the relaxation time can determined the same way as for glucose
(Fig. 4.7). The interpretation of the relaxatiomei data is not clear yet. In contrast to NaCl
solutions, albumin shows a significant concentratiiependence of”, which is due to an
increase of the relaxation time with concentratisimilar strong than for glucose at low
concentration values. This is clear, because piie ®f ionic character — albumin influences
the hydrogen bond network resulting in an increabdhe relaxation time. In order to
distinguish between ionic and non-ionic charactea solute, a lower measurement frequency
would be advantageous, such that the conductiemydchave a stronger effect eh

o
/\a\ T T T T T T T T 9\_/ T T T T T T T T
(=) g 4
~ 0 N < 0 7
- T w 4
W 10- S -104
o B o i
S . A
o 204 G, >~ - X 20 .
—~ (/C. Som T
g Ose 1 N 1
'ulo -30 ulo -30
i - ]
c o
£ -40- 5-40
= - S g
8 . 2]
& '50 T T T T T T T T T T T T & '50 T T T T T T
0 4 8 12 16 20 0 4 8 12 16 20
0 0
C, (%) C, (%)
(@) (b)

Figure 4.17 Experimental data on (a) relaand (b) imaginary" parts of dielectric permittivity as
function of concentration (£ %) of glucose and albumin in bidistilled wateullsymbols connected
by full lines correspond to data obtained from reasients with the radially-two layered sapphire
resonator (see Fig. 4.15) at 38 GHz. Open symbmimected by dashed lines are data taken from
droplet measurements (Fig. 4.16) at 35 GHz.
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Chapter 5: Towards biosensing applications: first microfluidic
implementation and submillimetre wave WGM resonators

In the previous chapters it was demonstrated that evanescent field sensing by WGM
resonators is very efficient for characterization of biochemical liquids of the smallest possible
volumes. Therefore, the resonator approach shows interesting perspectives for the
development of measurement and sensor arrangements utilizing several possible schemes:

e The first obvious extension of the work described so far is the dielectric resonator
investigation on droplet-like objects at different frequency ranges within the microwave band.
However, droplets of different liquids under test of ultra-small volumes are not sufficiently
stable and apart from that, an expensive spotting-positioning system is required. Therefore, an
integration of dielectric resonator with a microfluidic system becomes a compatible approach
for some applications. This can be realized in two different ways:

1) either as a flip-chip configuration, i.e. a microfluidic system on a separated wafer will
be attached to the WGM resonator;

ii) or as microfluidic system integrated directly within a resonator made of high resistive
silicon, ceramic, or quartz, because micromachining on this materials is possible.

e The open WGM resonator in conjunction with dielectric waveguide excitation has
shown a perspective to develop WGM resonators for evanescent field sensing applications at
much higher frequencies. According to Eq.(3.8), the sensitivity for measuring of a small
sample (such that perturbation theory can be applied) scales with O/V = 04> (V= resonator
volume) for a cylindrical DR of given height-to-diameter ratio and for a given mode. This
means, that increasing the frequency from 35 to, say 170 GHz, already allows an increase in
sensitivity by a factor of 115, provided that the same quality factor can be achieved (which
appears to be possible by using of highly resistive silicon). Such an increase will allow to
measure dried or even frozen “solids”, as being prepared by spotting nanolitre droplets of
aqueous solutions of non-volatile substances on the resonator surface. This should allow the
study of the dielectric properties of extremely small amount of solids, for example DNA. As
an inspiring example, it was shown in the literature [115—117] that the hybridization of single
DNA molecules leads to a measurable change of their electric permittivity at sub-Terahertz
frequencies. This may pave a new way towards label-free DNA detection, if measurements on
single pico- to nanolitre droplets of DNA-NaCl-water solutions can be performed. Therefore,
arrays of several WGM dielectric resonators prepared by micromachining from highly
resistive silicon may represent a promising approach towards label-free DNA analysis.

Alternatively, at terahertz frequencies biochemically activated resonator surfaces may
allow the detection of the vibrational modes even on single molecular layers.
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5.1 WGM sapphire resonator combined with a quartz wafer containing a
nanoliter liquid filled cavity

The integration of microfluidic structures with coplanar waveguide transmission lines
was reported recently [118, 119]. This technique enables to measure the dielectric properties
of sub-uL volumes of fluids and biological samples at frequencies up to 40 GHz.

Kim et al [120] showed that the concentration of glucose in water can be determined by
a ceramic dielectric resonator with a sensitivity of 3 % weight concentration from frequency
shifts for the test liquid being confined in a small 4 ul volume cylindrical air gap, but with
strong temperature control requirements. Within the work reported here (see also [121]), an
attempt was made to construct a first approach towards an integrated microfluidic system
based on our previous experience with WGM resonators described in the chapters before.

The approach discussed here is a flip-chip sensor composed of a simple quartz disk with
a liquid cavity (representing a simple microfluidic system) being combined with a high-Q
whispering-gallery sapphire resonator at a frequency of about ten gigahertz (within X,
frequency band).

