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ABSTRACT

SPLIT RING RESONATORS IN MICROWAVE REGIME
FOR SENSING OF REAGENTS IN AQUEOUS
SOLUTIONS

In this thesis, design, fabrication, and characterization of different microwave
band split ring resonator-based sensors used for sensing of glucose in aqueous solu-
tions are presented. Following an introduction to metamaterials and split ring res-
onators, a literature survey of their applications in sensing is given. After this, an
analytical model that describes the operation of a single loop SRR is demonstrated
along with additional theoretical considerations. Exploratory work in which simulated
and measured electromagnetic interaction of different split ring resonator geometries
with dielectric loads is reported. Change of resonance characteristics of the split ring
resonator is shown to be correlated with different dielectric loads, such as aqueous
glucose solutions of different concentrations. After the exploratory work, a biosensor
application incorporating a glucose specific element glucose oxidase immobilized in a
PEDOT:PSS matrix is discussed. The biosensor application had a sensitivity of 0.107
MHz/mgmL™! to glucose. Its specificity was demonstrated by comparison of its re-
sponse to other reagents, such as sucrose, fructose, and NaCl. Precision, linearity, and
repeatability improvements to this design was done by adoption of conceptual develop-
ments by switching to a differential measurement scheme, use of loop antennas instead
of monopole antennas, and incorporation of microfluidic elements to the system. An
improved iteration of the original sensor system was presented at the end, fabricated

from materials highly compatible with relevant biosensor applications.



v

OZET

SULU COZELTI ICINDEKI MADDELERIN
ALGILANMASINA YONELIK MIKRODALGA
FREKANSLI YARIK HALKA TINLAYICILAR

Bu tezde, sulu ¢ozeltilerde glukoz derigimi 6lgmek i¢in kullanilan mikrodalga
bandinda yarik halka tinlayicilar tabanh farkl algiclarin tasarim, iiretim ve belirlemesi
sunulmugtur. Metamalzemeler ve yarik halka tinlayicilara bir girigi takiben, bunlarin
algilama uygulamalar1 tizerine bir literatiir taramasi verilmigtir. Bundan sonra, tek
halkali yarik halka tinlayicinin calismasini betimleyen bir analitik model bagka bazi
teorik meselelerin yaninda anlatilmigtir. Farkl yarik halka tinlayici bigimlerinin dielek-
trik yikler ile etkilegsiminin benzetimsel ve oOlgiimsel sonuclar1 bildirilmistir. Yarik
halka tinlayicinin tinlagim karakteristiginin degisiminin degisen glukoz derigimleri gibi
dielektrik yiikte meydana gelen farklilagmalarla iligkili oldugu gosterilmistir. Kesfi
caligmalarin ardindan PEDOT:PSS anamadde igine sabitlenmis glukoza biyoozgiil
glukoz oksidaz enzimi barindiran bir biyoalgic uygulamasi tartigilmistir. Biyoalgig
uygulamasimin glukoza hassasiyeti 0.107 MHz/mg mL~! kadardir. Biyoozgiilliigii, algi-
cin sukroz, fruktoz ve NaCl gibi bagka maddelere verdigi cevap ile karsilagtirilarak
gosterilmigtir. Bu tasarimin kesinlik, dogrusallik ve tekrarlanabilirlik iyilegtirmeleri
farksal Ol¢iim tasarisina gegig, halka antenen kullanimi ve mikroakigkan unsurlarin
sisteme dahil edilmesi ile yapilmigtir. Son olarak, baslangigtaki tasarimin bu gekilde
geligtirilmis ve biyoalgic uygulamalar ile yiliksek derecede uyumlu malzemeler kul-

lanilarak tiretilmig bir versiyonu sunulmusgtur.
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1. INTRODUCTION

1.1. Metamaterials and SRR Variants

1.1.1. Metamaterials Overview

Metamaterials are artificial electromagnetic structures formed of periodically ar-
ranged unit elements smaller than the incident electromagnetic waves. These are
interesting in that they behave in unusual ways to demonstrate seemingly unnatu-
ral responses to electromagnetic actuation, such as backward propagation, reverse
Doppler effect, negative refraction, and cloaking [1]. Many singular properties associ-
ated with metamaterials are related to the ability to engineer constitutive parameters

of permittivity and permeability [2].

These structures are observed to have shared resonance characteristics, which
are determined by their simple geometric designs. Their power thus lies in the fact
that they can be designed for a variety of applications within a broad spectrum of
electromagnetic frequencies. Examples as absorbers, [3], electromagnetic cloaks [4],

and lenses [5,6] have been demonstrate in the literature.

Roots of metamaterial research can be traced back to 1898 when J. C. Bose
showed the possibility of existence of artificial materials by conducting microwave ex-
periments on twisted structures [7]. Theoretical investigation was supplied by Victor
Veselago in 1968 [8] and in 1999 Pendry demonstrated negative permeability mag-
netic plasma using split ring resonators [9]. The first practical demonstration came
in 2000 [10], followed by the experimental observation of negative refraction [11] and
backward wave radiation [12]. With these initial steps, metamaterials attracted inten-

sive research interest from various fields and found applications in diverse fields.



Operation of metamaterials can be understood via Maxwell’s equations:

V xE=—jwuH (1.1)
VxH=J+ jweE (1.2)
VD=p (1.3)
VB=0 (1.4)

where, E, w, u, H, J, €, D, p, and B represent electric field, angular frequency, per-
meability, magnetic field, current density, permittivity, electric flux density, charge
density, and magnetic flux density, respectively. Permittivity is a measure by which
a medium can undergo polarization when subjected to an external electric field. Per-
meability, on the other hand, is a measure of resistance of a medium to formation of
magnetic fields. Both parameters together define the electromagnetic properties of a
given material. As a general rule, naturally occurring materials have positive values

for these parameters.

For a plane wave, the Equations (1.1)-(1.4) can be reduced to following forms [13]:

k x E=wuH (1.5)

k xH = —weE (1.6)

where k denotes the wave vector.

This implies that, for a positive ¢ and p, E, H and k form a right-handed
orthogonal system, as is the case for natural materials. On the other hand, for negative
e and pu, a left-handed orthogonal system should exist theoretically, as demonstrated
in Figure 1.1. Here, the refraction index will be negative, but the electromagnetic wave
propagation is still the case, since the product of permittivity and permeability remains
positive. It is in fact these interesting properties of negative index of refraction, reverse

Doppler effect, and backward propagation [8] of such a material that gives it its name.
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Figure 1.1. Poynting vectors of electromagnetic waves for right-handed systems (left)

and for left-handed systems (right).

In more detail, four possible ways exist to classify materials based on the signs of
their ¢ and p values, which is demonstrated in Figure 1.2. Even though some materials
such as cold plasma and silver exhibit negative permittivities at microwave and optical
frequencies and ferromagnetic materials exhibit negative permeability behavior in high
frequency regimes, double negative materials to this date are not naturally observed

13].
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Figure 1.2. Possible domains of electromagnetic materials and the resultant wave

refraction.

Realization of a left-handed system can be done with the use of artificial ma-

terials. This usually involves periodic arrangement of subparticles, or inclusions or



structures of dielectric or metallic materials. It is possible to use a combination of two
different structures, one of which providing a negative permittivity (¢ < 0) and the
other satisfying the negative permeability (1 < 0) condition. Traditionally, the former

is a mesh made of thin wires and the latter is a split ring resonator as shown in Figure
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Figure 1.3. Negative permittivity material (left), negative permeability material

(middle), and composite double negative material (right).

Until now, metamaterials of different forms and sizes were studied with reso-
nant frequencies covering a large band spanning radio, terahertz, infrared, and optical

frequencies [14-22].

1.1.2. Split Ring Resonators

A variety of metamaterial designs are studied in the literature as the nega-
tive permeability component, such as spiral, v-shaped, s-shaped, and {2-shaped res-
onators [23-26]. The most popular negative permeability structure is formed of a
single or multiple concentric split rings and their complementary versions as shown in
Figure 1.4. The shape is formed of concentric split rings. Variants of these structures
are called split ring resonators (SRR) in the literature. SRRs are and complementary
SRRs (CSRR) are examples of most widely used and studied metamaterial struc-
tures. Figure 1.5 shows fundamental geometric parameters of the most basic SRR.
The parameters of resonator radius r, gap width g, conductor width w, conductor
thickness ¢, and substrate thickness d play an important role in how an SRR interacts

with electromagnetic waves. This is because, standalone, they act as electromagnetic



resonators [27], due to inherent inductance and capacitances brought about by their
geometric compositions. Relationship between the geometry and the values of these

inherent parameters will be explained in more detail in the next chapter of this thesis.

Figure 1.4. SRR (left) and CSRR (right), where colored regions show the

metallization regions.

Figure 1.5. Dimensions of a single loop SRR.

SRRs of different sizes and gap arrangements were investigated in the literature
[28-31]. Number of rings, gaps, and their arrangement can vary as can be seen in
Figure 1.6. All possible different arrangements result in different effective capacitance
and inductance values. It is therefore possible to engineer these structures at a desired
of frequency, depending on the application. In Figure 1.7, effect of unit SRR size and

number of series gaps on resonance frequency is shown [32].

Value of the resonance frequency will be determined by the values of these in-
herent capacitances and inductances. Small gaps existing along the conductive paths
provide high capacitances causing the resonance to occur at relatively low frequencies.

Moreover, loop structures allow larger inductances to be realized in a small area. As a



Figure 1.6. Different geometries of SRRs.
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Figure 1.7. Single loop SRR structures with (a) single, (b) double, and (c) quadruple
gaps and their resonance frequencies based on unit dimension denoted as a in the

graph, as presented in [32].



result, SRRs can be realized as electrically small units [9]. Resonance itself is achieved
by opposing or constructive effects of magnetically induced electric currents due to
Faraday’s Law. Their unique properties allow realization of SRRs with low radiat-
ing losses and thus achieving higher quality factors. Above the resonance frequency,
the structures have negative real permeabilities, allowing their use in construction of

double negative media.

As a general approach, SRRs can be modeled as RLC networks, since the conduc-
tive paths introduce resistance and inductances, whereas the gaps between the strips

and slits create capacitances [33,34] (Figure 1.8).
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Figure 1.8. Equivalent RLC circuit models for single and double loop SRR

structures, from [34].



The RLC network of the single ring SRR structure has a resonance frequency fj
and a quality factor ), defined by the effective resistance, capacitance and inductances,
which depend on the structure geometry as well as the materials involved as shown in

the following equations:

1

Jo = T JIE (1.7)
1 /L

Q=12\¢ (1.8)

1.2. SRRs as Sensors

Many of present applications and technologies of today requires the utilization
of cost-effective, fast, sensitive, and label-free sensors. A sensor, in general terms, is a
device that is designed to detect changes in its environment and quantifies this change
into a measurable signal. Mechanism of sensing itself relies on the interaction between
the sensor and any physical characteristic of the material under test. Permittivity and
permeability of a material, as an example, can be used in sensing via utilization of
electromagnetic principles and approaches. SRRs have many advantages that make

them popular in a variety of sensing applications [1].

Electrically small characteristics of the SRRs bring about the fact that electro-
magnetic fields can be focused within a small, confined area [35-37]. This causes
SRRs to be particularly sensitive to changes in their close vicinity. As a result, they
are frequently used in sensing applications of metamaterials. Disturbing of these fo-
cused electromagnetic fields with physical changes or introduction of different materi-
als alters the resonance characteristics can be altered and sensing can be performed.
Different SRR structures were thus studied in the literature for a variety of sensor

applications [34,38-40].

Sensing with SRRs is usually done by tracking of the resonance frequency of

the structure. In majority of the cases, this stems from a change in the capacitive



components, but alternatives based on inductive changes, related to SRR/transmission
line coupling efficiency, are also present [41]. For an application that can alter the
resistance of the conductive path or coupling efficiency of the SRR, it is possible
to perform sensing on amplitude tracking. For the capacitive sensing approaches,
depending on the application, it may be preferable to confine and condense the electric
field within a focused spot with an SRR with few gaps or distribute it by using multiple
and extensive capacitive features, or a CSRR, or even an array of resonators [42,43].
When not being the actual sensors themselves, SRRs can also be used as tools to
increase the sensitivity of an existing sensor technology [44,45]. This shows that use

of SRRs in sensing opens up new possibilities in sensor applications in general.

SRRs also offer some advantages that are desirable in many sensing applications.
A desirable property of a sensor is the possibility of reduction in size. This is especially
true in biosensing and health monitoring sinceit allows management of chronic diseases
in real time can be done easily [46]. SRRs offer reduced sizes due to their electrically
small characteristics and their two dimensional (2D) nature. It should be noted that,
as discussed before, size of an SRR can be reduced even further at a given resonance
frequency via the introduction of additional capacitive features. This makes them
good candidates for implantable devices, since their electromagnetic nature also allows

contanctles measurements [30,47].

This geometric flexibility is what makes it possible that SRRs can be easily engi-
neered to operate at a wide range of frequencies, making them powerful and versatile
tools [48]. They can be scaled down to operate at THz frequencies, where they offer to
contribute significantly to THz science and research, bridging the gap between electri-
cal and optical ranges of the electromagnetic spectrum [49-51]. SRR sensors are quite
popular in microwave applications as well. In this range, it is easier to couple SRR
sensors with electronic readout blocks, offering less complex and more cost-effective
measurement schemes compared to THz alternatives. Microwave frequencies also have
higher penetration into dielectric media, allowing a larger sensing or communication
range for the sensor. In other words, at this regime, it is possible to perform nonin-

vasive sensing within high volume samples or bodies without sample destruction or
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need of prior treatment or labeling of the material [52]. Another advantage is that
in microwave frequencies, trace molecules in water can be sensed better since water
absorption is particularly high in THz frequencies. This is particularly interesting in

lab-on-chip and implantable biomedical applications [53].

SRRs are also very easy and cost-effective to fabricate, owing to their simpler
geometries and material requirements. For most applications, conventional in-house
printed circuit board (PCB) fabrication methods will suffice [54,55]. Nevertheless, they
are also compatible with conventional cleanroom fabrication techniques for production
of miniaturized versions [56,57]. Examples of downscaled metamaterials and SRRs,
microfabricated in standard complementary metal-oxide semiconductor (CMOS) com-
patible technology [58-60] or custom processes on various rigid substrates [55,61-63]
are present in the literature. CMOS approaches offer easier integration with any elec-
tronic circuitry. In [60], CMOS on-chip integration of SRR modulators and surface
plasmon polariton interconnects are shown. These structures can be realized with
metal layers of a standard CMOS process as shown in Figure 1.9.

SPP T-lines based Channel SPP Coupler

(crosstalk attenuation) (coupling reinforcement)
rh- 7
|

Conventional T-line

Figure 1.9. CMOS on-chip integration of the surface plasmon polariton structure

presented in [60].

Custom fabrication trades complexity for increased flexibility in sensor design.
In [61] an interdigital (IDT) capacitive architecture was applied as shown in Figure
1.10. Here, it was possible to realize a resonance frequency as low as 2.5 GHz with a
structure fabricated on 400 pm GaAs substrate in an area of 700 ym x 900 pm [61].

