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The Ph.D. thesis focuses on the interdisciplinary research of advanced
materials for the development of biosensors with multiple domain
interrogation capabilities for the detection of biomolecules and pathogens,
namely, Lyme borreliosis spirochetes, Borrelia burgdorferi s.I. The strategy
for biosensor fabrication is based on an optical fiber whose surface is coated
by precisely tailored nanostructured thin films by means of low-temperature
plasma. The thesis demonstrates that an indium tin oxide (ITO) thin film,
deposited by magnetron sputtering onto the optical fiber surface, can serve as
an effective transducer for electrochemical and optical measurements. The
optical interrogation is based on the measurement of the refractive index
utilizing lossy-mode resonance (LMR) phenomena, while the electrochemical
interrogation is performed mostly by cyclic voltammetry. It is shown that the
optimal design of the active surface on an optical fiber enables simultaneous
(in time and in situ) optical and electrochemical interrogation of liquids and
detection of biological complexes, including markers of Lyme borreliosis
pathogens.
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PREFACE

This Ph.D. thesis deals with the research of new and advanced materials that
have application potential in the biosensor area with the motivation to develop
nanostructured coatings that might be suitable for fast, cheap, and label-free
detection of pathogens. Especially for the prevention of epidemic outbreaks,
novel approaches are sought that enable the detection and monitoring of
pathogens. Fast screening tests, with easy manipulation and quick response,
are highly appreciated nowadays. In addition to this, sensor sensitivity and
selectivity are the most critical properties in the effort to eliminate false
results, errors, and inaccuracies. For that reason, current research focuses on
sensors with multiple interrogations that combine different domains of
sensing; for example, sensors that combine electrochemical detection with
surface plasmon resonance [1] or UV/VIS [2] have been reported.

The ultimate challenge of this thesis is to develop a dual-domain
electrochemically and optically active sensor for the detection of biomolecules
and pathogens. For example, Lyme borreliosis, caused by Borrelia
burgdorferi sl. spirochetes, is one of the most widespread infectious zoonotic
diseases in the Czech Republic as well as worldwide [3]. Chronic disabling
symptoms, caused often by rather expensive and complex diagnostics, are a
typical complication of treatment resulting in permanent harm or even life-
threatening emergencies for the patient. Hence, the development of fast and
inexpensive biosensors for Lyme borreliosis or other neglected or
(re)emerging diseases such as tick-borne encephalitis virus, dengue virus,
Zika virus, or pathogens causing onchocerciasis represents the main objective
of this thesis. It presents interdisciplinary research on the frontier of material
and biomedical science that has been carried out over the past four years.

The practical approach of the thesis is the development of the strategy for the
fabrication of optical fiber-based sensors with simultaneous electrochemical
and optical interrogation of an analyte. It is shown in the thesis that the
deposition of a highly tailored, nanostructured, and functionalized thin film
onto the surface of the optical fiber results in an active transducer that enables
in situ and in time electrochemical and optical detection with possible cross-
verification of the achieved results. Cross sensitivity eliminates false results
that can be caused by many factors (temperature, impurities, limited
sensitivity and range, nonspecific bindings, and many others). The indium tin
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oxide (ITO) film, deposited by a low-temperature plasma on the optical fiber,
serves as a thin electrically conductive ‘coat’ that enables propagation of
optical phenomena known as lossy mode resonance (LMR). The fiber
equipped with a functional ITO-LMR coat serves as a working electrode in a
cyclic voltammetry compartment (electrochemical detection domain) and
simultaneously allows measurement of the modulation of the LMR shift
(optical detection domain). The thesis demonstrates that careful tailoring of
the ITO properties (its physical and chemical features) determines both the
electrochemical and optical interrogation that is needed for the detection.

The thesis is logically divided into two parts. The first part of the thesis is in
the form of a literary review that aims at the introduction of nanostructured
surfaces and their application in bioscience, the justification of PVD methods
for sensor fabrication, and the introduction to the physics of LMR and
electrochemistry as analytical tools for the investigation of liquids. This
introduction reviews the current state of research with projection to the topic
of the Ph.D. thesis; fabrication of multi-interrogation sensors for the detection
of biocomplexes.

The second part of the thesis is devoted to actual research and consists of
published results that were achieved in the framework of the Ph.D. thesis. For
the sake of clarity, there are three sections: (i) research devoted to sensor
fabrication technology and procedure and characterization of thin functional
films, (ii) investigation of nanostructured ITO for simultaneous LMR and
electrochemical interrogation of an analyte, and (iii) bioactivation of the
fabricated sensors for the selective detection of biomolecules, e.g., drugs and
proteins, or pathogens, where Borrelia burgdorferi was selected as an
exemplary organism to be detected. These main research results are presented
in articles that have already been published in journals with an impact factor;
see the list of publications and the author’s contributions shown previously.




THEORETICAL SECTION




Theoretical section

I.  Nanostructured Surface Science for Life and Health Care

With advances in the field of material
physics in recent decades, new methods
for the modification of material
properties have emerged.
Nanostructured surfaces with
dimensions in the range of 100 nm are
highly interesting for science and
industry, as they reveal novel properties
of the matter. Nanostructured surfaces
S can typically be produced as laterally
Fig. 1. Reduced nanostructured homogeneous films, ultrathin 2D atom
graphene oxide and Fe;Os .
compound used as an active aggregates called (nano)islands and/or
electrode [4]. nanoparticles (of 10 to 100 nm size)
incorporated into the material matrix or
deposited directly on a flat substrate [5]. The most fundamental characteristics
of nanostructures are represented by (i) a high surface area to volume ratio and
(ii) unique physical and chemical features. The ability to tailor surface
parameters such as surface geometry, building block size, chemical or
physical properties, e.g., optical and electrical properties [6], opens new ways
for various and unique applications in many areas of human activity [7], for
example, optics, electronics, catalysis, medicine, etc.

The major profit of nanostructured surfaces is attributed to their large effective
area, for a particular example see Fig. 1, which can be exceptionally valuable
for surface functionalization by, e.g., graft-rich amine (—NH), hydroxyl
(-OH), or carboxyl (-COOH) functional groups [8]. Such chemically or
physically active surfaces enable reactions with surrounding media. For
example, the mentioned functional groups allow immobilization of, for
example, biomolecules on the surface [9], which is often the key principle for
detection. Therefore, the possibility of modifying the surface in these ways
provides an opportunity for the development of new sensors, biocell
separation methods, biochips, and many other goals [10]. Although there are
numerous advantages of nanostructured surfaces [7], the following theoretical
introduction will focus primarily on physical and chemical surface




modifications with the possibility of subsequent immobilization of
biomolecules, which have application potential in biosensor technology.