(a) liquid-filled (b)

£ cavity \

=

f

Figure 5.1 (a) Flip-chip high-Q resonator: bottom part — whispering-gallery sapphire disk, upper part —
c-axis oriented quartz wafer with nanolitre cavity; simulated distribution of the electric field amplitude
(b) front view and (c) top view at resonance showing the optimum position of the cavity filled with a
test liquid; (d) the magnified field distribution inside and in the vicinity of the liquid cavity.
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(a) (b)
Figure 5.2 (a) Photograph of the resonator section, (b) close view on the liquid cavity.

In comparison to the 35 GHz setup, the 11 GHz resonator and shielding cavity are
relatively large, which makes it easier to demonstrate the general advantages of this approach
with respect to the droplet experiments. On the other hand, the sensitivity is expected to be
lower; such that larger liquid volumes are required. For the liquid cavity wafer, we choose
quartz because of low microwave losses and demonstrated micromachining capability [122],
which represents an essential requirement for a reasonable material combination comprising
sufficiently high-Q. For simplicity, we employed a c-axis oriented quartz wafer of 1 mm
thickness (Fig. 5.1(a)) with a single cavity of I mm diameter and 0.5 mm height prepared by
ultrasound machining. The quartz wafer and a c-axis oriented sapphire disk of the same
diameter (d=40.5 mm; #=10.8 mm, the dimensions were scaled from the resonator 3 described
in Chapter 3 and 4) were attached to each other and fixed by a screw inside the central hole in
both parts. This flip-chip assembly was mounted inside a semi-open copper housing (Fig.
5.2). The dielectric resonator was excited in a whispering gallery resonance of type HE ;> 5 at
a resonant frequency of 11.62 GHz by coupling loops. The position of the cavity was
optimized with respect to the calculated field distribution (Microwave Studio software by
CST) shown in Fig. 5.1. According to the simulation results the axially electric field strongly
bends near the cylindrical top and bottom surface of the sapphire cylinder, such that the
electric field at the location of the liquid cavity is almost parallel to the surface. Therefore, the
electric field is perpendicular to the circular surface of the liquids cavity, which leads to a less
strong field deformation by a high permittivity liquid than an electric field parallel to the field
direction. However, in contrast to the droplet experiments the local field deformation (term in
bracket in Eq.(3.8), Chapter 3) cannot be neglected.

With this assembly we achieved a O-factor of 1.1-10°, which is close to the maximum
achievable value determined by the intrinsic dielectric losses of sapphire [56].
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Broadband (45MHz — 20 GHz) complex permittivity measurements by the Agilent
coaxial probe technique (see Fig. 2.5, Chapter 2) on aqueous solutions with different
concentrations of methanol, ethanol and glucose as well as oil, benzene and glycerine were
employed to calibrate the sensor over a wide range of values for real (&') and imaginary parts
(&") of permittivity, the results are shown in Fig. 5.3.

The resonator measurements were performed as follows. The cavity was filled with the test
liquid of 400 nl volume by a Hamilton syringe-micropipette. Similar to the droplet
experiments, the liquid induced changes of resonant frequency, Af, change of inverse quality
factor A(1/Q), and change of the transmission coefficient S>; at the resonance frequency were
measured with an Agilent N5230A vector network analyzer. Fig. 5.4(a) shows the measured
liquid induced frequency shift value of the resonator with respect to air
(Miig-air=fiigair) as a function of real part of permittivity &' for aqueous solutions of ethanol
and methanol, pure glycerine, oil and benzene. Fig. 5.4(b) shows the corresponding resonator
loss values (liquid induced change of inverse quality factor) as a function of the loss tangent
tano = &"/ &'. The results indicate that real and imaginary part can be clearly separated. The
losses are proportional to the loss tangent, but the frequency shift shows a stronger
dependence on &’ for small values of permittivity. This demonstrates that for diluted aqueous

solutions the losses are much more sensitive to concentration changes than the frequency
shift.
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Figure 5.3 Dielectric spectra of several selected “reference liquids” measured by the broadband
coaxial probe technique.
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Figure 5.4 Measured liquid induced changes of (a) frequency shift Afjiy.qi=fii;~air as a function of real
part of permittivity of liquids under test selected to cover a wide epsilon range; (b) inverse quality
factor 1/Q;-1/Q.r as a function of loss tangent (7'= 24 °C).

The separation of real and imaginary parts is expected by perturbation theory (Egs.(3.8)
and (3.9), Chapter 3). For low permittivity liquids (typically lower than the permittivity of
sapphire), dielectric screening is negligible (E; = Ey), corresponding to the observed linear
dependence according to Fig. 5.4(a). For higher values of permittivity, screening becomes
more significant (£ < Ej), leading to a weaker dependence of frequency shift on permittivity.
In case of an electric field perpendicular to the quartz-liquid interface E; = E, /&' holds, such
that the frequency shift becomes nearly independent on &' according to Eq. (3.8), in qualitative
agreement with the experimental results shown in Fig. 5.4(a).