An important advantage of such custom fabrication approaches is the ability to work
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with a larger variety of materials. This allows the designer to incorporate materials
that are inert, biocompatible, or agreeable to surface functionalization, which might

be necessary in biosensor designs in particular.

900

(d) Note: all dimensions are in um.

Figure 1.10. IDT capacitive structure used in integration of the metamaterial with a

resonance frequency around 2.5 GHz presented in [61].

SRRs fabricated on flexible and soft substrates were also demonstrated, which
shows they have the potential to be geometrically conformable and suitable for wear-
able applications [64-66]. Techniques such as shadow mask deposition, inkjet printing
or imprint lithography are often applied to account for the potential involvement of
polymer materials and three-dimensional (3D) or curved surfaces. In [64], The sub-
strate material was polyimide tape with a 0.1 gm thick Au layer and a 0.1 pum thick
SigN, as a dielectric deposited on top with standard metallization techniques and
plasma enhanced chemical vapor deposition, respectively. Finally, 0.1 pym thick Au
layer was applied with standard lithography, metal evaporation and lift off techniques
to form the resonator structures. The fabrication steps and the fabricated samples are
shown in Figure 1.11. SRR structures fabricated via embroidering with conductive

thread on fabric were also shown [67].
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Figure 1.11. SRR fabricated on a flexible surface presented in [64].

Owing to all the advantages mentioned above, SRR/metamaterial sensing drew
significant attention and did attain a certain degree of sophistication [1], although be-
ing a relatively new area of research. Sensing with SRR and CSRR variants have been
shown in the literature in a wide range of applications. Again, majority of these sensors
rely on capacitive changes within or around the SRR structure. There are two main
driving factors that bring about this: geometric changes and permittivity /material
changes. Via geometric changes in the SRR structure itself, it is possible to perform
sensing of physical quantities such as strain, pressure, and rotation. Sensing of dielec-
tric changes, on the other hand, are useful in thin film sensing, food quality monitoring,
liquid characterization, pH measurement, gas sensing, reagent sensing, and biosensing,
among other fields. In the following subsections, a summary of recent developments

in SRR sensors are presented, based on the method of sensing.

1.2.1. SRR Sensing Based on Geometric Changes

SRRs of different shapes and arrangements are shown for position, angular dis-
placement and alignment sensing [68-71]. Here the sensing can be done via tracking
of the coupling efficiency between the SRR shapes and a waveguide structure exciting
them. Depending on the resonator type used, the output can be based on changes in
amplitude or frequency of the scattering parameters. In [71], rotation and displace-
ment is tracked with a CSRR perfectly aligned with co-planar waveguides. As the
alignment is broken with rotation or displacement, an increase in resonance excita-
tion occurs. The system presented in [69] is based on rotation sensing only, with the

waveguide designed and coupled to an electric LC resonator (ELCR) accordingly, as
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shown in Figure 1.12. A rotation sensor relying on capacitive changes in addition is
also possible, as demonstrated in [70,72]. An application for tracking eye movements

is shown in [73].
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Figure 1.12. Layout (a) and image (b) of the fabricated electrical-LC based rotation

sensor presented in [69)].

Measurement of strain and pressure is important in different fields in daily life,
including the assessment of structural integrity in buildings, flexural rigidity of aircraft,
and the monitoring of the healing process of fractured long bones. In many of these
applications, it is desirable to perform the sensing in a wireless manner. This is espe-
cially crucial in the endeavor of the realization of an implantable biological sensor used
in real-time monitoring. Many SRR strain sensors operate wirelessly since they can be
activated passively with the application of electromagnetic fields [64,74-80]. Sensing is
based on changing gap sizes and distances between rings, since this affects the overall
capacitance and thus the resonance frequency. Depending on the application area, a

single structure or an array can be used.

Kirigami-based [75,76] approaches fabricate sensors on substrates with slits so
that these slits are aligned with the SRR gaps. Strain causing a separation in substrate
slits alter the resonance frequency of the sensing element. An array of RF MEMS res-
onators are fabricated on flexible substrates in [64]. Number of rings were kept high

here to increase the overall capacitance, thereby increasing sensitivity to capacitive
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changes. Pressure sensor developed in [77] demonstrate a double SRR adaptable to
harsh environments. A standalone SRR with increased gap capacitance was demon-
strated in [78] for wireless monitoring of glaucoma. A similar sensor system embedded
in a polymer matrix was also presented later for the same purpose in [79], as shown

in Figure 1.13.
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Figure 1.13. Experimental setup (a), read out spectra with increased intra-ocular
pressure (translated into radius of curvature) (b), and change of resonance frequency

vs. radius of curvature (c), as presented in [79].

1.2.2. SRR Sensing Based on Dielectric Changes

SRR structures are known to respond to temperature changes, making them
suitable for temperature sensing applications [81-83]. Approaches to temperature
sensing with SRRs can include stacked structures in broadside direction. This brings
about considerable increase in overall capacitances since 2D conductor paths are now
in overlapping arrangement. These approaches focus on the change of permittivity
of the dielectric medium between the stacked resonators. In [81], stacked SRRs of
different shapes were investigated as temperature sensors in simulation environment
as shown in Figure 1.14, where permittivity was changed to account for the change in

temperature. A shift to lower frequencies with increased temperatures was observed.
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The author of thesis work believes temperature sensing can be performed also relying
on the thermal expansion and thereby geometric changes in the sensor. This can be
viable since SRRs are often made of conductive materials with high thermal expansion

coefficients.

Figure 1.14. Temperature sensor units arranged in stacks around a dielectric, as

shown in [81].

SRR sensing technology can be used as a sample preserving way of determining
fruit and vegetable ripeness [84]. Using such sensing systems, the consumer or producer
potentially can decide easier which item to buy or offer to the market [85]. Composition
of the material properties will yield different permittivities at these different stages,
causing a shift in the resonance frequency of the SRR. This of course, requires accurate
characterization of material property for each type of food item at different stages of
organic growth and decay. Examples exist in the literature for monitoring of meat
quality [86], characterization and classification of beverages and foodstuffs [87, 88],

quality monitoring [89].

The fact that resonance frequency of an SRR is directly related to the dielectric
loading paved the way of them being used related scenarios. This approach is arguably

the most popular and extensively studied area of SRR sensing. In the broader sense,
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the applications include, but not are limited to, humidity/moisture sensing [90-93],
characterization of dielectrics/liquids/gasses, pH sensing [94], reagent/molecule detec-

tion, and biosensing.

Dielectric sensing of SRR structures can be applied to sensing of volumetric bod-
ies, thin films/surfaces, microfluidic samples and droplets, or individual particles. The
basic principle remains the same: The overall capacitance of the SRR will be affected
by the effective permittivity of the material composition around it. For volumetric
analysis, high frequencies of resonance are avoided for increased penetration. Thin
film and surface inspection points to a case where the sample volume or thickness is
smaller. Volumetric or surface level inspection can be done to perform material char-
acterization, surface quality inspection, or structural monitoring [52,95-103]. This is
possible due to fringing fields occurring at surface imperfections causing changes in
resonance frequencies of SRR structures in vicinity, as shown in Figure 1.15. Use of
CSRR or an array of sensors is common in applications requiring the monitoring of

larger areas.
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Figure 1.15. Enhanced symmetrical SRR and its detection of surface imperfections,

as presented in [99].



17

Microfluidic sensing with SRR resonators were proposed to address certain lim-
itations associated with microfluidic sensors using different methods of sensing [95,
104-107]. While microfluidic sensing with SRRs, the microfluidic platform is usually
designed so that the sample remains in close vicinity in one of the more sensitive re-
gions of the SRR. This corresponds to areas where electric field confinement is the
highest. SRRs are often preferred over their complementary versions due to this, since
gaps between conductive paths constitute smaller areas in non-complementary SRRs,
where the fields can be focused to a greater degree. However, it is possible to design
microfluidics along the slots of a CSRR [106]. As a result, microfluidic platforms were
integrated with SRR structures in different ways, for different approaches. Microchan-
nels fabricated with low-cost methods such as mechanical carving, 3D printing, or laser

cutting are also suitable for these applications [104,108-116].

In [108], a gold-coated copper, rectangular SRR-based sensor coupled to a mi-
crostrip line was fabricated on an RT /duroid 6010.2LM laminate, with a ground plane
on the back side. A polymer film was placed and fixed on the resonator with a
water-proof adhesive to characterize the sensor under water and ethanol loadings. Mi-
crofluidic platforms were integrated with CSRRs were fabricated on a patch [112] and a
quarter mode substrate integrated waveguide (SIW) [110], and eighth mode SIW [111].
A laser-cut polydimethylsiloxane (PDMS) microfluidic channel was bonded with ad-
hesive on a double-ring CSRR fabricated on a patch fed by a microstrip line was
presented in [112] for detection of ethanol. A triple ring CSRR was presented with
a microchannel perpendicular to sensor plane as well [113]. To increase capacitive
sensitivity, different SRR gap shapes were studied in [114] as shown in Figure 1.16.
Rectangular resonators capacitively coupled to input/output ports were shown for con-
tactless microfluidic flow [115] and escherichia coli concentration sensors [116]. SRR
arrays have also been proposed for microchannel applications to increase efficiency in
use of multiple resonators per channel [117], and with trapezoidal structures fabricated

to increase fluid resistivity [118].

Dielectric sensing with SRRs were used to detect and analyze organic and in-

organic molecules and reagents of a large variety, such as biotin and streptavidin
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Figure 1.16. Electric field confinement capabilities of SRRs with different gap shapes,
as presented in [114].

[43],DNA [54], organic tissues [119], cortisol [120], heparin [121], viruses, cells [122],
[123], cancerous tissue [124,125], and proteins [126]. Sensing of reagents and biomolecules
are sometimes reported as concentration detection in aqueous solutions. On the other
hand, biosensing applications require incorporation of reagent or biomolecule specific

sensing elements onto the surface to ensure specificity.

Biosensors are biochemical sensing devices used to perform bioanalytical mea-
surements. Their broad application spectrum spans fields from medical diagnostics
to food safety, from process control to environmental monitoring. User-friendly and
simple medical devices for home use comprise a significant portion of the overall de-
mand for biosensors [127]. They are mainly formed of a biological sensing element
exploiting the high selectivity available in genuine biological systems and a transducer
element that actually performs the measurement. Electrochemical [128], optical [129],
acoustic [130], thermometric [131], and magnetic [132] transducers are proposed in
the literature for biosensing. As an alternative, SRR structures can also be used

as transducers in a biosensor system, owing to their many advantages mentioned so
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far [1,43,121,133]. This is done by incorporation of the biospecific element onto the
SRR transducer. The region of interest is often where the electromagnetic fields are
focused by the resonator. Binding or enzymatic activity related to the presence of
the biospecific element result in a change of electrical permittivity. Such a change
can be capacitively sensed by the SRR as demonstrated in Figure 1.17 from [121]. In
THz frequencies, biospecific detection of some molecules can be done following the fact
that these frequencies are close to vibrational frequencies of some biomolecules [106].
In [134], single gap and two gap symmetric SRR structures were designed in THz
frequencies for detection of cancer biomarkers in accordance, as shown in Figure 1.18.

One very interesting application is the use of SRRs in sensing of glucose.
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Figure 1.18. Single gap and two gap asymmetrical SRR structures and the integrated

microfluidic chip studied in, as presented in [134].

1.3. Challenges and Motivation

In recent years, sensing applications of SRRs provided novel opportunities for
development a new generation of sensors. SRRs can be used to improve properties of
existing sensors, or can be used themselves as sensors of high sensitivity or transducing
elements. This renders sensing even with small samples practical, providing a way to
realize downscaled, high throughput sensors much needed especially in biological appli-
cations. Integration of microfluidic platforms can increase measurement repeatability
and bring the better of both worlds together [106]. With the advances in materials and
fabrication technologies, realization of low-cost microfluidic platforms with wireless,
noninvasive, efficient, and versatile sensing capabilities is now even more attainable a
goal than ever. SRR sensors in different frequency ranges can be fabricated on rigid
and flexible substrates, standalone or in array formation, and can be used in sensing

of many different physical and chemical quantities.

One of the main challenges the metamaterial inspired sensors face is that they
their performance is limited by the fluctuations caused by internal and external mech-
anisms. Interference of these effects manifests itself as the noise in readout and lower
precision in readings [135]. External noise sources include shot noise and noise intro-

duced by the readout circuitry as well as fluctuations caused by environmental effects,
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such as temperature changes [136]. The internal effects, related to adsorption and
desorption of analyte particles on the metamaterial can also occur [137]. It is reported
that this noise remains the main limiting factor of the ultimate performance of all
such devices, because each structure must be interfaced to some kind of environment
and thus the adsorption and desorption noise will influence to a certain degree the
performance of any metamaterial structure [1]. Scaling of metamaterials may be an
issue where chemical solutions are used, which may render the use of conventional
photolithography microfabrication impossible. For such cases, obtaining metamaterial
structures of high resolution and small feature sizes require the application of more

involved fabrication techniques.

Aiming to contribute to this fast-developing field of research, an SRR based
sensor for detection of glucose in aqueous solutions is presented in this work. Wireless
and low-cost monitoring of blood glucose is in high demand, since 85 % of the marketed
biosensors are blood glucose biosensors, dedicated to the management of diabetes.
Some of the goals and challenges associated in realization of the proposed design are

as follows:

(i) While designing sensors, maintaining a strong and linear signal at a practical
resolution is of the essence. Therefore, a sharp peak with a good quality factor
is desired in the context of SRRs. This requires a careful design of measurement
mechanism as much as using the most suitable sensor structure.

(ii) For biosensor applications, sensor selectivity is also a crucial consideration. This
refers to the ability to provide an output only for the change of the traced
parameter. Integrability of the biospecific regent and the design would be one of
the most serious challenges that has to be overcome in design of a metamaterial
based biosensor.

(iii) Changes caused by secondary physical parameters or in case of a biosensor,
presence of secondary regents should interfere with the sensor response as little
as possible. The sensor should be able to suppress the external effects negatively

affecting sensor operation.
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(iv) Demonstration that fabrication of the sensor is possible with the use of materials
compatible with biosensor applications is important. Materials that are biocom-
patible, inert, and having limited toxicity should be preferred. Such a sensor will
have a potential for future applications to be used in vicinity of human body or

may be improved as an implantable device.