Nanostructures for (Bio)Detectors

Nanostructured surfaces that serve as sensor transducers are highly
appreciated because of (i) the large effective area, which can significantly
increase their sensitivity, and (ii) the possibility of variable functionalization
by active chemical grafts (natural, linkers, antibodies, etc.) that improve the
sensor selectivity. The following examples of successfully detectable
substances illustrate the versatility and great detection potential of
nanostructured transducers:

e metabolites and signaling molecules [11],
e proteins [12, 13],
e pathogens [14].

Advances in the research of nanostructured surfaces have led to the
development and production of sensors for label-free detection. Such
biosensors are highly valuable for fast detection of pathogens during outbreaks
or even bioweapon attacks [15] and bring advances in the so-called point of
care testing (POCT). For example, a form of electrochemical immunoassay
was developed, which can be used as cheap one-use detectors [16]. Another
great example is a cheap electrochemical detector for the estimation of glucose
concentration in blood [17]. The advantages of such POCT detectors are their
usually low cost together with the possibility of being operated by staff
without higher professional education, e.g., nurses, laboratory assistants, or
even patients themselves. This is another reason to seek new easy-to-use
detectors. More attention is also paid to the development of quick diagnostic
tools for emergency departments, biodefense, sensors for bacteria resistant to
antibiotics, quick diagnostics of central nervous system infections, emerging
infections, etc. [18]. The development of simply operable sensors designated
for POCT is especially important when it comes to the detection of metabolites
and signaling molecules that have low stability and degrade over time [19].

Recently developed polymer materials with active chemical grafts are gaining
popularity as promising materials for biosensors, too. Some synthetic
antibodies are also polymer-based, for example, iBodies, where polymers
serve as a base support to which specific inhibitors together with an affinity
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Theoretical section

anchor and an imaging probe are attached [20]. As an example of a backbone,
N-(2-hydroxypropyl)methacrylamide (HPMA) can be mentioned [21], see
Fig. 2. The advantage of HPMA lies in the possibility to be attached to the
sensor surface with another material by, for instance, the polyelectrolyte
multilayer method [22].

r el g gbeqiogis
Q o, { 2 i

® @

Fluorophore Affinity anchor Targeting ligand

Fig. 2. Schematic structure of iBody [21].

Another approach to sensor development is the usage of optical detection
methods, for example, modification of ELISA [23]. This implements an
optical fiber with a sensing area covered by an immobilized aptamer or
antibody, as shown in Fig. 3. The antibody is immobilized onto the
functionalized surface, leading to the formation of a sensing biolayer. Once
the specific biomolecule is interacting with the antibody, modulation of the
optical signal traveling through the fiber is induced. Any other nonspecific
biomolecules presented in the complex matrix will not bind to the receptor of
the sensing layer, and thus will not generate any change in the optical signal.
It was reported that it is possible to detect the corresponding antigen precisely
and quickly, for instance, Bacillus anthracis spores [24]. However, a wide
range of other applications are available for detection, including pathogens
[25] or pesticides [26].

Immobilization of larger macromolecules, such as proteins and enzymes, is
also possible and used in sensor techniques [27]. For example, a recombinant
cholinesterase for detection and also decontamination of organophosphorous
compounds which include chemical warfare agents [28] or microbial enzymes
haloalkane dehalogenases (HLDs) can be utilized as a biosensor for the
detection of halogenated hydrocarbons (known dangerous pollutants) [29].




Fig. 4 illustrates a concept of biosensors for the monitoring of halogenated
hydrocarbons. It is based on an optical fiber with the tip covered by
immobilized HLD and a fluorescence pH indicator. The conversion of
halogenated hydrocarbons modifies the pH in the vicinity of the sensor,
causing a change in the intensity of the detected fluorescence signal [29]. Such
a biosensor was successfully applied for the detection of several important
halogenated pollutants under laboratory conditions as well as in field
trials [30].

Fig. 3. Schematic illustration of the detection by an optical fiber coated with
a functionalized nanostructured overlay [23].

R-X

Fig. 4. Fiber-optic biosensor composed of purified enzyme haloalkane
dehalogenase (HLD) and fluorescence pH indicator 5(6)-carboxyfluorescein
conjugated with bovine serum albumin (BSA) [29].

In addition to a well-adjusted transducer, it is also important to attain efficient
binding and grafting of the detected complexes onto the transducer surface.
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There are numerous concepts for biocomplex grafting, e.g., covalent bonding,
cross-linking, entrapment, microencapsulation, and adsorption [31]. Covalent
bonding represents the strongest and most frequently used immobilization
method for biosensors. It involves a suitable bond between the attached
biomolecule and the functional group at the surface of the sensor. Such
functional groups can be present on the surface naturally or can be introduced
to the surface using chemical methods. For example, 3-triethoxysilylpropyl
succinic anhydride (TESPSA) and aminopropyl-triethoxysilane (APTES) can
be used for the introduction of carboxyl (-COOH) and amine (—-NH2) groups,
respectively [31-33]. However, as shown in the following chapters, plasma-
assisted deposition and plasma surface treatment provide the possibility of
producing graft-rich surfaces that might serve as sensor transducers that
convert biochemical signals to signals that can be processed by a
corresponding measurement device, i.e., optical or electric/electronic signals.

This very brief resume demonstrates that tailoring of functional surfaces opens
a large field of possibilities that might be utilized for various detecting and
sensing applications. Mentioned literature references confirmed that chemical
grafts created on the surfaces, together with their optimized morphology and
chemical composition, enable efficient immobilization of biosubstances. This
thesis focuses primarily on the development of a complex strategy for the
fabrication of highly tailored sensor transducers with multiple interrogation
capabilities, sufficient sensitivity, and selectivity for the detection of
biomolecules and, e.g., Lyme borreliosis pathogens. The concept of the
developed sensor is based on an optical fiber, covered by novel functionalized
surfaces, resulting in an advanced type of opto-electrochemical sensor.
Practically, the sensor is made of a conventional and commercially available
optical fiber, which is coated by a suitable functional thin film by means of
low-temperature plasma-assisted deposition.