Eq. (3.9) from Chapter 3 explains qualitatively the observed linear dependence for
liquids with permittivity above 10 and the sub-linear dependence observed for oil, glycerine,
benzene and highly concentrated methanol, according to Fig. 5.4(b).

In Fig. 5.5 the behaviour of the &' and tand with measured resonator frequency shift is
compared with the change of inverse quality factor as functions of concentration for aqueous
solutions of methanol and ethanol. As expected from our previous considerations, changes of
the inverse Q represent a highly sensitive measure of the concentration in case of low
concentration values. In order to demonstrate the high sensitivity of our technique for an
aqueous solution with high relevance for biosensor applications, we have measured diluted
solutions of glucose.

The measured solid linear curve depicted in Fig. 5.6 (a) shows the transmission
coefficient at resonance S,;, which apparently exhibits much less data scattering then the
linear frequency shift curve (dashed line in Fig. 5.6(a)). From measurements of the
temperature dependence of resonant frequency and quality factor between 18 and 28 °C (not
shown in the figure) we found that a change of concentration of 1% corresponds to a
frequency shift caused by a temperature change of only 1 mK. This strong effect is caused by
the temperature dependence of the permittivity of sapphire, which is about 100 ppm /K [123],
frequency changes due to the temperature dependence of water are very small. In strong
contrast, for the temperature variation of the liquid induced change of the inverse quality
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Figure 5.5 Measured concentration dependence of &' and tand (data extracted from Fig. 5.3) and
solution induced changes of resonant frequency shift Af;;,..;- and inverse quality factor 1/Qj,-1/Q. as
functions of ethanol and methanol solution concentration (7" = 24 °C): circles — ethanol solutions,
squares — methanol solutions.

factor the temperature dependence of the losses of the empty resonator can be neglected,
because of the extremely low losses of sapphire and high losses of water in the range of
10 GHz. To proof this assumption, we analysed the theoretically expected temperature
dependences. The complex permittivity of aqueous solutions of non-ionic solutes such as
alcohol or glucose can be well described by the Debye formula (see for example Eq.(4.1) in
Chapter 4). According to Eq. (4.6), the loss tangent is proportional to the relaxation time. For
highly diluted aqueous solution at 10 GHz this approximation holds well (&./&"=4/33 =
0.12<<2 = 1/(w7)). According to Eq.(1.48) from Chapter 1 the temperature dependence of the
loss tangent can be written as:

300K (AH 3001()
(5.1

tano(w,T) ~ wr(T) = wr (300K ex
(0,T) (T) ( )T S

For pure water, the relaxation enthalpy AH is 0.196 eV [6].

In contrast to the droplet experiments, the frequency shift exhibits only a weak
dependence on real part of permittivity (see Fig. 5.4 (a)), such that the changes of inverse
quality factor are proportional to tand (assuming Af/f in Eq. (3.9) to be concentration
independent). Therefore, we expect that A(1/Q) should exhibit temperature dependence
according to Eq. (5.1). Fig. 5.6 (b) shows the corresponding temperature measurements for
water and a 10% glucose solution. The slope for water is in very good agreement with the
literature value. Notice that the data scattering apparent in Fig. 5.6(b) is caused by the applied
-3dB halfwidth method.
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Figure 5.6 (a) Measured solution induced changes of resonant frequency Afj,.» and change of
transmission coefficient Sy~ $,,“" as a function of glucose concentration (7=24°C); (b) Logarithm of
inverse quality factor change 1/Qj,-1/Q,; multiplied by T as a function of inverse thermal energy kT.

The solid line represents calculation results using Eq. (5.1) for AH = 0.196 eV corresponding to water.

Therefore, the maximum achievable sensitivity for concentration determination
according to Fig. 5.6 (b) is determined by the temperature dependence of the relaxation time
of the liquid. From the horizontal displacement between the linear temperature curves for pure
water and for the 10 % glucose solution in Fig. 5.6 (b) one can estimate that a temperature
change by 6.5 K causes the same effect as a concentration change by 10 %. Considering the
linear characteristics indicated by Fig. 5.4 (a), we can conclude that for a practical
microfluidic glucose sensor with temperature being stabilized to 10 mK, the expected
sensitivity corresponds to a glucose concentration of 0.15 ppt. For the current setup the
limitation of sensitivity is determined by the resolution of amplitude measurements, which is
about 0.01 dB corresponding to a weight concentration sensitivity of 0.1 %.

In summary, we have studied the molecular relaxation time from microwave loss
measurements of diluted aqueous solutions of organic molecules of nanolitre-volume liquid
using our developed flip-chip resonator technique. The slope of A(1/Q) as a function of
temperature for water is in very good agreement with the literature data. Our analysis of
concentration and temperature dependence of the resonator losses in the framework of the
Debye model revealed a sensitivity of 0.1% for concentration measurements on aqueous
solutions of glucose of 400 nanolitre volume. Due to compact size, relatively low cost and
short measurement time our developed high-sensitive flip-chip resonator can be used in
medicine, chemistry and biology.