The rest of this document is organized as follows: In Chapter 2, relevant literature
review, modeling of SRR structures, and some additional theoretical considerations are
given. In Chapter 3, the set of preliminary and exploratory work done in development
of an SRR based sensor is presented. In Chapter 4, design, fabrication, and operation
of a glucose selective SRR sensor is demonstrated. In Chapter 5, strategies to improve
sensor design and its integration with conventional microfluidics are shown, followed by
the demonstration of an improved microfluidic sensor design fabricated of biological
sensor compatible materials. In the final chapter, state of the art and the future

potential of SRR based glucose sensors are discussed.
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2. RELEVANT LITERATURE REVIEW AND THEORY

2.1. Monitoring of Blood Glucose

Application of SRRs for sensing of glucose constitutes one of the most interesting
and promising ideas related to their use. Sensing of glucose has relevant applications
in food industry and especially in healthcare. This is mainly in relation to monitoring
of blood glucose levels and management of diabetes [138]. Diabetes is a metabolical
disease necessitating artificial regulation of blood glucose levels at human average levels
of 80-120 mgdL ™" (4.4-6.6 mM) [139]. It is categorized in two main types [140]. Type
1 diabetes is characterized by insufficient levels of insulin produced by the pancreas.
Type 2, comprising more than 90 % of the cases, is indicated by the body showing an
abnormal sensitivity to insulin. Without a cure at present, this is a serious condition,
since blood glucose levels have to be maintained within acceptable levels. Excessive
levels of blood glucose can cause damage in blood vessels in vital organs. On the other
hand, insufficient blood glucose levels can similarly threaten the life of the affected
individual. Pataphysiological levels of blood glucose can reportedly vary between 36-

540 mgdL~"! (2-30 mM) [141].

Prevalence of diabetes has only been increasing according to the World Health
Organization, with the number of the diagnosed is more than 422 million worldwide
[138]. Management of diabetes thus is a considerable global economic toll, especially
since the patients need to monitor their glucose levels several times a day. It is reported
that around 11.6 % of the overall worldwide healthcare spending was dedicated to
diabetes in 2010 and more than half of the biosensors produced are used for glucose
monitoring [141]. This economical potential has been an important driving factor in
biosensor research since home-use point-of-care sensors were needed for conventional
management of diabetes. The first patent for a point-of-care blood glucose sensor for
diabetes monitoring was filed in 1971 in the USA by Arthur Clemens [142]. Since then,
a wide variety of sensors, majority of them being optical or electrochemical, dedicated

to detection of glucose in blood has been presented in the literature.
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Optical transducing methods exploit the properties of the interaction between
light and glucose molecules. These bear the advantage of offering real time and nonin-
vasive monitoring and use methods such as near infrared spectroscopy, photoacoustic
spectroscopy, and optical coherence tomography. These applications come at the cost
of sizable and expensive equipment [139]. Moreover, trained personnel is often needed
to operate them and interpret the output. In contrast, many of the more conventional
techniques use electrochemical methods. These rely on potentiometric, amperomet-
ric, and conductometric measurement of changes in a liquid due to electrochemical
reactions. For glucose sensing, widely used approach is to use the enzymatic reaction
occurring between glucose and glucose oxidase (GOx) enzyme. The reaction produces
gluconolactone (lactone of gluconic acid) and hydrogen peroxide (HyO5) as shown in

the following:

Glucose + GOx(oxa) =+ Gluconolactone + GOX(req) (2.1)

GOX(red) + Oy — GOX(OXd) + H50, (2.2)

Other enzyme alternatives are glucose dehydrogenase and isoenzyme 2 of hex-
okinase [128], while non-enzymatic electrochemical detection methods are also avail-

able [143].

Conventional electrochemical testing devices necessitate drawing of a blood sam-
ple from the patient. To achieve this, the patient has to prick their own skin, which
is uncomfortable and not desirable, while bearing risk of infection on the side [138].
Since via this technique, it is only possible to measure the blood glucose level at a spe-
cific time, this operation has to be performed several times throughout the day. This
is pushing the industry and research into finding alternative methods of blood glu-
cose sensing, which will offer noninvasive, low-cost, easy to use, portable, and simple
alternatives. As a result, some alternative noninvasive or minimally invasive glucose
sensors based on various technologies are offered in the market. These methods may

use samples other than such as urine [144,145], saliva [146-148], sweat [149, 150], or
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tear [151,152] for sensing. Breathalyzers based on measurement of acetone in breath,
which is correlated to blood glucose levels, poses an alternative that does not require
a fluid sample [153]. Measurement of propagation characteristics of ultrasound [154]
and mm-wave/microwave band electromagnetic waves are among other proposed ap-

proaches to noninvasive blood glucose detection methods.

Use of electromagnetic waves for glucose sensing is based on the principle that
changes in blood glucose concentrations alters the permittivity of the tissue, partic-
ularly in the interstitial fluid. A decrease in permittivity is observed with increased
concentrations of glucose concentrations in a fluid [155,156]. As opposed to optical
frequency signals, signals in mm-wave and microwave frequency have the advantage
of higher penetration into the tissue due to lower absorption and tissue conductivity,
offering more reliable readings. There are four main approaches to sensing with mm-
wave/microwave frequencies. These are radar, reflection, transmission, and resonant

methods, the latter three of which are based on similar principles [157].

Radar approach is different from the other three in that it is based on oper-
ation in the far field. With this approach, an electromagnetic wave is sent to the
sample and the reflected signal is measured. Reflected signal contains information
about the material composition of the sample as well as other parameters such as
location and speed [158,159]. Reflection and transmission approaches are based on
scattering parameter measurements performed with the sample located in near field.
With reflection methods, reflection scattering parameter Si; is measured over a wide
frequency band with a vector network analyzer (VNA) through a single port. Trans-
mission approach is very similar to this, with the measured parameter changing to
the transmission scattering parameter Sp; and the use of two ports [160-165]. The
scattering parameters will respond to electric permittivity of the medium around them
during the measurement and thus will be able to measure changes in levels of glucose
concentrations. Resonant approach can be considered a subset of measurements based
on this method often operate on a narrower range of frequency. Here, a resonator with
a high quality factor is used. Resonance frequency, quality factor, and the bandwidth

of the resonator, being affected by electrical permittivity, can be used in determi-
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nation of glucose levels in a sample. With high quality factors available, sensors of
this type offer significantly improved sensitivity and performance [138]. Many exam-
ples of resonant sensing of glucose were presented in the literature, based on cavity
resonators [166, 167], dielectric resonators [168], co-planar waveguides [161, 169, 170],
filters [171,172], antennas [156,173], and metamaterial inspired resonators such as the

SRR, which will be explained in greater detail below.

2.1.1. A Review of SRRs and Microwave Resonators as Glucose Sensors

SRRs and similar microwave resonators have been widely applied for sensing of
glucose in the literature due to many advantages discussed previously. Single loop SRR
is the most basic geometry studied for sensing of glucose. It appears in its rectangular
and circular shapes, and is often coupled to a co-planar waveguide for performing of
transmission type measurement. In its most cost-effective form, this arrangement can
be fabricated via conventional PCB production techniques. The sample is often applied
to the most sensitive region of the SRR, which is its capacitive regions (corresponding
to the gap region for a single loop SRR). A small reservoir or liquid container can
be added to hold a small volume sample together at a designated spot to increase
measurement repeatability. In [174], all this was applied for the demonstration of
sensing not only for glucose, but also for fructose, sucrose, and sorbitol. The sensitivity

measurements were based on amplitude of S5; parameters.

There are various alternatives to this basic approach. Alternative transmission
measurement schemes can be performed in a way where the SRR is loading two sep-
arate probes instead of a transmission line [175,176]. It is also possible to load the
transmission line with modified SRR geometries. An asymmetric SRR such as the
one demonstrated in [177] is shown to achieve higher quality factors and sensitivities
compared to its symmetrical counterpart. Here, the asymmetrical SRR experienced a
resonance frequency shift of 170 MHz as opposed to 110 MHz achieved by the sym-
metrical version when a glucose sample of 0.25 % concentration was applied. SRRs
with inward extensions were demonstrated in [178], aligned in different orientations

with respect to the coupled probes. These extensions offered higher gap capacitances,
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promising higher sensitivity for detection of the reagent. Simulation results suggest a
frequency shift-based sensitivity increase of up to 20 % at a load permittivity increase
of about 30. [114] similarly worked with gaps utilizing extensions, but also added IDT
shapes to increase gap capacitance further. Increased gap capacitance shifted the nom-
inal resonance frequency of a single loop SRR of similar dimensions to 4.18 GHz from
6.54 GHz according to simulations. Fabricated design achieved a resonance frequency
shift of 26 kHz per mgdL~! within the concentration range of 0-5000 mg dL~! with a

good linearity.

Other resonator shapes that can focus strong electric fields at one spot also
exist. ELCR is one of these, as studied in [179]. A co-planar waveguide-coupled
ELCR at 3.41 GHz nominal frequency with a sample container was fabricated here
and was tested with glucose solutions in deionized (DI) water and phosphate buffer
saline solutions. As opposed to focusing electric field at a confined space, it may be
desirable to distribute it over an area with multiple capacitive components. This will
be useful in a scheme where the sample will be in contact with the sensor over a larger
area. Spiral shape resonators, or multiple loop SRRs are possible solutions to such a

case [180].

A pair of rectangular SRRs coupled to each other were proposed as a wearable,
noninvasive, real-time glucose monitoring system in [181]. One of the SRR structures
acting as a passive tag, designed at 4 GHz nominal frequency, is to remain on the
skin. A second resonator coupled co-planarly to readout ports act as the measurement
device in the system. Measured resonance frequency shifts based on the changes in
glucose concentrations in the interstitial fluid. Experiments conducted with glucose
in saline solutions measured behind a layer of 300 ym shaved mouse skin yielded a

sensitivity of 2.1 kHz per mgdL™! over a concentration range of 0-1.67 mg mgdL™".

2.1.1.1. Advanced Fabrication Methods and Sensor Concepts. Microwave resonators

employed for glucose sensing are not limited to be macro-scale fabrication methods

used in PCB production. As scalable, planar elements, they are well compatible with
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more advanced fabrication processes. As potential candidates for wearable sensor
applications, particularly being in contact with skin and eye, fabrication of glucose
sensors on flexible substrates are noteworthy. Metamaterial inspired frequency selec-
tive surfaces were fabricated by deposition of gold through a 500 nm thick silicon
nitride film on 280 pm thick paper substrates via shadow mask patterning in [66].
Unit cells were of sub-mm dimensions with minimum feature sizes less than 10 pm
with resultant nominal frequencies occurring between 0.5-1.1 THz. A frequency shift-
based sensitivity of 0.79 GHz per mgdL~! concentration with a limit of detection at

19 pgdL™! was attained when the surface is coated with glucose solutions.

A high quality factor of 160 was achieved in [182], where a circularly folded
T-shaped uniform impedance resonator was screen-printed as silver on polyethylene
substrate. The resonator has a nominal resonance frequency of 11.8 GHz, while cover-
ing an area of 16 mm x 12.3 mm. A sensitivity of 710 kHz per mgdL™! concentration
was achieved at a concentration range of 100-500 mgdL~!. Another paper-based glu-
cose sensor with integrated microfluidics is presented in [183]. Microchannel is printed
on paper by a wax printer. Following this, the rectangular SRR structures made of gold
were deposited on the paper substrate via magnetron sputtering through a laser-cut
SUS304 shadow mask. After cutting, sensor units were assembled with a PVC support
preventing the deformation of the structure, along with a sample pad and an absorbent
pad. A transmission measurement method was applied with waveguides. A sensitivity

of 564 kHz per mg dL~! glucose concentration was obtained over a concentration range

of 0-1.67 mgdL™.

Fabrication of sensors in smaller scales allow them to be integrated with electron-
ics easily and is particularly attractive for implantable or point-of care applications.
Scaling down while remaining in microwave frequencies require incorporation of a high
number of capacitive features. A microwave resonator of long, intertwined pair of loop-
ing conductive paths forming an interdigital capacitive gap at the center was proposed
as a glucose sensor in [61]. It was possible to realize a resonance frequency as low as
2.5 GHz on fabricated on a 400 pm GaAs substrate in an area of 700 um x 900 pm.

Thanks to the high capacitance realized, it was possible to obtain a relatively high sen-
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sitivity of 1.13 MHz mg dL~! glucose in human blood serum. Nevertheless, fabrication
process demonstrated here is a costly one requiring multiple layers of metallization

and formation of air bridges, as is the case for [55,184].

2.2. Modeling of SRR

Modeling of SRRs can be done efficiently with finite element analysis (FEA), us-
ing finite element methods (FEMs). FEM is nowadays arguably the most widespread
method used for solving of engineering problems requiring solving of differential equa-
tions. The method is based on the division of the problem into smaller divisions giving
the method its name. FEM connects equations related to discrete sub-divisions to ap-
proximate the solution to a more complex model [85]. For electromagnetic FEA, this
includes the solution of Maxwell’s equations for given boundary conditions in iteration,
minimizing the residual error at each step. Application of FEA in electromagnetics
research has the advantages of easily representing complex geometries and inclusion
of different materials. Downside is the necessity to transform near field solutions to

far field solutions as well as the large matrix.

Various FEA software alternatives are present for the simulation of resonance
characteristics of SRRs today. However, it is important to have analytical models at
hand derived from the geometry and physics, which are useful at the initial design
steps and at providing an insight to the operation of SRRs. Studies modeling SRR
variants using different approaches are present in the literature, including spiral, dou-
ble/multiple ring structures [23,34, 37, 185-190|, broadband coupled SRR pair [39],

and a three dimensional array [191].

A SRR is a resonant structure that responds to external electromagnetic effects.
Magnetic fields coupled to the ring structure excites a circulating current along the
conductor due to inherent inductance of the structure. This current creates a voltage
at the gaps, which act similar to parallel plate capacitors. Presence of the capacitance
and inductance creates resonances at certain frequencies. Taking into account the

ohmic losses, a lumped component model for a single loop SRR will be a basic series
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RLC circuit [33,192,193] as shown in Figure 2.1. This simple model is useful in that

it provides an intuitive understanding of the operation and resonance of the SRR.

C
]Rs S gLs

Figure 2.1. Series RLC circuit equivalent of SRR.

According to this approach, resonance frequency fys and quality factor (o, of an

SRR modeled by a series lumped component model are [194]:

1
fOs - o /—LS CS (23)
1 /L,
Qs = r\C. (2.4)

Derivation of circuit parameters appearing in the expressions above are presented
below [33,195]. The analysis is based on an SRR with inner radius r, conductor width

w, gap width g, and conductor thickness ¢ as shown in Figure 1.5.

The resistance component R is related to ohmic losses along the conductor.

Provided that ¢ is small compared to the loop radius, the loop inductance Ly can be

taken as:
8r 1
L, = m |1 no_Z 2.5
e (b ) o
where
=1+ 3 (2.6)

and 1o is the permeability of free space.
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The capacitance C has two different contributors from the gap (Cjqp,) and the
surface (Cl,,) capacitance due to loop structure. For a sufficiently narrow gap, Cyqp

can be written as:
tw
Cgap = &0 ? + &o (t +w + g) (27)

where g is the permittivity of free space. First term in the sum accounts for parallel
plate capacitance associated with the gap, and the second term is a correction term
added to represent the effect of fringing fields [33]. The surface capacitance for a loop

with gap with sufficiently small gap size can be modeled as:

2e0 (t 4 w) 4r

Copr = ——= log — (2.8)
™ g
Thus, the total capacitance is:
Cs - C1gap + Csur (29)

We see that both capacitive components are directly proportional to dielectric
permittivity of the medium, which is described as the free space for the model described
in [33]. An SRR, on the other hand, will be fabricated on a dielectric substrate with

an electric permittivity e different than that of the free space as described as:

£=¢r€p (2.10)

where ¢, is a material specific constant, greater than 1, that relates the permittivity of
free space to permittivity of the said medium. A more accurate approach would be to
use an effective permittivity that approximates the interfacing substrate-air dielectric

compound as a single dielectric block as shown in Figure 2.2 [196] .