Il.  Low-Temperature Plasma-Assisted Deposition of Functional
Films

There exists a wide spectrum of methods suitable for the fabrication of
nanostructured surfaces. Among wet chemistry, electrochemical deposition,
and lithography, plasma-assisted deposition is a promising tool [7]. The low-
temperature plasma is an ionized gas that contains charged particles, i.e.,
electrons, positive and negative ions, and neutral atoms [34]. Due to the unique
properties of ionized gases, the low-temperature plasma enables the deposition
of novel materials, advanced thin films, and nanostructures [34]. Hence, low-
temperature plasma is a well-suited candidate for the deposition of highly
tailored and functionalized films serving as sensor transducers.

Despite being in a gaseous state, due to the presence of free charge carriers,
the plasma is electrically conductive. For plasma with ion density n;
significantly lower than the density of neutrals n,, the conductivity o greatly
depends on the plasma ionization degree ¢ = n;/(n; + n, ) and is given by
equation (1) where e is the elementary charge, n. = n; is the electron density,
7. denotes the mean free time of flight of electrons between collisions with
atoms, and m, represents the electron mass [34].

2
€ NT

o = e-e (1)
me

The already mentioned equilibria criterion n, = n; defines another important
feature of plasma state: its electrical quasi-neutrality, i.e., the fact that the
plasma is electrically neutral in spite of containing free and energetic positive
and negative particles. If an external electric field is applied, e.g., stationary
charge Q is inserted, the quasi-neutrality of the plasma is disturbed so that
particles carrying the opposite charge are attracted to the inserted charge while
the particle with the opposite polarity are repelled.

Such behavior results in the shielding effect of the inserted charge and
exponential decay of the inserted potential ¢ with distance r [34] according
to equation (2), where ¢, is the unshielded potential of the inserted charge Q,
&o IS the vacuum permittivity.
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The parameter Ap is called Debye length [34] and is given by equation (3)
where kg is Boltzmann constant, T, and T; are the electron and ion
temperatures, respectively and Z is the oxidation number of ions.

EOkBTe

o = e?n, (1 + Z%) ®)

Low-temperature plasma discharges generated in a laboratory are typically
electrically driven. Here, a mean Kinetic energy Ey of the charged particles is
conveniently controlled by an electric field applied between the electrodes,
i.e., is determined by an accelerating voltage U, as expressed by equation (4).

3
Ex = sksTe = eU 4)

It is common to express T, in eV units (1 eV = 11600 K given by the ratio of
e/kg [34]). Charged particles, namely, fast electrons, can carry rather high
energies (up to 10 eV per particle) while the total energy of the plasma bulk is
low (sometimes characterized by room temperature) [34, 35]. Since the
ionization coefficient is rather low (o < 1), the majority of particles in the
plasma bulk are low-energetic. For this reason, these discharges are called as
low-temperature.

However, the energetic species presented in the discharge (electrons, ions,
excited species, metastables, radicals, photons, etc.) can initiate physical
changes or chemical reactions that can occur only with difficulty or not at all
in ordinary chemical processes. Given these benefits, low-temperature plasma
is frequently used in different ways for the deposition of thin films or to
support the modification of bulk surfaces. Current research has clearly proved
that low-temperature plasma is a promising tool for the fabrication of
nanostructured surfaces, as well as the introduction of surface functional
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groups, such as amine (—NH2), hydroxyl (-OH), or carboxyl (-COOH)
groups [34].

Fig. 5 schematically shows a simple capacitively coupled electrical discharge.
It consists of two parallel conducting plates or electrodes placed in a low-
pressure environment. Upon applying a breakdown voltage between the
electrodes, the gas becomes ionized and forms plasma through the collisions
of neutral particles with free electrons accelerated by the electric field. As
pointed above, the density of the created plasma is usually small, and only a
fraction of the neutral gas atoms/molecules is ionized, i.e., weakly ionized
plasma [36, 37].

Electrode

+ ¢

“) -

—

Fig. 5. Left: a simplified discharge scheme [36]. Right: a photo of RF
discharge.

Magnetron Sputtering for Deposition of Nanostructured Surfaces

Physical Vapour Deposition (PVD) is the most common plasma-assisted
deposition technique. PVD processes typically employ a planar magnetron or
hollow cathode sputtering [37]. These sputtering concepts dominate in the
PVD of thin films [38]. The magnetron sputtering was used in the frame of
this thesis for the deposition of thin films, which, once coated onto an optical
fiber core, serves as sensor transducers. For that reason, a detailed description
of the magnetron sputtering phenomena follows. Other sputtering techniques
can be found elsewhere [34, 36].

The magnetron is a versatile device for the production of plasma and the
deposition of thin films. Compared to the former method of diode sputtering,
magnetron can be operated at reduced pressure (0.1 — 10 Pa), mitigates film
contamination, reduces unwanted substrate heating, and is able to provide
higher deposition rates in a typical range of 1-100 nm/min [34]. The basic
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principle is sputtering of the cathode made of the material to be deposited
(later will be explained that in our case the compound target of ITO was used).
The ejected cathode atoms subsequently condense on a substrate, forming a
thin film. The magnetron sputtering is used in many fields of application for
the preparation of a wide variety of thin films including metal (Ti, Cu, Ag, Au,
etc.), metal oxides (TiOx, ZnOy, etc.), metal nitrides (TiNx, ZrNy, etc.), or even
polymers (PFTE, C:H:N:O) [34, 37, 39, 40].

From a technical point of view, the magnetron is a diode sputtering source that
implements additional magnets installed behind the sputtering target, see
Fig. 6. The magnetic circuit forms a magnetic field (at least locally) parallel
to the cathode to form an electron trap E x B [34], as shown in Fig. 6. Any
particle with charge g and mass m moving with velocity # in an electric E and
a magnetic B fields is influenced by Lorentz force according to equation (5).

dv

mo = q(E + 7 x B) ®)

In the case of the magnetron, the electric and magnetic fields are locally
perpendicular, which results in drifting of the charged particles in a direction
perpendicular to both fields with drifting velocity v given by equation (6).

E XB
W= (6)

It is worth noting that drift velocity is charge- and mass-independent and is
given solely by electric and magnetic fields. As a result, electrons and ions
drift with the same speed and direction. This, together with electron gyration,
prolongs the total electron trajectory and therefore increases the probability of
ionization [34], see Fig. 6 (left). Hence, the magnetic field enhances the
density of electrons in front of the target surface. The enhanced electron
density increases the probability of their inelastic collisions with neutral gas
atoms (typically Ar), triggering the following reaction e + Ar — Ar" + e +e.