5.2 WGM resonator approach at 170 GHz

For possible terahertz biosensing applications we performed first simulations with
Microwave Studio about excitation of more than one resonator by one common pair of feed
lines. As it is shown in Fig. 5.7 three sapphire resonators being slightly separated in resonance
frequency (by a slight diameter variation invisible in Fig. 5.7) can be excited with one pair of
dielectric image guides. The prototype consisting of three sapphire resonators excited by
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dielectric image waveguides can distinguish between different liquids simultaneously,
sweeping in the frequency range around 170 GHz. As indicated by the grey resonance curves
in Fig. 5.7, the effect of a small water droplet on resonator 2 and a small ethanol droplet on
resonator 3, but no droplet on resonator 1, can be clearly resolved.

In practice the first measurements on single reaction and transmission type WGM
resonators machined form sapphire and quartz at 170 GHz were performed. Photographs of
these setups are shown in Fig. 5.8. Measurements were carried out with a Scalar Network
Analyzer including mm-wave fullband waveguide signal generator based on a single
broadband backward wave oscillator tube (BWO) which is capable to cover the entire 118-
178 GHz waveguide band.
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Fig. 5.7 Simulated resonant response of 3 sub-millimeter wave WGM sapphire resonators excited by a
pair of common feedlines. Resonator 1 without droplet is a reference one; resonator 2 with a droplet of
water; resonator 3 with a droplet of ethanol of the same volume.

Fig 5.9 represents a spectrum obtained for a single SiO, resonator depicted on Fig. 5.8
(b). At frequency /=172 GHz the quartz resonator demonstrates very high Q of around 28000,
which is much higher than Q obtained with sapphire resonator in the same frequency range.
Therefore the multiple resonator arrays will be convenient to combine with the microdroplet-
spotting equipment in order to continue the investigation at higher frequencies in the future.

The experimental spectra obtained for these two resonators indicate that quartz is a much
more perspective material for resonators in this frequency range than sapphire, because its
resonances are characterized by a much higher Q-factor.

It is planned to develop integrated terahertz resonator arrays from quartz and high resistive
silicon, which has a similar dielectric permittivity than sapphire, but much lower losses at
terahertz frequencies.
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transmission type scheme.
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Figure 5.9 (a) Spectrum measured for a single quartz resonator. (b) Zoomed view of a high-Q WGM

resonance.
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Chapter 6: Conclusion and Outlook

In the frame of this thesis it was shown, that whispering gallery mode resonators can be
utilized as very sensitive systems for the microwave characterization of liquids comprising
volumes of nanolitres only. Droplets spotted on the resonator surface with volumes as small
as 100 pl and liquids inside a microfluidic cavity of 400 nl volume were investigated. For both
cases, perturbation theory in conjunction with numerical simulations of the electromagnetic
field distribution of the unperturbed (without test liquid) resonator revealed real and
imaginary part of the dielectric permittivity of the liquid under test. The application of this
method to diluted aqueous solutions allows for a highly precise determination of their
concentration. Although the measurements on liquids were performed at 10 and 35 GHz
within this thesis, the developed methods can be applied up the terahertz frequency range, as
demonstrated by first successful operation of a whispering gallery resonator at 170 GHz. As a
calibration standard, a special whispering gallery resonator comprising a radially symmetric
(with respect to the resonator) liquid cell was investigated and employed.

Interesting perspectives result from the findings of this thesis: At first, a prototype for a
simple dielectrometer for those liquids, which are only available in very small volumes, such
as certain proteins or DNA solutions, was successfully demonstrated. Similar volume
restrictions are expected for liquid explosives and other harmful chemical and biological
liquids. Although the complex permittivity is only measured at one frequency, the two-
parameter space of real- and imaginary parts of permittivity provides a high selectivity;
multimode or multiresonator methods could even enhance significantly the selectivity in the
future.

The high quality factor of whispering gallery mode sapphire resonators makes the liquid
sensor method extremely sensitive for monitoring small changes of the loss tangent, which is
closely related to the relaxation time of orientational dipole relaxation. This allows to
determine the concentration of highly diluted solutions, such as glucose in water or water in
benzene or oil. The first is interesting for medical applications and food industry, the later for
monitoring the quality of petrochemical products such as benzene.

Aiming towards practical sensor systems, closed microfluidic systems will be the next
step with emphasis on a constant liquid volume, reproducible and versatile filling procedures
and a stabilized resonator temperature. For such systems practical applications can be
expected. In the frequency range of about 10 GHz, the network analyzer can be replaced by a
compact and highly integrated (typically a one platine solution) measurement circuit, such
that compact and moderate-cost sensor systems appear to be realistic. Beyond measurements
on nanolitre volumes, a resonator attached to the skin of a human body may provide an
indirect measure of the glucose content in blood. The penetration depth of the evanescent field
into the skin can be controlled and optimized for a given task by selecting resonator geometry
(resonator length to height ratio) and azimuthal mode number.