32

Figure 2.2. Approach to use an effective relative dielectric permittivity e.ss in

analytical modeling [196].

Effective relative permittivity . in this case can be calculated as follows [196,

197]:

e +1 g —1

Eoff = +
T 2 x /1 + 12w/d

where d is the thickness of the substrate on which the SRR is fabricated.

(2.11)

A CSRR, on the other hand, can be modeled as a parallel RLC network as shown
in Figure 2.3 [193]. Resonance frequency fo, and quality factor (), values associated

with such a network is [194]:

1
for= — (2.12)
P on L,C,
Qp=R ﬁ (2.13)
L,

where the circuit parameters can be separately calculated. We see that the SRR
and CSRR have the same expressions for the resonance frequency fy but an inverse
relationship for the quality factor Q). The dielectric sensing of glucose with SRR/CSRR
structures rely on the change of C through a change in ¢y of the medium. Increased
sensitivity to such a change is theoretically possible with structures engineered to have
large C' values. A large C results in a low () for SRR, whereas it has the opposite effect
with CSRR, which is an advantage for the latter. On the other hand, for applications
where it is desirable to concentrate electric field lines in confined spots, SRRs with

Cyap > Cour do a better job while maintaining a high sensitivity compared to CSRRs.
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Figure 2.3. Parallel RLC circuit equivalent of SRR.

2.3. Dielectric Properties of Materials

Dielectric properties of materials were first observed due to change they create
in capacity of storing electrical energy in a parallel plate system. This capacity is ex-
pressed by the € of the material [198]. Said capacity owes to the polarization capability
of the material, and is related to it having few free charge carriers that can contribute

to electrical conduction.

This polarization can occur in different ways [199]. All dielectric materials are
subject to electronic polarization, related to the distortion of the electron clouds of
the atomic nuclei within the material due to the electric field. Oftentimes, it is a weak
polarization and it is the only polarization mechanism valid for hydrocarbons. Ionic
polarization is caused by the displacement of ions in materials made up of molecules
bonded by ionic forces, such as crystalline solids. Essentially distorting the bonds that
make up the material, this creates a stronger polarization. Orientation polarization
is observed in polar materials, whose molecules are permanent dipoles, such as water.
With the applied electric field, the molecules are aligned according to the direction of

the field, potentially storing a large amount of electrical energy.

Permittivity € is modeled as a complex quantity. To see this, we can start from

the Equation (1.2), which is given below once more:

VxH=J+ jwey e, E (2.14)
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The current density is related to electric field as:
J=0E (2.15)

where o denotes material conductivity. This expression can then be substituted in in

Equation (2.14) to obtain:

VxH=0cE+ jwg e, E=jw (505T—jg>E (2.16)
w

Using this, the permittivity can thus be expressed as a complex quantity:

5:50&—]'%:51—]'52 (2.17)

so that €; denotes the real part and 5 denotes the imaginary part.

This is particularly relevant under fast alternating electric field applications.
Particle motions due to polarization attempts to follow the variations in field and
can do so at low frequencies. On the other hand, at high frequencies a phase delay
of polarization will occur. Such phenomena involving phase shifts are often modeled

with the use of complex quantities.

Typical dependence of £; and &5 to frequency in a hypothetical dielectric is
similar to what is shown in Figure 2.4 [199]. As can be seen here, at low frequencies
€9 has no significance since the polarization motion can follow the rate at which the
field alternates. Variation observed in microwave band is related mainly to dipole
relaxation. Atomic and electronic polarizations cause the subsequent variations in

permittivity at higher frequencies.

Dipole relaxation has significance for SRR based sensing applications since many
of these sensors are designed at microwave frequencies and interact with an aqueous

solution. Water, being a polar liquid, is subject to dipole relaxation and related phe-
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nomena. For polar liquids, dipole relaxation is often described by the Debye relaxation

model [198], provided as follows:

e(f) = €0 + (2.18)

where f denotes frequency, €, is the value of permittivity at high frequencies, ¢y is
the permittivity under static field, and 7, is the relaxation time, a constant describing

the rate at which dipole relaxation for that material occurs.

g Dipolar and related relaxation phenomena
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Figure 2.4. Change of real and imaginary parts of electric permittivity with respect

to frequency for a hypothetical dielectric, from [199].

According to the Debye model, permittivity behavior has variations over three
frequency bands [198], namely low frequency, relaxation frequency, and high frequency.
At low frequencies, the dipoles can align themselves with the fields fast enough, as
mentioned above. This way, electrical energy can be more efficiently stored via polar-
ization of particles, giving the ¢; its highest value, where £5 remains low. At frequencies
around the relaxation frequency, where w 7, = 1, it is hard for dipoles to keep in phase
with the electric field. Relaxation motions are significant, and so is the additional

dissipation of power associated with these motions. £; is in decrease and e reaches



36

at a maximum. At higher frequencies, polarization approximates to a 90° phase delay
with electric field. Here, ; and 5 are both small, amount of power dissipation is

reduced.

It should be noted that polarization mechanisms are affected by temperature.
As a result, € has significant dependence on temperature. Another point to note is
that the shape of the dielectric material can also affect its polarization behavior. In
the case of a dielectric material having a long and thin cylinder shape, internal electric
field approximates to a maximum when the external field is applied along the direction
of the cylinder axis. When the field applied in a direction perpendicular to cylinder
axis, internal electric field approximates to zero [199]. This can be significant in design

of sensors incorporating microchannels.
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3. EXPLORATORY WORK

Exploratory work regarding the basic interactions of SRRs with dielectrics has
been conducted as part of the first step. Since SRRs are the prevalent metamaterial
components used in sensing applications, primary focus has been on these structures.
Research began with the investigation of some basic SRR geometries in simulation

environment, followed by the fabrication and characterization of the said structures.

3.1. Simulation of Different Designs

Design of the SRR structures begins with the analytical models presented in the
literature such as the one presented in the previous chapter, where available. For the
most part of the preliminary work, we used the basic single loop SRR architecture for
simple analysis and design. After the geometric parameters are defined via analytical
models, the design can be fine-tuned and studied in more detail using CST Microwave
Studio solver tool performing FEA. Chosen designs are modeled in the tool with

parametric inputs, allowing easier tuning of the resonators.

Conductor was chosen as copper, and substrate material was set to represent
FR4. A fy of 2 GHz were targeted for the designs, fitting in an area of 3 cm x 3
cm. To model the presence of a liquid load along with the resonator, a semi-spherical
dielectric with relevant permittivity is added to the location of interest in simulation
environment. For free-standing resonator simulations, the boundary conditions were
set so that magnetic field coincides perpendicularly with the resonator plane, allowing
for optimal excitation. Via simulations, the designs were fine-tuned to desired frequen-
cies. Simulation results confirm that electric fields are highly confined in gap regions
of SRR structures. Figure 3.1 shows the transmission spectra for a single loop SRR
design in its unloaded and 1 pl. DI water droplet loaded cases as obtained from the
simulations. As expected, with the addition of the droplet, the resonance frequency

shifts from 1.85 GHz to 1.65 GHz, due to increased permittivity of the water material.
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Figure 3.1. Simulation results of the S;; parameters for the nominal state of a

resonator and when 1.0 pL water droplet is added.

3.1.1. SRR Structures and Their Dielectric Sensitivity

In order to obtain a high measurement performance, different resonator struc-
tures were simulated under similar conditions to see how sensitive they are to dielectric
loading. Sensitivity in this case is understood as the amount of f; shift in response to
a given dielectric loading. Sensitivity to dielectric changes is desirable since it gives
an idea about how well a sensor can potentially resolve between minute differences of
changes caused by alterations in glucose concentrations. It is also desirable that the
sensor geometry remains at a size that is easy to handle, bulky at the target frequency
of operation. A bonus will be the ability to operate well with sample volumes as small

as possible.

Structures presented in the SRR sensing literature are investigated for this pur-
pose [61,69,200-202] in simulation environment. Namely, these are single loop SRR
(SSRR), double loop SRR (DSRR), triple loop SRR (TSRR), asymmetric SRR (ASRR),
and ELCR structure. Variants designed at a fundamental nominal f; at around 2 GHz
were investigated. Resonators were simulated in air, excited by free standing waveg-
uide ports unless otherwise specified. The dielectric is modeled as placement of a
semi-spherical volume of 1.5 mm radius of variable €,. On some select cases, loading

schemes including placement of multiple semi-sphere shapes or a semi-cylinder shape
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were also applied. Shift in transmission spectra were shown for varying e, values rang-
ing from 1 to 80 were investigated. The maximum value of 80 was chosen as being a
value close to that of water. A sensitivity figure of merit (FOM) was defined as follows

for sensitivity comparison:

fo(1) — £0(80)

FOM =775

(3.1)

where fy(e,) denotes the fp of a resonator obtained with a dielectric load having

relative permittivity value ¢,.

3.1.1.1. SSRR., DSRR and TSRR. Single, double, triple, and multiple loop ring res-

onators have been used widely in sensing applications. Number of the loops may be
increased to increase the capacitance, allowing for lower resonant frequencies while
keeping the structure relatively small. It should be noted that this distributes the
field confinement, rather than focusing it. That is why the sample contact area is
often dispersed over these regions as well. A trio of structures, designed at a fy of 2
GHz were simulated. As can be inferred from the increased capacitances for TSRR,
largest structure ended up being the SSRR, with a total radius of 10.25 mm. All three

structures have the same gap width of 2 mm and can be seen in Figure 3.2.

Figure 3.2. SSRR (left), DSRR (middle), and TSRR (right) designs. Not to scale.

Figures 3.3, 3.4, and 3.5 show the resonance frequency shift for the SSRR, DSRR,
and TSRR, respectively when semi-spherical dielectric drops of various ¢, were applied

to the outer-most gap region.
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Figure 3.3. Resonance frequency shift of SSRR when the semi-spherical dielectric

loads of 1.5 mm radius having relative permittivities of 1, 20, 40, 60, 80 were applied.
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Figure 3.4. Resonance frequency shift of DSRR when the semi-spherical dielectric

loads of 1.5 mm radius having relative permittivities of 1, 20, 40, 60, 80 were applied.
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Figure 3.5. Resonance frequency shift of TSRR when the semi-spherical dielectric

loads of 1.5 mm radius having relative permittivities of 1, 20, 40, 60, 80 were applied.
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FOM associated with SSRR, DSRR, and TSRR geometries are 0.48, 0.44, and
0.42, respectively. A decrease in fy as well as ) are observed. Decrease in sensitivity
with increased number of rings can be explained by the fact that only one of the
multiple high field concentration regions available in the structure were used. What
seems to be promising is that there seems to be a slight improvement in the quality
factor as the number of the loops are increased. Sharper transmission response could

be helpful for increased resolution.

In order to test the view that the decrease in FOM is related to unused gap
capacitances, two additional loading schemes were applied to TSRR. In one of these,
all three gaps of the TSRR were loaded with the semi-spherical dielectric, whereas
in the other one, a semi-cylindrical load running through all three gaps were defined,
imitating a microchannel. All three loading schemes are shown in Figure 3.6 and the
results associated with the second an third loading scheme are demonstrated in Figures

3.7 and 3.8, respectively.

Figure 3.6. Single drop (left), three drops (middle), and channel dielectric (right)

load cases for the TSRR structure.

For TSRR, FOM obtained with the additional loading schemes are 0.45 and
0.51, respectively, according to the simulation results. These indicate an increase in f
sensitivity. TSRR having increased number of capacitive components due to multiple
gaps and regions between loops can perform better only when the material under test
is interacting with these as a whole. Depending on the application, this may be an
advantage or a disadvantage. As seen in Figure 3.8, there is also an additional risk
of higher order resonances starting to shift close to fundamental nominal resonance

frequency in the case of high shifts, which may lead to readout ambivalence problems.
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Figure 3.7. Resonance frequency shift of TSRR when the semi-spherical dielectric

loads of 1.5 mm radius having relative permittivities of 1, 20, 40, 60, 80 were applied

to all three gaps.
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Figure 3.8. Resonance frequency shift of TSRR when the semi-cylinder dielectric
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were applied across all three gaps.
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3.1.1.2. ASRR and ELCR. ASRR is a single ring having two slits, which are offset

from the axis of symmetry. It is essentially formed of two unequal arcs. Since the
resonator frequency is related to arc lengths, the structure can be used to obtain
higher resonant frequencies for the same given structure radius, thanks to the presence
of the short arc. It is therefore used in more high frequency applications and is
reported to have a high sensitivity. ELCR structures consist of two loops connected
to a capacitive gap positioned in the middle of the structure. They are reported in
the literature to have high linearity, which is a desirable sensor quality. The structure
can be electrically driven with electric fields perpendicular to the capacitive 'plates’.
Magnetic actuation is possible only when the fields passing through the individual
loops are of reverse directions, hence the name. This may make them difficult to
excite in certain arrangements. Both these structures need to be larger compared to
the resonators of the previous category at a given frequency. Both ASRR and ELCR

structures are shown in Figure 3.9.
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Figure 3.9. ASRR structure with 18° gap offset (left) and ELCR structure (right).

Not to scale.

Two structures designed for a fy of about 2 GHz are simulated in a manner
similar to previously done. ASRR structure, having multiple gaps and motivated from
the results described above was loaded with a semi-cylindrical dielectric load instead
of a semi-spherical one. The resonance frequency shift behaviors for ASRR and ELCR

are shown shown in Figures 3.10 and 3.11, respectively.

FOM value obtained from the ASRR and ELCR structures are 0.62 and 0.48,
respectively. It is observed that the ASRR by itself presents a better FOM compared

to TSRR, while still maintaining a high Q factor, when both of the structures are
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Figure 3.10. Resonance frequency shift of ASRR when the semi-cylindrical dielectric
loads of 1.5 mm radius having relative permittivities of 1, 20, 40, 60, 80 were applied

across the gaps.
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loaded with a semi-cylinder. Again, it is worth considering is the appearance of higher
frequency resonances in the spectrum of interest with great amount of fy shift. For
ELCR, FOM is the same as the simpler SSRR, whereas () deterioration is considerably

higher, which is undesirable.

3.1.1.3. Tip Shaped Gaps. Simulation results confirm that much of the sensitivity to

dielectric changes is related to the capacitive components associated with gap regions,
where electric field confinement is higher. Sensitivity can possibly be increased further
by modifications around the gap regions. Tip shaped gaps were demonstrated in
SRRs to increase sensitivity [201]. Such a shape can contribute to high confinement
of electric fields. This approach was applied to SSRR and ASRR models in simulation

environment, as seen in Figure 3.12.