Positive ions (Ar®), not affected by a rather weak magnetic field, are
accelerated toward the cathode, impinging it with the energy gained by the
cathode potential fall. The acceleration of impacting ions in the cathodic
region is usually sufficient enough to initiate a sputtering of the target atoms.
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The production of the Ar* is the most intensive in E 1 B area, which well
corresponds with the well-pronounced target erosion area, see Fig. 6.
Sputtered atoms condensate on the substrate forming a thin film.

[Substrate with a growing film|

)

Sputtered species|
lg . g X eJonised gas
‘ Neutral gas

- Free electrons

Fig. 6. Left: scheme of a circular planar magnetron. Lines with arrows
represent the magnetic field. Right: photo of a magnetron discharge with a

visible torus of intensive plasma indicating ELB trap where Ar* ions are
produced.

Advanced Pulsed Magnetron Sputtering for Tailoring of Film
Properties

Magnetrons can be driven by Direct Current (DC), pulsed DC, or Radio
Frequency (RF) power which together with the installed magnet assembly

makes the E x B fields necessary for efficient sputtering [34]. Lately, High-
Power Impulse Magnetron Sputtering (HiPIMS), which belongs to the family
of High Power Pulsed techniques (HiPPS), has been introduced [41]. This new
trend has been widely and intensively explored in the last decade. HiPPS
systems are driven in a DC pulse modulated regime operated at low repetition
frequency (f ~ 100 Hz) and small duty cycle (To/T ~ 1-5 %) to achieve high
power density within a pulse [42]. Here it is worth reminding that very high
instantaneous energy is attained in the pulse, while the mean power averaged
over a period is about two orders of magnitude lower and comparable to
conventional DC sputtering discharges [43]. The HiPIMS discharge typically
operates with current densities of up to 3 —4 A/cm?, a cathode voltage of up
to 2000 V, peak power densities in the range of 0.5 — 10 kW/cm?, and the duty
cycle in arange of 0.5 -5 % [41, 43].

From the experimental point of view, the HiPIMS arrangement is identical to
conventional DC magnetron sputtering except for the power supply unit. The
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basic scheme of the HiPPS circuit is shown in Fig. 7. Here the DC power
supply V; feeds the capacity serving as an energy storage. The energy is
described by equation (7), where C is the storage capacitance and 1/ is the
peak voltage on the capacitors [42].

Ee = ~cv2 ™

2
For this reason, HiPIMS unit requires a large bank of capacitors to store a
greater amount of energy that can be released into the discharge once the
transistor switch S opens the path for exciting the plasma pulse. The transistor
switch is typically controlled by the external TTL triger signal feeding the
transistor base, see Fig. 7. The inductance L is placed in the circuit between
the switch S and the cathode to protect the transistor from high current surge,
and it also helps to reduce the occurrence of unwanted arcs in the discharge.
This is given by the fact that the current Ip, growing at the beginning of the
pulse, induces a voltage V; across the inductor that has orientation opposing
the current change, see equation (8) [42].

dlp

Vi= -4 L (8
With this arrangement, the peak power reaches up to several kW within the
pulses with frequencies in the range of 50 — 5000 Hz and must be generated
by the power supply with average powers around 100 W — 1 kW, having arc
suppression [41, 43]. High instantaneous power results in the production of
dense plasma with a large fraction of ionized sputtered material [44],
significantly higher than in conventional DC magnetron sputtering where the
particles sputtered from the target are mostly neutral [43]. For that reason, the
HiPPS has become an established technique for ionized physical vapor
deposition and has begun to be implemented in industrial applications [43].
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Fig. 7. The very basic schematic of the HiPPS circuit. C — a large bank of
capacitors; Vz — DC power supply; Vc — the peak voltage on the capacitors;

S — switching transistor; L — inductance; V; — induced voltage; Ip —
discharge current; Vp — voltage in the pulse; C — cathode; A —anode. The
opening and closing of the switch are usually controlled by a TTL generator
[42].

The high fraction of ionized sputtered species is proportional to the electron
density and the electron temperature, as both factors increase the probability
of ionization [42]. In other words, the intensive HiPIMS discharges with high
electron density can reach a high fraction of sputtered atom ionization. The
level of sputtered atom ionization was reported to be in the range of about
10 — 90 % with higher values for pressures < 2.0 Pa and higher discharge peak
current densities, only weakly depending on the sputtered material. It is worth
reminding that in DC magnetron discharges the ionization fraction is usually
< 1% [42]. An enhanced ionization degree of the sputtered vapor is desirable
because the ion flux to the substrate usually improves the quality of the
growing film. Therefore, the ionization fraction is another parameter that
enables control of the properties of the deposition process and the thin film
properties. Depending on the sputtered material, HIPIMS can bring several

advantages to the growth and formation of the thin film:

e surface roughness [43, 45],

e higher density [43, 45, 46],

e controllable crystallography [43, 47],

e changes in phase composition [46, 47],

e improvements in microstructural properties [43, 45, 46],
¢ higher hardness [43],

e improved adhesion [43, 45, 46].
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In summary, the HiPIMS deposition system provides a wider spectrum of
tunable control parameters compared to conventional DC and RF modes, e.g.,
pulse frequency, pulse width, and duty cycle, which play a role in the
formation of the growing film. This represents significant advantages for the
deposition of highly tailored thin films that need to be optimized for particular
applications, e.g., for sensing and detection.

However, PVD methods allow the deposition of not only metal-based films
but also plasma polymers. Typically, RF sputtering of polymeric materials in
inert gas or its own fragmented polymer vapors is used [48]. An example of
the polymer prepared by magnetron sputtering is depicted in Fig. 8.
Furthermore, amino-rich coatings were prepared by sputtering of nylon in
reactive Ar/Nz and N2/H2 atmosphere [40].

Optimized input parameters and experimental conditions of the PVVD process
allow tailoring of film properties and surface morphology. For example, it has
been reported that HiPIMS preferentially produces dense and homogeneous
films [43, 45, 46]. Additionally, in the case of plasma polymers, smooth or
nanostructured surfaces may both be produced depending on the actual
process parameters [49]. Since surface morphology influences biological
processes, including protein adsorption, cell behavior, blood-contacting
properties, and bacterial adhesion, the possibility of depositing nanostructured
films is of great importance for biosensing [50].