Another great challenge is expected upon scaling the resonator dimensions down such
that the resonance frequencies are in the terahertz range. In particular, for highly resistive
silicon as resonator material the dielectric losses are very low, extremely high Q values in the
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10° range can be expected for room temperature operation. Although such a small system
would be already too sensitive for liquid identification, it could be employed for permittivity
measurements on spotted biomolecular samples after drying or freezing (the latter would
provide DNA in a low-loss ice matrix, eliminating the effect of salt crystal formation
appearing after drying). For the terahertz frequency range, the dielectric resonator and the
dielectric (image) coupling waveguides need to be integrated on one chip. Advanced
micromachining techniques such as high aspect ratio chemical or reactive ion etching have to
be employed and optimized for structure manufacturing. Form point of view of measurement,
multiplied solid state sources and bolometric detectors, in the future also quantum cascade
lasers, could be employed. As demonstrated by simulations within this thesis, excitation of
several whispering gallery resonators by a common feed-line would pave the way towards the
realization of a terahertz biochip. For such an ambitious project, biochemical functionalization
of the resonator surface needs to be realized. Even a single virus on such a highly sensitive
surface may lead to virus specific change of the resonator quality factor.

In summary, this thesis has opened the gate to a further extension of microwave,
millimetre wave and terahertz technology towards highly accurate and selective sensor
applications with a strong potential for life science. It can be expected, that the full potential
will be exploited within the next few years and first practical sensor products will appear on
the market.
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Appendix A: Thedielectric disk WGM resonator with CEP

In appendix A and B the CGS unity system is usediointrast to the main chapters of
the thesis.

The open cylindrical WGM resonator shown in Figl7da) manufactured from an
uniaxial crystal is characterized by the tensadiefectric permittivity
5.
& 0 0
[g”]: 0 & O r<sr
O ' =0
0 0 g

r>r,

wheres, and &, are the[g] components in the parallel and perpendicularatioas of the
crystal optical axis; which is parallel to the eyler axis;r, is resonator radiusy; is the
Kroneker symbol.

For the aim to find the field distribution in anplume, including cylinder, Maxwell’s
equations (1.1) have to be solved. For the casecgfinder this is more convenient to express
them in the cylindrical coordinate system in thibofeing form:

oH
EOHZ_ 2 :_ikogler
r op 0z
oH oH . (A.1)
L-——2=-k&E
0z  or ot B
1| o oH )
—|—(rH,) —— |=-1k,gE
r{ar( ¢) a¢} oEiE,

And taking into account, =1:

oE
FTir
r z
OE, _OE, ik H (A.2)
oz or ¢
1{o, . 0E

?{E(r%) o0 } =ik,H,

where ¢, zand ¢) are cylindrical coordinatesk, =(w —i@ )/c; w and w are real and

imaginary parts of the resonance frequerwy & 0); c is the light velocity
Consider harmonic oscillationsE( H O e™) The transverse components of the
electromagnetic field can be expressed by meaniseohxial component&, and H,in the
following way
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i k, 0 a
E - _Z_
E="(2E, ﬁin) (A.3)
q- “or rog
i 0 k, 0
H, =—( —E +—~%2—H
q2 kO | r a¢ )
H, =L2(kiH Kt 0
q or r od¢
2
whereq” = G T , k, is the axial component of the wave vector
Q. T2

We can define the axial component of the HE mod&den of the resonator € ro)
substituting the third and the fourth equationthefsystem (A.3) in the third Eq. (A.1):

‘9||(k§‘g|] B kzz)

ADEZ == - < EZ (A4)
gl]
2
where A —Ei( r—)+ 10
ror or  r’og’

We can define axial component of the EH mode insidihe resonator substituting the
first and the second equations of the system (f.8)e third Eq. (A.2):

H, =—(ko&n —K)H, (A.5)

Similar transformations can be performed for th&eaa> r, (outside the resonator):
AE, =—(k; —k)E, (A.6)
A H,=-(kZ-K)H, (A.7)

The solution for the Eg. A.4 and A.5 for the case<(rp) (the field inside the resonator) can
have the following form:

I(ng +K,z—at) . H =

Ez = Bn‘]n(qEr)e I(n¢ + kZZ— C(.t) , (A8)

AJ.(qqr)e

And the solution of the Eq. A.6 and A.7 for the di@utside the resonator ¢r,) can be
written in the form:

£, =RHP(@ne " T, 1, =6 i (gnd (M), "9
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where A, B,, R, and G, are constants) (z2) and H’(z) are n-th order Bessel and
Hankel cylindrical functions of the first kind, mectively; n= 012,..., q,, gz andq, - are

the axial components of wave vector inside and idetshe resonator, correspondingly.
Substitute Eq. (A.8) in Eq. (A.5) and (A.6) one obsai