Figure 3.12. Tip shaped gaps applied to SSRR (left) and ASRR (right) geometries.

In simulations, flat and tip shaped gap versions of SSRR and ASRR structures
excited by a pair of monopole antennas are compared for a more realistic representation
of the measurement scheme. Monopole antenna pair was chose since it would be the
excitation method of choice for initial tests as will be apparent in the subsequent
sections. Simulation results are given in Figures 3.13 and 3.14. Obtained FOMs for
i) SSRR and ii) ASRR geometries, having flat and tip shaped gaps are i) 0.42, 0.535,
ii) 0.60, and 0.60, respectively. It is seen that tip shaping changed the sensitivity
performance little for the ASRR case. For the SSRR, tip shaping increased sensitivity
more than 25 %. Excitation with the monopole antenna seems to create a significant

parallel resonance effect in simulation conditions.
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Figure 3.13. Dielectric sensitivity of SSRR structures with flat (top) and tip-shaped

(bottom) gaps, under monopole antenna pair excitation.
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Figure 3.14. Dielectric sensitivity of ASRR structures with flat (top) and tip-shaped

(bottom) gaps, under monopole antenna pair excitation.
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3.2. Cost-Effective Fabrication

Finalized designs can easily be realized via PCB fabrication techniques in macro
scale on commercially available FR4 substrates. This is often easier with simpler SRR
geometries. More involved designs incorporating multiple gaps and smaller features
may strain simpler fabrication applications in macro scale somewhat, since errors in
features -especially the ones associated with the gaps- tend to cause deviations from
the intended behavior. This was particularly the case for tip shaped gap applications,
where small gap features were needed that could not be effectively patterned in a

repeatable manner.

Masks for fabrication can be exported from the models prepared in CST or drawn
in dedicated tools such as L-Edit. Two different processes for fabrication were applied
for the realization of the resonators. In one technique, an adhesive material with
polymer backing is fixed on the 35 pm Cu plated surface of an FR4 platform. The mask
designs were then exported to a commercially available COq laser cutting machine
(Versa Laser VL-200). Laser engraving process burns away the polymer backing,
leaving the adhesive as a residue, when applied at a sufficiently low power. Result
of this operation performed on a sample mask can be seen in Figure 3.15. After the
engraving, remaining adhesive with backing was peeled off from the FR4 board, which
was then subjected to etching in acid bath composed of hydrochloric acid and hydrogen
peroxide. Patterns protected by the molten adhesive remain on the surface, whereas
the remaining Cu regions are etched away. Individual SRRs were then mechanically
cut using guillotine-like tools. With this approach, it is possible to fabricate multiple
devices on board with comparatively high resolution, while preserving good Cu and
substrate thickness uniformity. On the other hand, more steps are required for the
complete procedure, increasing the time required for the fabrication of SRRs. At
times, it is also hard to control the parameters related to wet etching and engraving
processes. Mechanical cutting of the samples as the last step can sometimes lead to
cracks in the substrate, particularly when working with thicker substrates, reducing

the repeatability of fabrication.
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Figure 3.15. SRR samples fabricated with laser cutter before acid bath (left) and a

SRR fabricated with PCB processing tool (right).

The second technique used for the fabrication of devices is the use of a PCB
processing machine, which is LPKF S103 in this case. Such a tool shapes the PCB in
mechanical ways via drilling, milling, and cutting. This is also a calibration-dependent
process yielding acceptable resolutions in faster prototyping times. Potential distor-
tions in surface uniformity of the conductive and substrate parts can occur. A sample

SRR device fabricated with this technique is shown in Figure 3.15.

In later stages of the exploratory work it became apparent that it was important
to place the liquid sample droplets at the same location of interest on the SRR surface.
Similarly, measurement precision can be increased with droplets retaining their shapes
for a longer period. Two additional steps were added to sensor fabrication to address
these concerns. First one is to create an artificial reservoir-like feature on the sensor
surface to hold the liquid together. A cost-effective way of doing this is to erode
the FR4 substrate region in the SRR gap with additional engraving with the PCB
prototyping machine, forming a depression on the surface where the droplet can be

conveniently placed as shown in Figure 3.16.

Additionally, a hydrophobic coating of 7 um parylene material, encouraging the
droplet to retain its shape over a longer period of time on the surface of the sensor, was
performed. This also has the advantage of isolating the liquid drop from the metallic

regions, since potential increase in conductivity in the gap region or similarly potential
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Figure 3.16. The fabricated SRRs with an eroded depression in the gap region acting

as simple reservoirs.

risk of corrosion of the conductive material over time can affect sensor performance.
Parylene is an ideal material of choice for this also because it is resistance to acid,

heat, and oxidation.

3.3. Measurement Setup

Excitation of the SRR was done with a pair of planar monopole antennas with
30 mm x 3.5 mm x 35 pm dimensions fabricated on a 0.8 mm-thick FR4 substrate.
Both monopole strips were perpendicularly mounted on an Al metal plate acting as a
ground plane through a pair of holes, 5.4 cm apart from each other, drilled into it. The
antennas show an optimized transmission performance at frequencies around 2 GHz,
coinciding with fy of the fabricated resonators. In order to keep the sensor SRR along
the shortest transmission path between the antennas and to perform measurement
control at a higher precision, a 3D-printed custom-designed holder structure shown in
Figure 3.17 was added to the setup. This holder essentially keeps the planar monopole
strips and the SRR in plane and defines a more exact location to place the SRR to
be worked with, provided that all SRR alternatives are fabricated on a substrate of
a standardized size of 3 cm X 3 cm. The ground plane was mounted on an insulat-
ing table in a vertical position using two insulating bodies sandwiching the plate in
between. Selected SRR geometries were fabricated on 35 pm-thick Cu coated FR4

substrate using PCB processing tool. A reservoir depression was added before it was
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coated with 7 pm-thick parylene as described above. The monopole antenna pair was
connected to a VNA (ZVB4, Rhode & Schwarz) for transmission measurements, with

soldered SMA connectors. The VNA was calibrated before any set of measurements.

Figure 3.17. The resonator holder designed to fix the sensor substrates and monopole

antennas in position, on the same plane.

Liquid samples, namely DI water and glucose solutions of different concentrations
were applied as droplets using a micropipette with a precision of 2 %. Liquid volumes
were chosen so that the droplet was large enough to fill the gap reservoir and lean
against the resonator-gap interface but still small enough not to overflow from its

confines.

For the measurements using GOx enzyme, it was extracted from commercially
available fasTTest blood glucose test strips via physical methods. This includes the
delamination of the test strip with a scalpel to expose the glucose sensitive part and
at times cutting of the layer into a smaller size for more precise application. After this
step, a small volume droplet was placed on the active part of the strip, dissolving the
enzyme. This droplet was then collected once more with the micropipette to be applied
to the glucose solution. Direct use of the microstrip on SRR surface cannot be done
due to metallic electrode parts present in the microstrip. These would interfere with
electromagnetic measurements. Pure glucose is obtained commercially. After every
measurement that involves reagent solutions being applied to the sensor, surface was
cleaned carefully with DI water so that no residues remain to interfere with subsequent

measurement. Extra care was shown so that the parylene coating on sensor surface
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was not eroded or peeled off. The aim is that the sensor fy return to its nominal value

after the sample is removed from the sensor.

All measurements described in this chapter were done in laboratory environ-
ment at room temperature. Nominal Ss; response of the monopole antenna pair was
recorded separately to be used as a background reference. This allows easier deter-
mination of resonance characteristics of small amplitudes in cases where they may be
otherwise overlooked. Figure 3.18 shows a photograph of the overall measurement
setup. It was observed that the measurements should be performed at a mechanically
stable environment and away from moving bodies, as much as possible. To address
this, the VNA was controlled at a distance using a cable connected keyboard and

mouse set.
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Figure 3.18. Initial measurement setup used for exploratory studies.

3.4. Exploratory Measurement Results

Several sets of experiments are conducted to observe basic sensor behavior as an

initial step.



52

3.4.1. Effect of Volume and Position

The response of sensors under presence of liquid samples was observed. First DI
water droplets of different volumes were applied at different positions of the SRRs.
Expected outcome was to observe highest sensitivity to material presence closer to
the gap of the structure, since this region is where the electrical field confinement is
the highest as observed in the simulation environment. This was confirmed with the
further discovery that the most sensitive region around and within the gap region is

the interface between the conducting part and the dielectric, as shown in Figure 3.19.
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Figure 3.19. DI water samples of different volumes placed on the same SRR cause
different amounts of shift when placed at different positions. The highest shift are
observed around the gap region as expected, specifically at the conductor-substrate

interface.

Application of DI water in different volumes showed a general trend to shift the
resonance frequency to lower levels, although this behavior was not strictly consistent
and not linear for the initial sets of measurements. The shift to lower frequencies was
expected due to higher permittivity of water compared to that of the air, creating an

increased capacitance, translating to a lower f;. The inconsistencies and nonlinearities
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were attested to the difficulty in precise positioning sample drops despite the presence

of the reservoir structure.

In order to perform volume measurements at a higher range, a more pronounced
reservoir made of rubber is placed around the gap region of the sensor, in which the
liquid droplets were applied. This combined with taking the average of repeated exper-
iments yielded a more consistent behavior of changing resonant frequencies. Results
obtained with different volume DI water loads are given in Figure 3.20. Results demon-
strate that the increased volume of liquid sample is inversely related to the fy, which
coincides with the dip of the transmission spectra. Amount of shift in consequent

additions of liquid volume becomes less significant, i.e. there is a diminishing return

effect.
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Figure 3.20. DI water samples of different volumes are applied to SRR with rubber

reservoir.

3.4.2. Effect of Concentration

Next up, the response of the sensor to different levels of glucose concentration are
studied. For this experiment, an SRR with g=2.1 mm, r=8 mm, w=1.5mm, ¢=0.035
mm dimensions are used. Corresponding nominal f of the bare resonator is 2.12 GHz.

Reservoir depression like the one added in the previous step was also incorporated.
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Concentration sensitivity of the SRR device is investigated by applying 1.0 ul. drops
of varying glucose concentrations. Water droplet including the enzyme was added to
the droplet containing the glucose concentration. The shifts in the dip frequency and
magnitude 30 seconds after the introduction of the enzyme were recorded. The test
was repeated five times for every concentration level. The gap reservoir was carefully
cleaned with DI water after every measurement without removing the SRR structure
from the holder. Obtained results are plotted in Figure 3.21. Plot shows the shifts
from the ground state, which is a loading of DI water of the same volume. An increase
in the shift amounts with an increase in concentration can be observed. Slopes of
the trendlines fit to data are 65 MHz/gmL~! and 11.55 dB/gmL™!. Results show a
clear relationship between the concentration and the sensor response. Minimum and
maximum errors associated with the measurement are still relatively high, pointing to
the fact that there is room for improvement in terms of precision. Reduction in ¢) can

be explained in increased dielectric loss with increased glucose concentrations.

0.16; Y
4]
X 0.14 S 2
z £
~ <
gonz 5 4
% 0.10] q 3
2 T -6
§o.os~ g
o _8.
® 0.06 =
o« e © e
0.04 -101 ,
" - — © - N o ¥ un ©
© - N M ¥ un © o ©O o ©o o o ©

© © © o ©o o o

. concentration (g/ml
concentration (g/ml) (g/mi)

@) (b)

Figure 3.21. The amount of shift in (a) dip frequency and (b) dip magnitude 30
seconds after the enzyme introduction. Average of five measurements with minimum

and maximum values marked with error bars are shown.

3.4.3. Effect of Reaction Time

In the last sets of exploratory measurements, response of SRR in time during the
glucose solution-enzyme interaction for the duration of 10 minutes is observed for 30

second intervals. The change of the f; and magnitude due to enzyme introduction to
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a 1.0 uL glucose solution of 0.55 g/mL concentration were recorded. The results are
shown in Figure 3.22. An ongoing linear shift is observed throughout this time period,
implying that the any interaction present was still continuing. According to this, shift

rates of of 12.3 MHz/min and 0.37 dB/min are observed.
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Figure 3.22. The recorded values of (a) resonance frequency and (b) transmission
magnitude for a period of 10 minutes using a 1.0 L solution of 0.55 g/mL glucose

concentration.

3.5. Chapter Conclusion

Work done up to this point studies the application potential of an SRR based
microwave glucose sensor. Different SRR architectures were tested in simulation envi-
ronment and their sensitivities were investigated. Single loop SRR was chosen for its
ability to effectively confine electrical fields at one focus and its simplicity. Selected
SRR designs were designed and fabricated to operate at around 2 GHz. Fabrication
process of the SRR structures and the experimental setup was designed and modified
so that the a higher repeatability across the measurements could be achieved, which is
necessary to see the effect of glucose concentration on the fy and resonance magnitude

change.

It is seen that the incorporation of DI water and glucose solution causes a de-
crease in fy referenced to the nominal fy of the SRR. Increased glucose concentrations

lead to higher fj, since glucose solutions of higher concentrations demonstrate lower
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permittivities. Dip frequency shifts as large as 41 MHz from the nominal state can be
observed with the incorporation of liquid samples. A reduction in the quality factor
is also observed, as the dip magnitude also increases. Both changes can be used to
determine the glucose concentration of a liquid, as they are evidently correlated to the

concentration.
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4. PROPOSED GLUCOSE BIOSENSOR DESIGN

Biosensors are important devices used in a variety of applications ranging from
medical diagnosis to environmental monitoring. Most prominent of these arguably is
the management of diabetes, taking up to 85% of the market share [127]. Following the
initial exploratory work, design of a glucose specific biosensor based on SRR sensing

is demonstrated.

By definition, a biosensor incorporates a sensing element specific to the reagent
or biomolecule being measured to ensure selectivity. As to how they transduce the
sensed quantity into electrical signals, different approaches exist, namely electrochem-
ical, optical, acoustic, thermometric, and magnetic [128,129]. Large portion of the
biosensors dedicated to management of blood glucose use electrochemical and optical
transduction, as mentioned above. SRR variants have been used as alternatives to

these.

This being said, measurand specific SRR based sensors were studied in the lit-
erature at a relatively limited scale [43, 121,126, 133], where sensors committed to
biosensing of glucose were even less visible. Biosensing schemes often require func-
tionalization of the sensor surface, which significantly increases fabrication cost and
adds further complexity to the system, hindering faster development of SRR based
biosensing applications. To address this need, a SRR based biosensor incorporating

glucose specific enzyme GOx for detection of glucose was developed.

4.1. SRR and Setup Design

Standard single loop SRR shape was continued to be used in this work. Design
in this work was fabricated through a process similar to the one described in the
previous chapter, with dimensions given in Section 3.4.2. A different approach was
followed as part of the development of the reservoir. A masking layer made of polymer

layers of 2.6 mm thickness was cut in the shape of the resonator with a CO, laser
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cutter (Versa Laser VL-200). This mask layer was then fixed on the SRR substrate
surface via an adhesive in a way that the cut out region exposes the conductor part of
the SRR. Conductive polymer poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) (Sigma-Aldrich 1.3 wt% in water) of 30 uL was applied in this reservoir
after its activation. The decision that the liquid reservoir should utilize the conductor
shape instead of the gap region is based on the fact that PEDOT:PSS is a conductive
polymer and its presence in the gap region could destroy the resonance behavior at
the designed frequency. This was a possibility since multiple application of liquids and

cleaning could potentially destroy the parlyene coating on the surface.