0 nm

1 Hdm 1um

Fig. 8. SEM image (left) and AFM image (right) of superhydrophobic
nanostructured fluorocarbon plasma polymer film prepared by RF
sputtering of PTFE target at high pressure [39].

An alternative to continuous films is metal nanoparticles, that is, aggregates
of atoms on the size scale of 10-100 nm. The plasma-based technologies allow
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the formation of different metal nanoparticles (e.g., Cu, Ti, Pt, Si, Ag, Co,
Au [51, 52]) and nanocomposites consisting of metal nanoparticles [5].
Besides it, plasma polymerization of nanoparticles produced by gas
aggregation in the Ar/n-hexane atmosphere was presented [53]. By input
process parameters, the amount of the metal in a film, i.e., the filling factor,
can be controlled to tailor its electrical and optical properties [54].
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Fig. 9. a) Scheme of nanoparticle source, b) example of deposition Fe
nanoparticles with different shapes in dependence on deposition conditions
[55].

Fig. 9 shows a scheme of nanoparticle source and examples of the production
of Fe nanoparticles with different shapes depending on deposition
conditions [55]. It has already been reported that the size of formed
nanoparticles can be effectively controlled by pulsed sputtering [51] or by
pulsed gas delivery [56]. Isolated nanoparticles deposited onto the substrate
can further serve as preseeds of nanostructured surfaces such as columnar or

spiral structures or helical nanorods [57, 58].

In conclusion, low-temperature plasma offers a variety of methods suitable for
the preparation of nanostructured surfaces. Such surfaces have great potential
for biosensing applications. However, the development of any surface with
optimal properties is a challenging process because of a great variety of
deposition parameters that play a role in the final properties of the prepared
film. Therefore, the key factor for the production of any nanostructured
material is a detailed understanding of the film formation process. For the
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above reasons, PVD methods were used within the frame of this thesis for the
fabrication of nanostructured surfaces for biosensing applications.
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I11.  Nanostructured Functional Surfaces for Biosensing
Applications

Nanostructured films can be utilized as active surfaces for sensor transducers.
This thesis pays attention primarily to applications for biosensors whose
efficiency (sensitivity, selectivity, and cross-verification of the detection) can
be boosted by properly tailored nanodesigned surfaces.

This chapter explains the basic concept of the sensor which enables
simultaneous optical and electrochemical interrogation of an analyte and
which was developed in the framework of the thesis. The attention is focused
on detection methods based on optical signal modulation that occurs upon the
interaction of electromagnetic waves with a properly tailored functional
nanostructure; the mechanism of a transducer for analyte interrogation.

The concept of surface plasmon resonance (SPR) and its more advanced
derivative localized surface plasmon resonance (LSPR) are discussed.
However, the core topic is a recently discovered optical phenomenon of lossy
mode resonance (LMR) that resembles the previous two from the practical
point of view, even though it is different principally.

Furthermore, the electrochemical domain of interrogation will be introduced,
followed by its integration into lossy-mode resonance measurements. The
merging of the two principles results in the opto-electrochemical sensor for
the detection of biomolecules and pathogens.

Optical Interrogation: Refractometry for Detection

Surface Plasmon Resonance

Surface plasmon resonance (SPR) is a well-known phenomenon for the
detection of a wide family of compounds, including biocomplexes [59]. SPR
was first introduced as a detection method in the late 70s of the last century.
This technique is based on the detection of changes in the refractive index (RI)
in the vicinity of the sensor surface [59]. The sensor body needs to be made
of an optically transparent substrate which is covered by a thin metal film
(typically silver or gold) that serves as a reflection film for the light passing
through the substrate. At specific angles of incidence, a part of the light power
couples through the conductive film, where it creates a surface plasmon wave
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(SPW) propagating at the boundary between the external medium and the
metallic film [59]. The SPW must be TM polarized (Transverse Magnetic; the
magnetic vector is perpendicular to the direction of the surface plasma wave
propagation and parallel to the plane of the interface) [60]. The incident light
angle at which the SPW is generated is strongly influenced by the surrounding
refractive index.

Since the refractive index depends on the chemical composition of the analyte,
the association of biomolecules at the sensor surface induces substantial local
changes in the refractive index, and therefore it can be easily detected. Since
the 80s, SPR-based sensors have become familiar in science and are widely
used for gas detection and biosensing [61, 62]. This brief overview of the
physical principle of the SPR measurement represents a short but necessary
introduction to more advanced light modulation techniques and detection
concepts, namely, localized surface plasmon resonance (LSPR) and more
importantly lossy mode resonance (LMR) that represents the optical detection
domain of the sensor developed in the frame of this thesis.

Localized Surface Plasmon Resonance

Although SPR is an effective detection method, its efficiency can be improved
by implementing a nanostructured metal film instead of a homogeneous film.
The employment of metal nanostructures, such as nanoparticles or
nanoislands, leads to a phenomenon known as Localized Surface Plasmon
Resonance (LSPR). LSPR is based on the interaction of light with plasmons
of separated conductive nanoparticles, with a size smaller than the light
wavelength, immersed in a matrix of a dielectric material [63, 64]. Because of
nanoparticle separation, the continuous electron bands, which are typical for
regular homogeneous conductors, become discrete, and the usual SPR effect
starts to be strongly influenced by the nanoparticle size. The electric field of
light shifts the conductive electrons in the nanoparticles against the positively
charged core, which causes repulsive interaction. This principal effect results
in electron cloud oscillations at a specified resonance frequency. Conducting
oscillating electrons induces a surface wave (see Fig. 10 a) that leads to
accumulation of polarization charges on the nanoparticle surface [64-67]. This
phenomenon causes anomalous optical absorption [68]. Nanoparticles proved
to be very effective and sensitive transducers for even small changes in the
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local refractive index because of their enormously strong and highly localized
electromagnetic fields stimulated by LSPR. This is also the main advantage of
LSPR when compared to standard SPR. It is also important that the sensitivity
of the sensor can be tuned by the shape or size of the nanoparticles.

From a general point of view, there are two families of LSPR-based
sensors [69]:

1. refractive index sensors,
2. aggregation sensors.