2

" . n &
qéern(qEr) + qErJn(qEr) - r2|:7 _5_” (kgglj - kzz)j|‘]n(qEr) = O (AlO)
]

2

. . n
G230 (Gr) + 0 rd, (Gyr) - r{;— (koo - kf)}Jn(qu) =0 (A.11)
where prime means the derivative of the functiop&r andlJ,(q,r )

g
Eg. (A.10) is Bessel equation at the condiﬂoﬁ{%—g—”(kﬁgm—kf)}:qérz—nz,
O

. . & . .
resulting ing? :g—”(koztsD —k?). For Eq. (A.11) an analogue condition has to bdemgnted:
0O

2
- rz{n— - (ke - kf)} =q;r’ —n?, which givesq? =kZe, —k?. Therefore,g? = ?qf. :

2
r 0

Substitute expression (A.9) correspondingly in jAahd (A.7), one can obtain an
expression for the cage>r,. Under similar conditions one can obtain the esgians for the

axial components of the wave number for the HE andnidles: g7, =’ =q2, where
Oo = ko —k;.

Boundary conditions

At the surfaceS where the parameters and ¢ change, the electromagnetic field
equations should be completed by boundary condition

EQ=E@;HO =H® (A.12)

The indext defines the tangential components. Utilizing tigéndrical coordinate system,
one can write the boundary conditions in the form:

ES(r,) = EZ(r,); (A.13)
ESL(r,) =EQ(r,); (A.14)
HO(r)=H2(ry); (A.15)
HP (ry) = HP (r,) (A.16)
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Taking into account the presence of the returndeédld) wave in the resonator, one can
rewrite  (A.8) in a form H,=AJ (q,r)eM D 4 A (q,r)eMHeE

E, =B.J (q.r)e™™ = + B J (qor)e™*  where A =—-A and B, =B.. Therefore,
Eq. (A.8) for the case af<ry becomes

H,=CJ (q,r)sink,z)e® (A.17)
E, =D,J,(q.r)cosk,z)e™ (A.18)

whereC, =2iA,, D, =2B,.

Analogically for the case >r, we have

_ J(Gelp) H O (ng—at) (A.19)
E D WEOOO) n (qoro)COSQ(ZZ)e at
. =C %Hrfl)(qofo)Sin(kzz)eiW‘“) (A.20)
O O

Boundary conditions for the conducting endplateslenaf an ideal conductor &=0
and z=h. The axial component of the wave vector kye= m7fl, m=01.2,...

In the casen=10 (% =0) the fields are axially homogeneous.

Dispersion equation

Substituting field componentg&, and H, from Eq. (A.8) and (A.9) correspondingly in
the left and right sides of the Eq. (A.13) and @.tne obtains

Jo(ery) .
H® (0r,)

J30(Gu o)

R, =B, HO(qur) (A.21)

G, =A

SubstituteE, and H, field components from the first and the third eeres of the

system (A.3) correspondingly into Eq. (A.14) and1®), and taking into account (A.21), one
obtains the following expressions

Ik n ‘J (qErO) 1 1 — l 'Jn(qH rO) l H (l) (qO 0)
z B n P T O -
o Jn(quo)(QE QS) k°(qH % J(AuTo) G AU (G) “)(qo Io)
)
Ikznp}1 'Jn(qH rO) (i _) ko(_ H (qO 0) qE B ‘J (qE 0))

o Ju(Gely) 95 o “’(qo ) o J,(0eh)

—n ooy, (A.22)

(A.23)

Multiplying expressions (A.22) and (A.23), we olntdéihedisper sion equation:
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&
(Xys = Xo)( ;qE Xe - X,)=C,

H

1 30(@f) . 5 = 1 Jn(%d). o _ K 1 HP ()

; (— )
Oy Jda(Oute)  C ? % Xo=

where: X, = ) )
" a4 Jn(an) k§r0 qH o qo H(l)(qo o)

We can rewrite the dispersion equation in the nsorgle form

a,a:=a (A.24)

222

2
wherea,=X, - X,; a==&,Xg — X,; a{ Kok, (1‘55)}
QoG o

Therefore, in the cylindric WGMR there exist tw@ég of independent modes: HE, for
which |E,|

and the constant8, and R, defined from the conditions of

>>|H,|_ ,
cosk,z)=1 sin(k,z)=1

excitation, andEH, for which |E,|

and the constant®, and G,

i <<|HZ| o
cosk,z)=1 sin(k,z)=1

obtained from excitation conditions. The following condition

& _
( 0)1/2( :qE X Xo) 1/2

H

‘,/aH /aE‘>>1 is valid for the HE mode and for the EH

mode it is just opposite.