Connection t
vector network
Holder analyzer
i Reservoir i i Reservoir i
Mask Mask Mask
I channel ! I channel |
160pm | | Coverslip | i
Air gap
4 ~
LI }Sample "]
2.6mm
Y V ]—Enzyme d ‘ C
F1.4um
Resonator | F35um
1.6mm FR4 Substrate

SRR & Mask

Antenna pair

Figure 4.1. Cross-section of the SRR biosensor layers (left) and schematic

representation the measurement system (right), from [203].

The enzyme GOx (Sigma-Aldrich, 50KU, type X-S from aspergillus niger) was to
be immobilized within the matrix formed by the polymer placed in the reservoir. Prior
to immobilization, the GOx was prepared in a buffer solution so that 15 mg of the
enzyme product was dissolved in 25 ml of 0.1 M phosphate buffer of pH 6.5 containing
1.5 mM ethylenediaminetetraacetic acid as antimicrobial agent and 10 %w/v glycerol
as stabilizer. 50 uL of this solution was then added to the PEDOT:PSS fixed reservoir.
A cover slip was incorporated to seal the reservoir channel after addition of liquid
samples to minimize reading interference that can occur due to liquid evaporation and

contamination. Some air was left above the liquid sample to act as oxygen supplies.
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Figure 4.2. Transmission characteristics of the bare sensor, masked sensor, and the

masked sensor with DI water loading as simulated, from [203].

Excitation of the the SRR and construction of the measurement setup was done
in the same way explained in Section 3.3. Schematic representation of the setup
and a cross-section showing the layers of the sensor structure are shown in Figure
4.1. Temperature changes were mollified with thermoelectric couplers (TEC1-12705)
placed on the backside of the ground plane. These were controlled by a temperature

controller device (Thor Labs TED 200C).
4.2. Experimental Results
4.2.1. Simulations

Resonance characteristics of bare sensor, masked sensor and masked sensor loaded
with DI water in the reservoir was simulated in CST Microwave Studio. Figure 4.2
shows the results. Results suggest fy would appear at 1.97 GHz for the bare resonator.
With the addition of the mask and application of DI water, the f, would shift to 1.84
GHz and to 1.61 GHz, respectively. This is something to be expected, since each

addition is a further increase in dielectric permittivity.
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Figure 4.3. Measured transmission spectra for bare sensor, masked sensor, DI water

loaded sensor, 0.33 M glucose solution loaded sensor, and 1 M NaCl solution loaded

sensor, from [203].

4.2.2. Measurements

4.2.2.1. Basic Dielectric Loading. Experimental results obtained due to subsequent

dielectric loading are presented at the first stage. Observed transmission parameters
for the cases with bare sensor, masked sensor, DI water loaded sensor, glucose solution
(0.33 M) loaded sensor, and NaCl solution loaded sensor (1 M) are presented in Figure
4.3. All liquid samples have a volume of 90 uL.. Measured f; values are close to their
simulated values. Obtained error rates for the bare sensor, masked sensor, and DI water
loaded sensor are 0.1 %, 0.5 %, and 7.3 %, respectively. Experimentally obtained f
positions of DI water loaded sensor, glucose loaded sensor, and NaCl loaded sensor
seem to agree with the literature. This is based on the ¢, values for the solutions at

these concentration levels, which are 77.9, 75, and 68, respectively [204-206].

4.2.2.2. Sensor Response to Glucose Solutions - Without Enzyme. As the next step

glucose solutions at different concentration levels were applied to the sensor prior to
enzyme incorporation to the sensor. Following each measurement, sensor surface was

carefully cleaned with DI water and dried afterwards. Sensor response in terms of
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Figure 4.4. Relative shift observed in fy 1.5 minutes following the introduction of
glucose solution in the sensor reservoir. Three measurements per concentration level
were made and averages are plotted, along with the minimum-maximum error bars,

from [203].

shifts in fp with respect to concentration levels were plotted in Figure 4.4. Averages
of three measurements per concentration level are reported. Tendency is a shift to
higher frequency levels with increased concentrations of glucose in solution. Trendline
fit to data is shown as a dashed line (R? = 0.79) forming basis for sensor sensitivity.

Equation describing this line is given as:

y = 0107z + 1.927 (4.1)

which implies that the sensitivity for this experiment was 0.107 MHz/mgmL™!.

4.2.2.3. Sensor Response to Glucose, and Control - With Enzyme. Aqueous solutions

of different reagents, namely glucose (25 mgmL™), fructose (40 mgmL ™), sucrose (80
mgmL~!) and NaCl (25 mgmL™') solutions were applied to the sensor incorporating
enzyme to demonstrate sensor specificity. Change in f; was observed in continuous
time for a time interval of 25 minutes. The results are shown in Figure 4.5. In order

to compare responses better, relative shifts with respect to initial value were presented
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Figure 4.5. Change of f, values relative to their initial values for aqueous solutions of
glucose, fructose, sucrose, and NaCl solutions as measured by the sensor

incorporating GOx within 25 minutes, from [203].

for better comparison.

Dashed lines show exponential or linear fits to fy change behavior in time and
have R? = 0.93, R? = 0.71, and R? = 0.98 for glucose, NaCl, and sucrose solution
cases, respectively. Behavior associated with the glucose solution fits to an exponential,
whereas the other two are linear fits. Saturating behavior of the exponential is expected
from an enzymatic reaction coming into a balance, since the enzyme activity decreases
with a decrease in concentration of the target analyte. This exponential fit to glucose
is in agreement with the relationship modeling the concentration change of a substance

in a first order chemical reaction over time as shown as follows [207]:

Afolt) = fo(0) (1= e™) = S[G(0) (1 — e ™) (4.2)

where fo(7) is the time dependent function of fy, S is the sensitivity constant relating
the glucose concentration to fy (being equal to 0.107 MHz/mgmL~! for this sensor as

calculated above), [G](7) is the time dependent function of glucose concentration, and
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k denotes the reaction constant. It is important to note that fructose, sucrose, and
NaCl solutions do not follow a similar response, demonstrating changes that are rather
small, compared to the glucose solution. Looking at the graph, 15 minutes after the
sample application, absolute fy shift responses of the sensor to glucose, sucrose, NaCl,
and fructose solutions are 17.5 MHz, 3.1 MHz, 2.5 MHz, and 0.8 MHz, respectively. In
other words, the response to glucose solution is more than 5 times that of the closest
control reagent. This implies a high selectivity in favor of the target substance that is

glucose, owing to the incorporation of the biospecific element.

4.3. Chapter Conclusion

A biosensor system specific to glucose using SRR based transducing was demon-
strated. SRR used in the sensing system is the basic single loop SRR. Resonator
was initially designed using the analytical model presented in Section 2.2. Methods
demonstrated in Chapter 3 were applied in the whole process. Design improvement
and and modeling of certain measurement conditions were performed with different
SRR variant geometries were performed via FEA. Cost-effective fabrication methods
were employed and measurements were performed with a setup of low complexity.
Operation of the fabricated sensor was in good agreement with the simulation results,

with the highest error rate being 7.3 %, and theoretical expectations.

Sensing capability of the sensor system was demonstrated with liquid samples
of different electrical characteristics. Following incorporation of the GOx enzyme,
measurements done with glucose solutions of different concentrations yielded a glucose
sensitivity level at 0.107 MHz/mgmL~!. Specificity of the sensor was demonstrated
via its interaction with other analytes. Results of this work, which were published
in [203,208], demonstrate the potential of SRR structures in target-specific sensing of
glucose, even when it is part of a rather simple system. However, there was room for

improvement on certain aspects of the system.

Measurement with SRRs are prone to fluctuations in the change of physical char-

acteristics of the medium. This can be alleviated by adoption of a double measurement
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scheme. Using an additional resonator as a reference, it will be possible to track the
signal component caused by background variations, which can then be subtracted from
the total signal. Additionally, presence of a ground plane perpendicular to the orien-
tation of the sensor and antennas makes the system bulkier. A planar arrangement
would increase the applicability of the sensor system. It is also desired to use a scheme
that employs the SRR gap region for increased sensitivity and a more sophisticated

way of containing liquid samples for increased precision and repeatability.
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5. FURTHER IMPROVEMENTS TO ORIGINAL DESIGN

Motivated by the conclusions drawn from the exploratory work and the initial

biosensor design, ways to improve and modify the system were studied subsequently.

5.1. Differential Measurement

One of the most prominent challenges faced by SRR senors is their susceptibility
to interference caused by external changes, such as temperature and humidity fluc-
tuations, and changing proximity to objects and persons. To suppress the effects of
external interference such as these, it is possible to model the SRR output changes
related to physical effects. As an example, to address the effect of temperature on
SRR readings, a temperature correction function was derived and applied in the anal-
ysis of results from constant temperature and time varying temperature cases in [209].
Following this approach of course means an additional calibration step is needed after
every new sensor and system design. Moreover, such a calibration study should be

performed for every physical quantity interfering with sensor operation.

Another idea as an alternative to suppress signals related to external interference
is to use not one, but two sensors. This pair would be following a differential measure-
ment approach, inspired by the differential amplifier used in electronic systems [210].
In a possible application of this approach, two sensors exist where one of the would
be loaded with the sample under test, whereas the other would not, acting as a refer-
ence sensing the signals arising from background changes. The sensed quantity would
be the difference between the shifts of resonance frequencies from both sensor. Even
though this approach increases the sensor complexity, the advantages it provides can
outweigh its cost. At the time of the publication of the glucose biosensor presented
in Chapter 4 [203], examples dedicated to differential measurement with SRRs were
present in a limited corpus. In [211], a skin contact based glucose sensor is built com-
prising of two SRRs designed at slightly different frequencies of 1.74 GHz vs. 1.50

GHz. The sensors are stacked on top of each other and read by the same two ports
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with slightly different frequencies measured via multiplexing. The lower SRR, being
close to skin performs the measurement of glucose levels, while the upper one, being
desensitized to the measurand due to its location, responds to changes in tempera-
ture only. Approach presented here proved to be highly effective in realization of a

skin-contact based glucose sensor system.

In this section, it is aimed to propose an improvement to measurement precision
using two SRRs in a differential measurement scheme. Effectively, this becomes a
problem of arranging different sensors effectively and efficiently within the same space,

belonging to the same measurement system.

5.1.1. Simulations of Differential Measurement Alternatives

For the simulations, it was decided to use resonators that have slightly different
resonance frequencies, as was the case for [211]. SSRR type sensors were used in
simulations, where their gap regions were loaded with semi-spherical dielectric loads,
as done in Section 3.1.1. Once again, different electric permittivities were assigned to
these dielectric loads. Specifically, one of the resonators was loaded with a dielectric
of e, of 80, whereas the other resonator was loaded with only a slightly higher ¢,,
the maximum being 90. This is done as such since the electric permittivity of liquid
solutions tend not to be very different than that of the pure water. Excitation was
done with monopoole or dipole antenna pairs for different cases. Directions mentioned

in the following Subsections are based on the following definitions:

(i) x axis is the direction in which electromagnetic transmission between two anten-
nas occurs.
(ii) y axis is in plane with the antennas, but is perpendicular to x axis.

(iii) z axis is perpendicular to the antenna and resonator planes.

5.1.1.1. Stacking Resonators in x Axis. In this approach, two resonators are placed

one after the other in x direction, in simulation environment. In other words, both
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resonators are between an antenna pair coupled to each other. This scheme causes
an increase in antenna separation. Monopole antennas are used in signal excitation
since they tolerate antenna separation better based on previous simulations. Simulated
model and the results are shown in Figure 5.1. The response to the said resonator
types to differential dielectric loads are shown in Figures 5.1. S5 magnitude plot shows
two resonance dips associated with two resonators of different f, values. Changing
dielectric load of only one resonator does not affect the resonance characteristics of

the other. Their f; difference has a sensitivity to dielectric changes of 5.1 MHz.
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Figure 5.1. S5; magnitude vs. frequency of double SSRRs stacked in x direction
(top), its simulation model (bottom let), and difference of fy of both SSRRs at

different load permittivites (bottom right).

5.1.1.2. Stacking Resonators in vy Axis. Here, two resonators are be placed so that

their substrates make contact in the y direction. Different from the previous case, this
does not affect the antenna separation. Dipole and monopole antennas may both be
utilized for such a configuration, However, the former would be more advantageous,

since it would be possible to drive the resonators in a truly symmetrical fashion.
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Stacking two SSRRs in y direction in a monopole antenna excitation scenario will cause
one of them to be placed further away from the ground plane, disrupting symmetry.
Dipole antenna excitation of a SSRR pair and results of this arrangement are presented
in Figure 5.2. In this arrangement, we see that fy of the reference resonator (the one
with static dielectric loading) is affected by the change in the the electric permittivity
of the other dielectric loading. This shows that the resonators are coupled too closely
to each other to interfere with each other’s readings. Even though this is an undesirable
outcome, it is still possible to perform a differential measurement based on the outputs

of both resonator pairs.
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Figure 5.2. S5; magnitude vs. frequency of double SSRRs stacked in y direction
(top), its simulation model (bottom let), and difference of fy of both SSRRs at

different load permittivites (bottom right).

5.1.1.3. Stacking Resonators in z Axis. The third possible way to arrange two res-

onators in a measurement scheme is when they are placed on top of each other, sep-
arated by a substrate. This scheme can again be excited efficiently with monopole

antennas. This provides the most compact differential measurement setup. Simula-
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tion results and the relevant model are shown in 5.3 where the substrate separating
both resonators were hidden from the view for clarity. Differential measurement per-
formance is not satisfactory, since the difference of resonator outputs remained station-
ary for small changes in €,. This indicates that there is even higher coupling present

between dielectric loads of opposite resonators, rendering the scheme useless.
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Figure 5.3. S3; magnitude vs. frequency of double SSRRs stacked in Z direction
(top), its simulation model (bottom let), and difference of f; of both SSRRs at

different load permittivites (bottom right).

5.1.2. Implementation, Measurement, and Results

Simulation results obtained in the previous section suggests that transmission
measurement based differential measurement approaches are better suited to stacking
resonators in x direction. This can be done via excitation the resonators with a pair
of monopole antennas, as mentioned above. It should be noted that this requires an
increase in separation between the antennas, requiring an alteration in the current

measurement setup.
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Standardizing maximum sizes associated with substrates on which antenna strips
and resonators are patterned, which are 30 mm x 30 mm and 40 mm X 4 mm,
respectively, it is possible to design a versatile setup platform. Incorporation of a
holder is desirable, since SRR based sensing is often affected by displacements. That
is why a planar structure allowing application of various differential measurement
approaches and steady placement of resonator and antenna structures were designed.
Drawn pieces of the holder and an example of use with a monopole antenna pair is

shown in Figure 5.4.