The refractive index-based LSPR sensors have been briefly explained above.
The redshift of the LSPR spectrum is induced by a change in the refractive
index in the vicinity of the metal nanoparticles. Local refractive index changes
can result from, e.qg., the presence of biomolecules or their specific interaction
with the surrounding media. The shift in the LSPR spectrum, caused by the
immobilization of biomolecules on the active surface of the sensor, can be
measured by UV-VIS spectrophotometry; see Fig. 10 b) and c) [68].
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Fig. 10. a) Scheme of LSPR in nanoparticles with different shapes [68].
b) One of the possible experimental settings for the measurement of LSPR
optical spectroscopy [70]. ¢) Example of LSPR spectra before and after
specific binding of biomolecules [71].

The aggregation LSPR sensors are based on the fact that the LSPR spectrum
is also influenced by the shape and size of the nanoparticles and their relative
distance. When some of these parameters are altered, the color change of the
film can be induced. For instance, when the distance between two particles of
the metal decreases below the particle diameter, their resonance peak redshifts
because of the interaction of their electric fields. Thus, through biochemical
interactions, properly biofunctionalized nanoparticles can aggregate, resulting
in a color change that indicates the presence of the interaction [69].
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It could be deduced from the previous part that, for applicable LSPR sensors,
it is crucial to have functionalized nanoparticles for their ability to respond to
the presence of searched substances [69]. However, the situation can be more
complicated in the case of nanoparticles than in the case of continuous film.
For instance, amino groups may negatively affect the colloidal stability of
some nanoparticles because of induced oxidation [72]. The spectrum of
biomolecules that can be detected in a label-free approach is determined by
the choice of a suitable binding strategy of the transducer. For example, LSPR
was used in bioassays for the detection of heparin [73], glucose [74],
dipicolinic acid [75], lactate [76], pathogenic bacteria Salmonella
typhimurium and Escherichia coli [77], etc.

As shown in the previous part, plasma provides the possibility to deposit
nanostructured surfaces suitable for both SPR-based and LSPR-based
biosensors. In addition to the deposition of a sensor nanostructure onto a flat
prism, it is also possible to coat different shapes and objects such as optical
fibers. Generally, compared with the prism-based detection systems, the
optical fiber-based sensor provides many benefits: simplified and flexible
design, possibility of remote sensing, continuous analysis, in situ monitoring,
etc. [78, 79], see Fig. 11. The optical fiber-based LPSR sensors were already
used for the detection of more than a dozen proteins and a similar amount of
toxins [80]. It was theoretically [78] and experimentally [81] shown that for
the Indium Tin Oxide (ITO) matrix with metallic nanoparticles (Au, Ag, Cu),
the maximum sensitivity occurs for a 60 nm thick layer with fixed 20 nm
particle size. These properties of films and nanoparticles match well with the
deposition capabilities of low temperature plasma deposition techniques [34,
51, 82]. Another reason to use plasma coating methods is their capability to
deposit structures with grafts, e.g., amine and carboxyl groups [83, 40], for
immobilization of biomolecules, e.g., antibodies that consequently react with
the searched antigens.
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Fig. 11. Schematic of a possible approach for the optical fiber-based
biosensor demonstrating the utility of optical fibers for detection [84].
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Lossy-Mode Resonance

Another principle based on the nanostructured and functionalized surface is
Lossy-Mode Resonance (LMR). This recently developed method can be
considered, together with SPR and LSPR, as highly sensitive refractometry.
However, LMR-based sensors avoid the basic limitations typical for SPR and
LSPR sensors:

o utilization of plasmonic and usually noble metals (Au, Ag),
o necessity of optical polarizers to observe the resonance effect [85].

The LMR is based on attenuation of particular wavelengths of the incident
light propagated in the high-refractive-index layer of a certain thickness
deposited onto a transparent substrate. This phenomenon is caused by a
coupling between waveguide modes in the substrate and specific lossy modes
propagated in the thin film [59]. This effect was observed for a wide number
of thin film materials, e.g.,, ITO, TiO2, In20s [86], poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA) [87] ZnO, etc. [88].

For the first time, Del Villar et al. [89] proposed the LMR phenomenon for
optical fiber-based sensing applications in 2010. In the design of a sensing
probe, the substrate, i.e., the optical fiber core, and deposited thin film material
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are the main factors that determine LMR. The optical fiber can be considered
as a suitable substrate primarily for its small size, wide range of operating
temperature, remote sensing capability, multiplexing capability, and immunity
to electromagnetic interference [59]. Although LMR is similar to the
phenomenon of SPR, the generation of surface plasmon waves leading to SPR
and lossy modes leading to LMR requires the fulfillment of completely
different material conditions of the thin film [59].

The necessary condition to guide lossy modes lies in the real part of the
electric permittivity of the coated film, which practically serves as a sensor
transducer. The permittivity of any material is expressed by equation (9)
where & and &' are its real and imaginary parts, respectively [59].

e = & +ig" 9)

Depending on the generated resonance phenomena, the materials for the thin
film, i.e., transducer, can be classified into two categories. LMR can occur if
the real part of permittivity € is positive, while the SPR can occur if the real
part of thin film permittivity is negative. In both cases, ¢’ of the film have to
be higher in magnitude than both its own imaginary part &” and the
permittivity of the external medium & [86].

Complex refractive index N is often a more convenient parameter for the
description of key material conditions for LMR. It can be estimated using
equation (10) where n and k denote the real and imaginary parts of the
refractive index, respectively, &. = e/gpand u, = u/uy are relative
permittivity and relative permeability, respectively, u represents permeability,
and ¢ and u, are vacuum permittivity and vacuum permeability,
respectively [90, 91].

I3
N =n+ik = Jeu = et (10)
€o Ho

For materials that are nonmagnetic at optical frequencies, i.e., 4, = 1 and
N = /g, real an imaginary parts of permittivity can be obtained through
equations (11) and (12) [91].
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g = (m*+ ke (11)
e" = 2nke, (12)

From the permittivity values &’ and &" the values of n and k& can be
retrospectively determined by equations (13) and (14).

el + ¢
n = /' | (13)
2¢,
le| — &'
k = (14)
2¢&g

In the above equations, |e| = v&'? + &% is a complex modulus of .
Relations (13) and (14) enable formulation of the material conditions for the
generation of SPR and LMR in terms of refractive index. Essentially, n has to
be relatively high, and k needs to be relatively low compared to n for LMR
generation.

Table 1 defines the different material conditions needed for the generation of
SPR and LMR in terms of permittivity ¢ and refractive index N for any
surrounding medium characterized by its permittivity & or refractive index Ns.
To highlight the principal differences, see Fig. 12, where the LMR and SPR
corresponding regions k vs. n are shown. Note that the graph considers a film
deposited on silica substrate with ng = 1.45 for its stable value across a wide
range of optical spectra, and that the film was surrounded by air [85].
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Table 1. LMR and SPR generating conditions [59, 85].