The energy of the electromagnetic field in the nedor one can describe in the
following form:

1
engT\j/(ED+HB)dv (A.25)

whereD:[giJE andB =H, Eq. (A.25) confines the sum of energies insmefamand outside

Welrlnthe resonator. Energies of tH& - mode field inside and outside the resonatoegtel:

IHE 1027 e ’
w!t 7”(]) é g) (r,4,2)rdrdgdz” (A.26)
1 o0 27Th
W” HE _ 87 [ 1 HE(r ¢,2)rdrdgdz (A.27)
O 00
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W IIHE:‘Dn‘Z H{ 9’ éz (G

X [kg + qa cosz(kzz)} + £Z‘Jn(qEr)‘Zco¥(kzz)

L Hr(]l) (qor) +
2 13 k2 +q2cos(k_2) |+
IHE:‘D 2\]n(qu’0)x qs n2 @ 2 |: z 0 z :|
! *—57Hn G
ger
O co?
H; 7 (agr) cos™(k,2)
For the EH-mode
1 'o27h
WS == TR (g A28)
00 O
2irh
1
W T = T (g rdrdgoz (A.29)
T
o 0 O

where

2
2,42 «in2 .2
X[kz+qH sin (kzz)}+‘Jn(qu)‘ sin (kzz)

(1) ? n2 @ 2
B -l 2J(qHO) o2 "n ) +qc2>r2Hn o
n
‘H Vg o)‘ x[k§+qgsin2(kzz)}+ HO (qor)zsinz(kZZ)

The relationship between electromagnetic fieldsatad by HE- and EH- modes outside
the resonator, can be expressed in a following form

w!l HE ‘D \2 ‘J (q r)\2
em —_1n n‘“"'E0
= (A.30)
WPLI"EH ‘Cn‘z ‘Jn(qH ro)‘z

For the dielectric disk made of an anisotropic talyssuch that, as for most crystals,

&<&, whenD, = C,, it follows thatWel'I,r]HEANe"[r]EH <1. Therefore, the field energy outside
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the dielectric cylinder is lesse for the HE-modarttior EH-mode, which indicates a different
efficiency for their excitation. An increase of ttedation&, /&5 enhances this distinction.

After integration along over the space coordinates.expressions for the stored energy

of EH and HE modes one can be brought to the fatigwiorm:
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The sign “*” indicates the complex conjugate quinti

As it is known, there exist three sources of losaee resonator: Joule heat, induced
from the conducting plates, losses in the dieleaylinder and radiation losses (Eq. (3.1) —
Chapter 3). When the conductor has a certain (moo)zalue of the microwave conductivity,
and therefore a certain value of the surface @w®istRs, than the Joule heat in the two end

surfaces£=0; z=h) averaged in time are defined as following:
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c2

L S{lHrl = d oo s (A31)
2

where Hyyr) are the tangential components of magnetic fiel@¢dnducting surfaceS,; at
r<r,, and$ at r >r,. Correspondingly, for the HE and EH modes Eq. {A.8an be
converted into:
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2 oH ™ 2l 27|
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e 590
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O S WY T S P
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Equations (A.32) and (A.33) after integration beeom

2
2 2
2 K a5 In@er)
HE - 1‘D‘ Rc% 20 x| ¢ s (FE+EE ——Hi‘” o) o +0, )"
o 16771 nl s Oq2 0"z\'1 q2 O 2V1 T2
H O‘H (qr)‘
n 00
2
k o \J(q )\
EH _ 2.2 "7 H, H H H'o ( )
Pc 16”‘C‘Rcro 2><|:1 I:2 2 1+q>2
94 qo

According to definition of resonant system quafagtor:
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c P (A.34)

On the basis of (A.34), th@-factor of the resonatd. for HE- and EH- modes can be
written as

ot _oarkg[hiR

C C RS ' (A35)
QEH :2_77k0[h[RH

c c R. (A.36)

where
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zZ\| 2 1 2] .2 2
af af

The losses in the dielectric resonator materiabafened by the poweP, = awelm

d tgo,

which can help to calculat@y, analogically to Eq.(A.34)

0. =t Mem
d tgoy! (A.37)
em
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According (A.37). the quality factoQy for HE - and EH - modes is defined by the
expressions:

tgo (A.38)
EH :i(l_RH)
R tgo\ 0 (A.39)
in which
K2
Z
‘J @ )‘ 2 1@, (g o)+ +1 ®,(d'p)
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Ro 2 kz
‘ 3 1Ry ro)+ Ry
94
k2 2k2
; Z 41 CI)l(q0 0)+ +1 d>2(q0 0)
1 ‘ n(9g o)‘ .
Ro = el

n

2

0

k2
[ — +1JF @)+ [ +1}F2(qE )
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The eigen Q-factor of WGMR with the conducting elatggs can be defined with the
expression

1 1 1
— =+
%

Q Q

C

, (A.40)

where Q. and Qq can be calculated with the Eq. (A.35), (A.36),38). and (A.39). The
expression (A.40) is written without consideringliedion losses. They can be neglected only
in the case when the diameter of the conductintgples much larger than (diameter of the
dielectric disk). Expression for the eigénfactor in the case HE- and EH- modes one can
write:

QHE (EH) 27kghRe (H)(l'ROE (H)j
° oRs( LR ) )+ 27ihRe (1,190

(A.41)
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Appendix B: Theoretical electrodynamics of radially two-layered WGMR
with CEP

Consider a two-layered (along radius) WGMR with G&Rhich the layers are made of
different uniaxial single crystals with axes ofsotropy directed in parallel with the resonator
longitudinal axis (Fig. 3.17(b)). In this case, thasors of dielectric and magnetic permittivity
are as follows

£ 0 0
(D)V . 0 =1 r<n ,U]_,V:l, r<n

[gij]z v V=2, 1<rsr, Hy =| Mo, V=211 <I'<Ty, (B.1)
9 v=3 r>n

where ¢, and ¢, are the components of;] in parallel and perpendicular directions to

optical axis of crystal fov-layer; r; andr, are the radii of resonator layerg; is the
Kronecker delta.

The modes in such a resonator are described byiswuof a set of Maxwell's
equations that satisfy the following conditions:

(1) the tangential components of electromagnetic fetléngths on the medium
boundaries =r; andr =r; are continuous;

(i) the tangential components of electrical fieldsegeal to zero on the resonator
ideally CEP;

(i) the electromagnetic fields are finite rat O; (iv) the fields go to zero for
[ - 00,

The axial components of electromagnetic fieldshie tadially two-layered QDR have
the forms

E, =Gy (Noosk,2e (P74 1, =6, (sink,e P70, (B2)
Aindn(@jar), rsn
where G;, =| Bj;,J,(Qj2r) +CjnNp(qj2r),  r<r<r, characterizes the distribution of the
Dy H & (o),

field for thev-th resonator layer along a radius. HAj¢ Bjn, Cjn, Djn are constants determined
by the above-mentioned boundary and excitation itiond of electromagnetic modes in the
QDR; the indeX accepts a valuk or H; Ju(2), Nn(2), H\¥(2) are the Bessel, Neumann and
first kind Hankel cylindrical functionsy =0; 1; 2;... is the azimuth wave numbeo= & —
i)' is the complex cyclical frequency. The radigl {s for inside dielectric layers argd is
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for outside of dielectrics) and axilel components of wave number for the QDR fields dre o
the form

& mit
CIEW ::uv‘glilvkg_kzz; qév =£|iQE|vi qg=k§—k22; kz:_’ (B.3)

Ov I
whereky = w/ ¢, cis a light velocitym = 0; 1; 2;... is the axial index.

The transversal components of electromagnetic feddexpressed throu@h, andH,,:

100 . 0 90 . w0
2E¢V r 6¢ 9z Ezv _INVCL)EHZV; qurv - 6 9z Ezv Tl T%sz; (B'4)
. 0 10 0 _090 . w 0
q2|—|¢v :|‘9D,/a)a—r E,, +?£EHZV ©oH,, ST —H,, _ISDVTﬁ E,,, (B.5)

whereg® =g, atv = 1;2 andg® =¢° atv =3.

The spectral characteristics of anisotropic ragiio-layered resonator are determined
by solutions of the following dispersion equation:

xoxlvs —vENor 98 Jzb 28 + WG - vy Nos - x2S zy
+(X ~VaVa Xﬂgﬂﬁ X ) ZATYAY +)(0)((’9,8 oz Xya ~Vp )ZEZN (B.6)
+ ()ré ~VeVi XX Eﬂ“) zRz+ (,vé -y5h )()(2 -9E9Y )zJEzl:' =0,

In this equation the notations arq'oznkz(qu—quz)/korz?, inkz(q,fl—quz)/korf;

8) =03&) -dlaly; v} =0)é),-a,, whereé accepts a value or 8; g} =¢,, at j=E and

| | 3. (o o)
U./Jz,uv at [=H: UFJW: 1 n(quv)' where p=12; ag = 1 Hn(l)(C]Orz);
Qjply ‘]n(qurv) Gof2 Hp”(dor2)
i — 1 Nn (qurV) : : : : .
Bs, = , the prime denotes derivative with respect to tgument;
dj2fy Nn(djany)
. ol .
zk - Ral852%) here R is the J or N
Ry (dj2ar2)

There are independeH and HE modes in the resonator outside of the &equ
degeneration area. In the case when the followamglition

‘)( (ZJ -Z XVﬁZJ yaZN) (’9 ZJ ‘19/32 )(VaﬁﬁZN y/}ﬂHZJJ
‘)(o 5525 19/3 Zyn X%EZN ~ 952 )"’)( (Z.J _ZHXZJ _ZN)J+X(I9E‘Z93EXVa Vg )Z.IJEZN‘

(B.7)

122



APPENDIX B: THEORETICAL ELECTRODYNAMICS OF RTL WGMR WITH CEP

is realized, HE modes occur and otherwise EH modes.

The Q-factor of a resonator with eigen-modes is giverthgyexpressio®@ = o/ &'
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