Figure 5.4. Computer aided design of the holder structure (left) and its use after

fabrication with a pair of monopole antennas (right).

A new set of resonators in accordance with the dimensional limits were designed
to be used in the measurements with simulated resonant frequencies at 2 GHz. The
designs were fabricated on 0.035 mm copper coated FR4 structures of 1.6 mm thickness
with acid etching PCB fabrication procedure. The resonators were fabricated mostly
in identical pairs, even though the simulations were done with resonators with slight
fo discrepancies. This decision was made based on the fact that even if the differ-
ences between two resonators would be minor, their responses to changes in physical
quantities would be different. This in turn would decrease the effectiveness of the
differential measurement. Following the fabrication of the resonators, reservoirs cut
from acrylate blocks with laser cutters were placed in their gap regions and were fixed
with commercial adhesives. Care was taken to ensure that identical resonator pairs

were loaded with the reservoir in an identical manner.
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Glucose solutions of different concentrations were added to the reservoir via a
micropipette, without using enzymes. Using identical resonators in these schemes have
the disadvantage that when the resonance dips on the Sy, are too close to each other,
they collapse into one resonance dip that is not easily resolvable into two different
signals. To be able to track signals separately, the measurement was done so that the
measuring resonator was loaded with the solution, while the reference resonator was
kept unloaded. Different ways of implementing differential measurement approaches

were experimentally tried. These are presented in below:

5.1.2.1. Stacking in x Direction. This approach is one of the ones tried in simulation

environment. Two identical resonators were placed side by side between two monopole
antennas. This configuration has reduced complexity, but may sacrifice slightly from
symmetry since transmission occurs from one antenna to the other, and the resonator
distances from transmitting and receiving antennas are different. Tracking is done via
measurement of Sy, parameters, which are loaded by two different resonators. The
measurement setup is shown in Figure 5.5 along with the measurement results. The
linear fit to absolute differences between the fys of both resonators had R? = 0.86.
Increased distance of antennas themselves and the distance between antennas and

resonators may potentially reduce sensor performance in such a scheme.

5.1.2.2. Stacking in y Direction. This is the second approach that was tested in the

simulation environment. Here, the resonators are placed back to back and are excited
by a pair of dipole antennas. It was desired to keep resonators slightly apart to reduce
the effect of cross-coupling. Therefore, a different holder structure was used for this
part. Measurement setup and results are shown in Figure 5.6. Results indicate that
cross-coupling is still an issue, as the resonance frequency of the reference resonator
seemed to have shifted by a significant factor during the measurement. It should
be noted that the actual sensitivity is even lower for data points related to non-zero
concentration values. Moreover, the difference data had very low linearity with the

trendline fit resulting in R? = 0.67.
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5.1.2.3. Splitting Both Ports. This is a step away from the simulated cases in an

attempt to try a new approach. Seeing that cross-coupling and increasing antenna
distances have affects on differential measurement, it is aimed to isolate the resonators
and measurements from each other. T'wo identical setups implemented on two identi-
cal holders were used for this configuration. Setups were placed in significant distance
from each other. To maintain the ability to measure signals from both resonators
simultaneously with a single VNA having two ports, signals had to be split and com-

bined, since we need four ports to measure two Ss; from two resonators.

In order to do this, radio frequency splitter/combiner tools were used. The
transmitting port of the network analyzer was split into two paths with an RF split-
ter/combiner (Mini Circuits ZFSC-2-372-S+, rated bandwidth at 3.7 GHz) and the
receiving ports are combined with a rat race coupler rated at 11 GHz. Measurement
results are presented in Figure 5.7. Resonators being off-frequency from the rated val-
ues and also imperfect efficiency of the introduced RF elements caused losses, resulting
in low s associated with the measuring resonator. Despite this, it is seen that reading
linearity is still low, with trendline fit having R? = 0.77. Use of couplers specifically

designed for this setup may increase this performance further.

5.1.2.4. Splitting the Transmission Port. This is a hybrid approach, where only one

port of the VNA is split into two paths with the RF splitter/combiner used above.
There is only one receiver port, common to both sensors. While there is still @) loss
due to splitting of transmission path, this approach can reduce the complexity and
setup size of the full split approach. Moreover it is possible to maintain simultane-
ous measurement capability and keep cross-coupling low. The measurement setup is

presented in Figure 5.8.

Cross-coupling immunity and symmetry of operation can be tested with placing
only one resonator at a time, and comparing the resonance characteristics with the
case where both resonators are present. As shown in Figure 5.9, having only one

resonator (denoted as resonator A and B) in place and having both resonators present
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Figure 5.8. Setup for split transmission port differential measurement.

in setup creates a small difference of fy. This can be in part related to measurement
errors caused by reduced @) of the system. Swapping the places of the resonators do

not cause a change in fy, confirming system symmetry.
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Figure 5.9. S5 spectra measured with split port differential measurement setup for a
pair of identical resonators (denoted A and B) when only one resonator is present

(left) and when both of them are present in both possible arrangements (right).

Following this step, instead of concentrated reservoirs placed on the gap, long,
channel shaped reservoirs were cut from acrylate using the laser cutter. These were

then fixed on the surface of a newly designed pair of resonators manually using com-
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mercial adhesives. Resonant frequencies of structure pairs before and after the channel
incorporation is given in Figure 5.10 [212]. It was seen that the channel addition low-
ers the fy by around 60 Mhz for each case while reducing the quality factor as well.
Otherwise, resonance characteristics of individual resonators of the same pair are in

good agreement with the highest error rate being 1.0 %.
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Figure 5.10. Resonant frequencies of bare resonators and resonators with long

reservoirs used in the tests, from [212].

Basic sensitivity to dielectric loading is observed by applying DI water of different
volumes to the channel of the measuring resonator. Similar to the examples above,
the reference resonator was kept empty. The results are presented in Figure 5.11 [212].
It is interesting to note that when there is no loading, both resonators contribute to a
higher Q factor, which is lowered by about 16 dB when both resonances are split. There
is also a small difference between the f, values before and after splitting. Nevertheless,
the characteristics of the reference resonator is not responding to the volumetric load
change in the measuring resonator. Increased volume of dielectric loading is shifting

the fy of the measuring resonator to lower frequencies, as expected.

Differential measurement of glucose concentration was performed with transmis-

sion splitting approach as well. The concentration range of the applied glucose was
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Figure 5.11. Shift of fy with DI water loading of different volumes, as presented

in [212].

reduced to be limited by the pataphysiological levels. Solution was applied to measur-
ing reservoir with a micropipette, while reference sensor was kept unloaded again. fy
changes of both sensors and their absolute difference are presented in Figure 5.12 [212].
A correlation to shift in fj of the measuring sensor is visible. On the other hand, shift
of fy of the reference resonator is more random and seemingly unaffected by changes in
glucose concentration. A line fit to difference data, which is the actual sensor output,
shows an increased linearity (R* = 0.905). Sensitivity derived from this system was

34.72 MHz/mgmL~".
5.1.3. Discussion on Differential Measurement Applications

It is seen that different approaches to differential measurement can be adopted
with certain benefits. Transmission port splitting offers a compromise that addresses
the aims of this measurement scheme well. The approach provides symmetry, si-
multaneous measurement and allows antenna transmission with reduced losses. The
approach made it possible for the measurement of smaller changes in glucose concen-

trations in aqueous solutions with high sensitivity. This being said, the noisy nature of
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Figure 5.12. Split transmission port fy shifts for the reference and measuring

resonators and their absolute differences as the sensor output, from [212].

transmission measurement can still sometimes pose problems. Moreover, necessity to
include a ground plane while working with monopole antennas still causes an increase
in system size. It is desirable to have a planar system at hand to fully exploit the

compactness potential of the SRR structures.

Nevertheless, transmission port splitting approach demonstrated in this sec-
tion was one of earlier cases of the use of differential measurement with SRRs to
increase measurement repeatability and was published in [212]. Differential measure-
ment propositions for planar and fully symmetric sensor systems were proposed at
similar times and after. Rectangular SRRs coupled to a microstrip splitter/combiner
configuration demonstrated in [213] for differential liquid characterization can be used
for this purpose. It should be noted that the use of splitters can cause loss in cou-
pling efficiency and reduced quality factors in responses of individual sensors. One
way to address this issue is to use multiple identical SRR structures loading a single
transmission line in a symmetrical manner as exemplified in [214]. Here, a pair of iden-
tical rectangular double SRR structures are loading a transmission line on its either
sides, where one is acting as a reference and the other is performing the measurement.

Even though the SRRs are more closely placed they still can perform in an uncoupled
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manner. A way to increase measurement efficiency in an envisioned versatile sensor
platform can be the incorporation of a multitude of resonators to a single measurement
system to achieve multi-band measurement or to cover a wider range of the frequency

spectrum, such as the ones described in [215,216].

5.2. Loop Antennas and Reflection Measurement

Excitation of the resonators so far was done by the use of monopole antennas. As
discussed above, these have the disadvantage of including a ground plane perpendicular
to the resonator plane. For a truly planar measurement scheme, other excitation
alternatives can be considered. Arguably the most promising one is the loop antenna.
It has the advantages of being fully planar and size-effective. They dont require any
ground planes or additional metallization and can be easily coupled to SRR structures,

which are in essence loop structures themselves.

Using a loop antenna per resonator, it is possible to perform reflection measure-
ments. In this scheme the SRR, absorbing the electromagnetic energy at its specific
resonance frequency, will create a dip in the reflection (S11) spectra of the antenna.
Reflection measurements requiring a single port contributes to reduced size and cost-
effectiveness. Moreover, reflection spectrum of an antenna tends to be significantly
freer of noise. One potential interference could be the one occurring with the an-
tenna’s own resonance. However, designing an SRR at an f; remaining below the
resonance of a loop antenna is trivial. A sample simulation case is presented in Figure
5.13, where dielectric load induced changes in resonance characteristics of an SRR
placed at the center of a loop antenna is shown. According to the simulations, highest
sensitivity to dielectric changes are obtained when the SSRR is located at the center

and oriented so that its gap is turned away from the port of the loop antenna.

It is also quite convenient to perform differential measurements using a VNA with
loop antennas since two ports of the VNA can simply be tracking two reflection spectra,
namely S, and S5, from two separate antennas coupled to two separate resonators. A

simple version of this is demonstrated in Figure 5.14. In this scheme, the antennas and
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Figure 5.13. Simulated S;; spectra of an SRR with 2 GHz nominal fj, loaded with

different dielectric media, coupled to a 2.5 GHz loop antenna.

resonators can be placed at any distance without the concern of transmission power
loss. With the advantages they present they are promising candidates to be applied
in SRR based sensing platforms.

Figure 5.14. Measurement setup for the differential reflection measurement with loop

antennas.

5.3. Incorporation of Microfluidics

Recently, considerable effort was devoted to the development of sensor systems
incorporating microfluidic elements for a wide range of fields, including environmental

analysis, food monitoring, security, forensics, and healthcare [217-223]. Healthcare
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applications are particularly interesting since microfluidic lab-on-chip (LOC) platforms
that can undertake basic diagnosis and detection of biomolecules have the potential to
replace conventional laboratory-based systems. Such systems can be operated by the
non-expert and can be easily distributed [224,225]. Multiplexed microfluidic designs
can handle sensing of various samples or analytes in short time [226]. They have
the advantage of working with low amounts of sample volumes, while consuming low
power [227]. All these make them promising for development of cost-effective and
portable sensors, addressing to cases where access to conventional and costly sensing

methods are rather limited.

Many of the microfluidic LOC sensors demonstrated in the literature have trans-
ducers relying on electrochemical, optical, or mechanical interactions [223, 225, 228
236]. Despite their effectiveness, these approaches can introduce certain restrictions to
the system [237]. Conventional electrochemical and mechanical methods require con-
tact with the sensors and thus are invasive [115,238]. In contrast, optical transduction
is often costly and may require additional steps such as labeling, increasing complex-
ity [106]. In this sense, systems using SRR sensors and microfluidic elements together
are being studied in order to bring the best of both worlds together [1,104,105,107]:
SRRs can provide portable, noninvasive, and cost-effective transducer alternatives to
microfluidics, whereas microfluidics can help solve the sample confinement issue to in-
crease measurement linearity and repeatability. Even though bare SRR sensor designs
may be sufficient for development of some skin contact based systems, SRR sensor sys-
tems relying on characterization of liquid samples are likely to integrate microfluidic

elements on them because of this.

Motivated by this, studies where microchannels are integrated to SRR and mi-
crowave glucose sensors have been demonstrated in literature with microfluidic ele-
ments formed of polymethyl methacrylate or [239] polytetrafluoroethylene [178] tubes,
and microfabricated PDMS microchannels [114, 200, 240, 241]. In terms of distribu-
tion of sample over the capacitive regions of the resonator, use of microfabricated
channels provide an opportunity with CSRR sensors, since their shape can be ma-

nipulated to follow the slit in conductor comprising the complementary resonator as
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applied in [240,241]. SRR based glucose sensor systems developed for differential or
multi-band measurement methods have also been incorporating microfluidic elements

lately [209, 215,242, 243).

This section describes the addition of microfluidic elements to the SRR sensor

structure for the benefit of increased sensor performance.

5.3.1. Initial Fabrication and Measurements

As part of the initial experiments, some ready-made microchannel structures fab-
ricated in the Department of Nanoscience and Nanoengineering of Istanbul Technical
University were used. Microchannels were made of PDMS material and were bonded
on 1.1 mm thick soda lime glass substrates. For the fabrication of the microchannels,
conventional optical lithography processes were used to create a master mold for cast-
ing of PDMS. Two layers of SU-8 3050 negative photoresist were spin-coated with an
equal thickness of 100 um to achieve a total thickness of 200 ym. PDMS was then cast
on this mold and then cured and sliced. Substrates were placed in a vacuum oven at
50 °C for 15 minutes to achieve a stable plasma activated bonding. Fabricated sample
microchannels that were used in the work described in this part are shown in Figure

5.15.

The resonators were designed as SSRR structures, with fy at 2 GHz, coupled
to loop antennas fabricated on the same FR4 substrate via acid etching method.
Dimensions of a single SSRR and loop antenna pair and their simulated resonance
characteristics are shown in Figure 5.16 [57]. Fixing of microchannels was done with
simple methods. The differential measurement scheme based on reflection tracking
with loop antennas that is used in the experiments is schematized in Figure 5.17 [57].
For measurements using glucose solutions, a concentration range of 1.4 mgmL~" - 3.0
mg mL~! was used. Liquid samples were applied with a syringe connected to a Teflon
tube to measuring the channels. Glucose measurements were performed four times at

each concentration level.
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Figure 5.15. Four pairs of microchannels obtained for experiments. Top left right
pair was to used in the subsequently presented results since it lets through a higher

sample volume.