Resonance conditions Resonance conditions

. . Suitable
Resonance in terms of in terms of .
oo s P materials for
type permittivity refractive index thin film
e =g +ig" N = n+ik
e<0 k>n
, " metals,
S le ,| > |£, | & 2> (\/§2+ 1)271 semiconductors
€' > | k“ —n*>ng
g>0 k<n polymers,
LMR le'] > |e”| k<(V2—1)n  semiconductors,
&'l > les] n? — k2 > n2 dielectrics, etc.

k=(V2+1)n

=k

Im[N]

Re[N] =n

Fig. 12. Visualisation of LMR and SPR conditions in terms of refractive
index for substrate with n, = 1.45 [85].
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Similarly to the SPR, the phenomenon of LMR emerges as a substrate coated
by a thin film made of suitable materials is immersed in dielectric media of
higher refractive index (RI). Such conditions can induce a number of modes
called ‘lossy modes’ or ‘long-range guided modes’, which are channeled in
the thin film. Such lossy modes can be produced with both TE and TM
polarized light [59, 86, 92, 93].

A detailed mode analysis was reported and showed that if the thickness of the
thin film is increased, lossy modes cross the cutoff condition and start guiding
in the thin film, leaving the core of the fiber [94-96]. The coupling between a
specific lossy mode guided within the thin film and a waveguide mode is
determined by the film thickness. The coupling requires to fulfill two
conditions: (i) overlapping of mode fields and (ii) phase matching. To achieve
these conditions, the real parts of the waveguide mode and lossy-mode
propagation constants need to be equal.

To deeper understand the LMR phenomenon, the evolution of modal effective
index can be analyzed in the form of an evanescent wave given by equation
(15), where ng is the refractive index of the glass substrate (e.g., the optical
fiber core) and 6; is the incidence angle of the light [59].

Neff = N SiNG; (15)

As the evanescent field propagates through a low refractive index medium in
the direction of the y-axis, it is subjected to an exponential decay, as shown
by equation (16), where w is the angular frequency of the light, k;, = k;sin6
is an interface plane projection of the wave vector k; of the reflected wave,
see also Fig. 13 [90].

E(y, Z, t) X e_ayei(Cl)t—kiZZ) (16)

The parameter « is an attenuation coefficient given by equation (17) with
condition that n; > n, where n, and n, repsent the refractive indices of the
materials forming the interface in Fig. 13 [90].

A n,

2mn ny\?
a = 2\/(—1> sin?9; — 1 (17)
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The reverse value of the attenuation coefficient is the penetration depth
& = 1/a at which the field of the evanescent wave is decreased by a factor
of e. The penetration depth is then described by equation (18).

A

’ (18)
2m [nf . —nj

Equations (15) to (18) show that the effective index and the evanescent wave
can be modified by changing either the incident light wavelength or its
incidence angle. At particular wavelengths and incidence angles, the effective
index of lossy modes and the evanescent wave match. As a consequence, the
coupling between the lossy modes and the evanescent wave reaches a
maximum, enabling effective power transfer between the two materials. For a
particular thickness of the thin film, the LMR phenomenon is generated as a
consequence of this coupling, causing attenuation dips in the transmission
spectra [59].
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Fig. 13. Evanescent wave propagation through the low-refractive-index

material upon reflection of a plane wave with an incidence angle exceeding
the critical angle [90].
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The basic principle of LMR can
also be illustrated by the well-
known Kretschmann-Reather
configuration, as shown in
Fig. 14. The  Kretschmann Friem i)
configuration is the  most
prevalent attenuated total
reflection (ATR) method for

coupling of the modes guided in Thin film layer
the thin film coated on a prism Serniliig indis siant
surface and the waveguide wave

mode [97]. A light entering into
the prism bulk, incident with an
angle greater than the ATR angle, causes a generation of the evanescent wave
at the interface between the prism and the film.

Incident beam Reflected beam

Fig. 14. Kretschmann configuration [59].

The coupling between the lossy modes in the thin film and the evanescent
wave occurs under phase matching and mode field overlapping conditions,
resulting in the LMR phenomenon. If sufficient coupling between the thin film
modes and an evanescent wave exists, the energy from the waveguide modes
can be transferred to the lossy modes, leading to an intensity dip of the
reflected light. This dip in the normalized reflected power occurs at a
particular light wavelength or angle of incidence, see Fig. 15. These specific
wavelength and angle values are termed resonance wavelength (Zes) and
resonance angle (&tes), respectively [59].

LMR Based Sensing: Principles and Practice

The lossy mode resonance sensing can be in principle based on either angular
or wavelength interrogation. The angular interrogation is performed by
reflectance measurement of the prism-film interface utilizing various
incidence angles of the light with a fixed wavelength. In this configuration,
the reflectance reaches the minimum at the resonance angle (&es). The
resonance angle is generally sensitive to the surrounding medium refractive
index changes. Vice-versa, knowing the thickness and dielectric constant of
the film, the dielectric constant of the surrounding medium can be
estimated [59]. Alternatively, wavelength interrogation is performed by
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measuring the reflectance of prism-film interface utilizing various incidence
light wavelengths with the angle of incidence fixed. For wavelength
interrogation, a broadband light source is typically used for the production of
the incidence light beam. The specific wavelength, at which the minimum
reflectance is measured, is the lossy mode resonance wavelength (s) [59].

The detection usability of an LMR-
based sensor is determined by its
sensitivity and detection accuracy.
In an ideal case, the LMR sensor
would have both high sensitivity as
well as high detection accuracy. The
shift of the resonance dip with the
refractive index change of the
surrounding media determines the
sensitivity of the LMR sensor. It
means that the larger shift in the
Fig. 15. Shift of the reflection resonance angle or wavelength, the
spectra caused by a change of the o
surrounding medium refractive better sensitivity the LMR sensor
index from ns to ns + dhs [59]. provides.

Optical power

es Wavelength

The reflectance curves for two surrounding medium refractive indices, ns and
ns + &ns are shown in Fig. 15. These curves can be used to determine the s
or 4rs. The sensitivity can be then determined for the two techniques by
formulas (19) and (20) [59].