O

Figure 5.16. Geometric dimensions of a single SSRR loop antenna pair (left), their

simulated h fields (middle), and surface currents (right) at resonance, as presented

in [57].
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Figure 5.17. Elements of microfluidic differential measurement structure, as

presented in [57].

As first part of the measurements, dielectric loading of different types were per-
formed to either resonator. Reflection measurements obtained with bare resonators,
resonators with PDMS microchannels placed on them, and when these channels are
filled with DI water are presented in Figure 5.18 [57]. Following the fabrication, res-
onators had an fy that is in line with the analytical model and close to each other.
As the electric permittivity increases due to dielectric loading, fy shifts to lower fre-
quencies, as expected. Due to imperfections related to channel placement, amount of

fo shift related to the placement of the channel showed some discrepancy.

Following the first step, response to glucose solutions of various concentrations
were observed. Averages of the observed shifts from the f; measured before loading
at each glucose concentration level are shown in Figure 5.19 [57]. Error bars show the
minimum and maximum error ranges. It can be seen that the reference sensor also
has a random shift response, despite being unloaded. This shift pattern seems to be
repeated in the measurement sensor output as well, pointing to a background signal
coupling to measurements. The sensor output, which is the difference between these
two signals, is suppressing this background signal and attains a signal of high linearity,
with the trendline fit having R? = 0.9. Based on the slope of the trendline, obtained
sensitivity is 0.92 MHz/mgmL .
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5.3.2. Discussion on Microfluidic Integrated SRR Sensor

In the work described above, resonators coupled to loop antennas were tested for
sensing of glucose in aqueous solutions. Reflection measurements provided VNA read-
ings with clearer spectra, making sensitivity measurements more precise. A differential
measurement scheme is applied. Results of this study, which were published in [57],
indicate a good performance of the differential measurement approach, providing high

linearity of the output.

This device can be improved further by direct incorporation of microchannels to
the resonator substrates. In the present case, the PDMS microchannels were bonded
on glass substrates, which in turn then placed on FR4 resonator substrates. This
introduces an additional dielectric between the sensor and the analyte, which can
potentially reduce sensitivity. Potential incorporation of the biosensitive elements in
the future can be done with more ease with the use of other materials. That is why,
an improved iteration of this design will be presented in the following, fabricated using

materials highly compatible with conventional biosensor designs.

5.4. Gold SRRs on Glass Substrates with PDMS Microchannels

Bonding of PDMS type microchannels can be performed on glass substrates as
shown in the previous section. In order to achieve a direct integration of PDMS mi-
crochannels with resonators can thus be performed via fabrication of SRR resonators
on glass substrates directly. As the conductive part to form the resonator and antenna
elements, it was decided to use gold. Gold and glass are both agreeable materials of
choice in fabrication of biosensor systems due to their functionalizability. Addition-
ally, gold is quite inert in macroscales, remaining unaffected from chemical reactions.
Moreover they are compatible with conventional clean room fabrication techniques.
Dimensions of the designed system and the cross-section showing its layers are drawn

in Figure 5.20 [244].
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Figure 5.20. Geometric dimensions of the designed gold SRR on glass substrate

sensor system, from [244].

5.4.1. Fabrication of Resonators and Microchannels

Fabrication steps of the sensor components are summarized in Figure 5.21. After
cleaning of the glass substrates with isopropyl alcohol, acetone, and DI water, they
were treated with TI PRIME to promote photoresist adhesion. TI PRIME was spin
coated on the substrate at 4000 rpm for 45 seconds and then was baked at 110 °C for
two minutes. After this step, AZ5214 photoresist was also spun at 4000 rpm for 50
seconds and was baked at 120 °C for five minutes. Ultraviolet (UV) light was applied
(dose = 40, separation = 60, exposure = 1100) through an ink pattern printed on
acetate paper, acting as a photolithography mask. A second UV exposure was applied
followed by a reverse bake of 120 °C for another two minutes. The sample was then
developed for 90 seconds. Following these steps, the substrate was placed in chamber
for sputtering of 10 nm Cr, acting as an adhesion promoter, and 300 nm of Au. This
was followed by a conventional lift off process, where the photoresist parts were etched
and the desired conductive patterns, which include the pair of resonators and loop

antennas, were formed on the glass.
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Figure 5.21. Fabrication of the gold SRR on glass substrate sensor system. Spin
coating of photoresist on surface treated substrate (a). UV exposure and etching of
the photoresist (b). Cr (10 nm) and Au (300 nm) deposition (c¢). Photoresist removal
(d). Spin coating of SU-8 on substrate (e). Formation of mold via photolitography
patterning (f). Pouring, degassing, and curing of PDMS and curing agent mixture on
mold (g). Slicing and puncturing (h). Alignment and bonding of microchannels (i).
Redrawn from [244].
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PDMS microchannels were fabricated via mold casting of PDMS in liquid form.
The mold itself was made via photolithography patterning of 200 pm thick SU-8 3050
negative photoresist. Microchannels themselves have 1 mm width and 10 mm length.
This thickness was achieved by two consecutive spin coating of the material, as ex-
plained in the previous Section. PDMS material and the glass substrate were bonded
together with a plasma activation process. It is possible to couple the microchannels
to the resonators in a variety of ways. In order to obtain the highest sensitivity to
dielectric changes, simulated responses to dielectric loads, having the electrical charac-
teristics of DI water and the shape of the microchannel, placed on different locations
on sensor surface in different orientations were compared. The results shown in Figure
5.22 indicate that for highest sensitivity, the microchannel should be placed in a trans-
verse orientation to SRR gap so that it passes through midway of the gap/conductor
interface. This is in agreement with the theory as described in Section 2.3. Bond-
ing of the microchannels to the substrate was done in accordance to this. Before the
bonding of plasma activated PDMS and glass substrates, a droplet of methanol was
added in between to create a sliding layer for alignment of the microchannels to the
sensors. Identical alignment of microchannels on individual resonators were aimed for
better differential measurement performance. The microchannels were positioned so

that they cross the gap of the resonator in a transverse manner.

One SMA connector was bonded to each of the loop antenna ports to provide the
conductive connection to the VNA (Rohde & Schwarz - ZVB4). In order to prevent the
solder contact from mechanical loading that may occur, solder contacts were sealed in
epoxy. To provide further mechanical stability to the sensor system and the cables, 3D
printed holder structures were used in measurements as well. Two additional holders
were also added to support the connection cables in an attempt to reduce mechanical
stress due to the cable weights as well. Sensor system and related holder elements are

shown in Figure 5.23.
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C=118.7 MHz
D =105.9 MHz
B =102.7 MHz
E=64.6 MHz
A=3.7 MHz

Figure 5.22. Simulated fy shift due to a dielectric load in the shape of the

microchannel in different orientations and positions, demonstrating the dielectric

sensitivity of the sensor in different cases. Black rectangle frame showing orientation

of the microchannel is not to scale.

Figure 5.23. Microchannel integrated resonators with soldered SMA connectors and

their holder structures.
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5.4.2. Experimental Setup and Results

Via the SMA connectors, the resonators were connected to the VNA. Using
two ports of the VNA, simultaneous tracking of the reflection spectra were measured
for both sensors. Even though it is possible to achieve stable bonding with plasma
activation, PDMS microchannels are prone to separation from glass surface if too
much pressure is applied on them. That is why the samples needed be applied to
microchannels in a slow and controlled manner. As a solution, syringes used for
sample injection were used with 3D stage based structures. These stages allow for
millimetric adjustment of position and thus using them makes it possible to control
the syringes with higher precision. Syringes were connected to the microchannels via
Teflon tubes with 0.5 mm diameter. Liquid sample injection was carried on until the
microchannel was fully loaded with the material. After this point, the injection was
stopped until the recordings were carried out, which were made 10 seconds following

the full loading of the microchannel. The overall setup is shown in Figure 5.24 [244].

Reflection measurements were carried out first with the dielectric loading condi-
tions, results of which are demonstrated in Figure 5.25. Both unloaded sensors have
fo of 1.74 GHz, shifting to 1.45 GHz after microchannels were loaded with DI water.
While both sensors achieve a good fy parity, their @ is different, which may be related
to the sputterer being off-calibration, yielding varying metal thicknesses across the
substrate. @ for the measuring sensor is as high as 124, even with the PDMS mi-
crochannel integrated on it. It should be noted that 300 nm thickness of Au is lower
than the skin depth relevant to the operation frequencies, which varies between 1.68
pm and 1.95 pym. This actually increases resistive losses and potentially reduces the

quality factor.

Following this, aqueous solutions of glucose in concentration range of 3.2 mM
- 16.1 mM were applied to the measuring sensor microchannel. Three measurements
at each concentration values were recorded. Figure 5.26 shows the averages of mea-
surements for both the measuring and reference sensor. Data marked with red color

indicates the difference between two readings, instead of the difference of shifts as
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Figure 5.24. Entire measurement setup of gold SRR on glass substrates sensor

system, as shown in [244].

93



94

s11 | s22 (dB)

—&— Meas. Empty

204 —*—Meas. DI

—A— Ref. Empty
Ref. DI

-25 T T T T T T T T T T T
1.3 1.4 1.5 1.6 1.7 1.8 1.9

Frequency (GHz)

Figure 5.25. S1; and S, as measured belonging to sensors integrated with
microchannels when they are empty and when they are loaded with DI water.

Measuring sensor attains a () = 124 while unloaded. Redrawn from [244].

was presented in previous sensing tests. Error bars indicate the standard deviation of
measurements, with worst case measurement error falling from 3 MHz of the previous
microchannel integrated sensor design to 1.2 MHz in this one. Added trendlines show
a significant improvement in measurement linearity when differential measurement
approach is used since measurement sensor trendline fit has R? = 0.48 whereas the
difference trendline fit has R? = 0.96. Based on the fit to difference data, sensitivity

to glucose concentration of the design is 0.16 MHz/mM.
5.5. Discussion on Gold SRR on Glass Substrate Sensors

In this part, a loop antenna excited SRR based sensing system incorporating
microfluidic channels and employing a differential measurement approach, fabricated
with materials compatible with biosensing applications was presented. Simulation and
fabrication steps can be performed with conventional methods. In its improved form,

the sensor system is able to reject background noises and improve measurement lin-
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Figure 5.26. Measured fy of the measuring and reference sensors of the improved

design, and their differences at different glucose concentrations, as presented in [244].

earity and repeatability. High () obtained has also a significant contribution to this

and the detection limit, since a sharper resonance characteristic is good for better

resolution of smaller fy changes. Obtained sensitivity is in the order of similar sen-

sor approaches investigated in the literature [200]. Use of loop antennas for reading

makes it possible to design a fully planar system with a contactless reading potential.

Microfluidic channels can be now in direct contact with the sample. This is important

for future applications, where biospeceific elements can be immobilized on the sensor

surface to allow fully selective sensing of glucose. Material choice of gold and glass are

also in alignment with this vision, since there are examples of immobilization of GOx,

an enzyme specific to glucose, on glass or gold substrates [245-248|.
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6. CONCLUSION AND FUTURE WORK

In this thesis, development of an SRR based sensor aiming to detect glucose
concentrations in aqueous solutions was presented. After a relevant literature review
and theoretical study, exploratory work was performed to demonstrate sensing poten-
tial with SRR structures. This was carried out to the point where one of the earliest
glucose specific SRR based sensor in the literature was demonstrated. For specificity,
GOx enzyme was used. The enzyme was immobilized on the sensor surface with a
PEDOT:PSS polymer matrix. Due to conductive nature of the polymer, the sensitive
gap region of the resonator could not be utilized. To hold the liquid samples, a cost-
effective laser-cut polymer reservoir in the shape of the resonator was used. Specificity
was demonstrated via a comparison of the sensor response to other reagents as well,

namely fructose, sucrose, and NaCl.

This design was later improved in steps. A second resonator was added to the
system so that differential measurements can be carried out. In such a scheme, one
of the resonators act as a reference and measure the background signal, whereas the
measuring resonator perform the whole measurement. Difference of their outputs is
the actual sensor output and to a large degree can suppress the background signal.
Monopole antenna excitation was then abandoned in favor of loop antennas, since
they allow fully planar designs while not incorporating any ground planes, allowing

for more effective contactless measurement schemes.

To contain liquid samples more effectively and to demonstrate the potential
of SRR based sensors in the growing field of microfluidics and LOC applications,
microfluidic channels were then incorporated to the system in development. The initial
example used microchannels fabricated separately and then manually added to the
system. This was further developed by fabrication of microchannels along with the
sensors and direct bonding of them to sensor surfaces, owing to the fact that new
sensor materials allowing it. Improved sensor was demonstrated to be competent in

sensing of glucose in aqueous solutions, achieving improved linearity and sensitivity.
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Work done until this point demonstrated the feasibility of sensing of reagents
in aqueous solutions with SRR based sensors, which are cost-effective, portable, and
easy to use. The basic biosensor design and conceptual improvements were published
[57,203,208,212,244]. Still there is room for improvement still in sensor sensitivity,

precision, specificity, and particularly interfacing.

6.1. Current State and Future Work

Recent developments in research of SRR based sensing of glucose looks par-
ticularly promising for the contact-based detection of glucose levels with SRRs. In
a remarkable study, a portable device, complete with readout electronics and inter-
face [249], for noninvasive monitoring of blood glucose detected through a contact with
the tongue of the patient was demonstrated and tested on 352 individuals [250]. The
sensor is the basic rectangular SRR structure coupled to readout ports. This being
said, even though the relationship between the sensor output and blood glucose level
obtained from reference readings are coherent, the effect of other biological compo-
nents may have interfered with the reading. Final sensor design presented in this work
can also be improved with added specificity, since it does not incorporate any specific
elements targeting glucose. In fact, there still is a limited corpus of SRR based glucose

sensors in the literature that claim reagent specificity.

In a recent example, an enzyme-free glucose-specific SRR based sensor using on
phenylboronic acid (PBA) hydrogel is presented [251]. Sensor system is formed of a
pair of rectangular SRRs, sandwiching the PBA layer, which swells or deswells based
on its reversible binding to sugar molecules. Both binding activity changing the dielec-
tric and the change in physical distance between SRRs due to swelling could contribute
to the shift in resonance frequency. Due to the sensor being responsive to reagents
such as galactose and fructose as well, the selectivity problem is addressed only par-
tially. Nevertheless, this approach can pose an interesting alternative to enzymatic
solutions, since it does not suffer from shorter lifetimes associated with enzyme degra-
dation. Materials chosen for the finalized design are compatible with functionalization

processes used for immobilization of biospecific elements [252].
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Currently, SRR based sensor readings are often being done with VNA equipment,
which inherently defines the bandwidth and limit of detection. These devices are also
often costly and bulky. A truly portable SRR based sensor will require interfacing with
electronic microsystem, of which few examples exist [250]. An approach to address the
need for an electronic readout system was presented in [192]. Here, it is suggested that
by making the frequency selective elements that are SRRs part of a positive feedback
loop, it was possible to devise oscillators providing signals of the selected frequency.
In these forms, processing of resonator outputs can be done in less complex electronic

environments, helping SRR based sensors to achieve their true potential.
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