_ Seres . . e .
59 i (angular interrogation sensitivity) (19)
S
_ Slres . . e .
5,1 = sn. (wavelength interrogation sensitivity) (20)
S

The detection accuracy (DA) of an LMR sensor is defined by its ability to
determine the value of the resonance position precisely. Therefore, higher
accuracy enables the determination of the unknown surrounding medium
refractive index more precisely. Accuracy of detection is inversely
proportional to the full width at half maximum (FWHM) of the LMR dip. For
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that reason, a narrower resonance dip provides a higher level of measurement
precision [59].

From the sensitivity and detection accuracy, a figure of merit (FOM) can be
determined by equation (21), where S is the sensitivity of the interrogation
described by equations (19) and (20). The higher is the value of FOM, the
better is the performance of the sensor [98].

FOM = = S-DA

(21)
FWHM

These two parameters of an LMR-based sensor, i.e., sensitivity Sy, S; and
accuracy DA, is highly influenced by properties of the deposited thin film in
which the lossy modes are guided. For example, as shown by Del Villar et
al. [86], the sensitivity to changes in the surrounding refractive index can be
greatly increased by tuning the thickness of the film or its refractive index.
Although the higher orders of resonance are less affected by these changes,
they are still substantial, see Fig. 16. Hence, the proper selection and design
of thin-film material, its thickness, and optimization of the deposition
procedure seem to be crucial in the fabrication of the LMR sensor.

a) 1200 b) 1200
L]
. Jeosteese
o®
1000 s 1000
= 2"LMR —
2 . 2 1" LMR +*
& 800 - . & 800
L L]
> 600 A s > 6001
S .. ..-’ ‘S *
:E ] 3I'd LMR o". :E ..
3 400 . @ 400 - y
S . o S 2" LMR
. o th
v - ...-' 4" LMR v . ..’W
200 + 5" LMR 200 1, 3" LVR
o M .0. .M
0 T T T T T 0 l T T T T
0 200 400 600 800 1000 1200 15 16 17 1.8 19 20 21

Thickness (nm)

Coating ref index

Fig. 16. Variation of sensitivity to changes of the surrounding refractive
index depending on (a) thickness and (b) refractive index of the thin film

[86].
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Major advantages of LMR against the SPR/LSPR based devices are:

1. LMR does not require a specific polarization of light and can be
generated with both transverse electric (TE) and transverse magnetic
(TM) polarized light, though, the LMR spectra of the two light
polarizations may differ, depending on the sensor geometry [99]. SPR
phenomenon can be generated only by TM polarized light [59, 86, 92,
93].

2. LMR is supported by a significantly wider variety of materials that
fulfill the conditions mentioned in Table 1. Hence, expensive
plasmonic metals such as silver and gold in the case of SPR are not
required [87, 100-102].

3. Multiple LMR attenuation dips can be generated in the transmittance
spectra by increasing the film thickness. In the same manner, LMR
sensor sensitivity is optimizable by tailoring the properties of the
transducer, i.e., the film [59, 86, 103, 104].

From the practical point of view, the fabrication of the LMR sensor is less
complicated; the core of the optical fiber is coated with a thin film made of
LMR suitable material. Practically, there exist families of polymers,
semiconductors, and dielectrics that are promising candidates for LMR-
responding materials. Typically, TiO2 [100] is one of the most frequently used
plasma deposited materials [105] that fulfills the criteria for the LMR
propagation. Other suitable materials are indium oxide (In2O3) [101] or
polymers, e.g., poly(allylamine hydrochloride) (PAH) and poly(acrylic acid)
(PAA) [87, 102]. Indium Tin Oxide (ITO) is another LMR-suitable material
that was first used for LMR sensors [59] and is still used. ITO-based LMR
sensors have been already employed for successful detection of different
biosubstances such as isatin [106], immunoglobulin [107], thrombin [108].
Because of its advantages, ITO was employed also for the investigation
carried out in this thesis.

ITO for the Fabrication of LMR Sensor

The tailoring of the properties of the coating film, which serves as a transducer
for efficient detection of biomolecules and pathogens such as Lyme
borreliosis, is the main motivation and objective of this thesis. It will be shown
later that low-temperature plasma-assisted deposition has been employed for
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the preparation of a highly tailored indium tin oxide (ITO) thin film onto an
optical fiber core to fabricate the ITO-LMR sensor. The ITO-LMR provides
the optical domain of interrogation.

Indium doped tin oxide (ITO) is an optically transparent, chemically stable,
and electrically conductive oxide. It is a ternary compound, with varying
stoichiometry, with the contribution of indium, tin, and oxygen. It can either
be considered as a ceramic or alloy, depending on the oxygen content. ITO
with ratio In203/SnO2 90/10 is one of the most widely used compounds in the
thin film industry, having a melting point at 1800 °C and a density of
7.14 g/cm® [109]. Depending on the chemical composition and physical
properties, the color of ITO ranges from dark green or dark gray to pale yellow
with different levels of transparency [109].

Besides promising LMR properties, a large application potential of ITO is
determined by its electrical conductivity and optical transparency in the visible
range; for these properties, ITO belongs to a family of transparent conductive
oxides together with, e.g., F-doped SnO; (FTO) [110], ZnO [111], Al-doped
ZnO (AZO) [112], etc. The unique optical properties of ITO are given by its
relatively large band gap of about 3.5 - 4.3 eV [113] which well corresponds
to the energy of visible light. Therefore, it is mostly transparent in a range of
wavelengths from about 400 to 1000 nm with extinction coefficient k values
close to zero [114]. On the other hand, the ITO is opaque for the ultraviolet
(UV) spectral range of the light and for the near-infrared (NIR) and infrared
(IR) range of spectra, so the extinction coefficient k # 0 in the UV, NIR, and
IR [114]. The opacity in the UV range is a result of band-to-band absorption
when electrons in the valence band are excited to the conduction band. NIR
and IR absorption is caused by the presence of free charge carriers (electrons
in lower energetic states within the conduction band) which can be excited to
higher energetic states. The behavior of ITO is similar to that of metals in the
NIR and IR wavelength range where the absorption coefficient reaches its
maximum value [114].

Electrically, ITO is an n-type semiconductor. The low resistivity of ITO is
associated with two effects: (i) presence of donors or impurities providing
energetic states close to the conduction band of the host matrix (In.O3) formed
by chemical doping of Sn** into In®*" [115], (ii) vacancies caused by the
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absence of oxygen. Such oxygen vacancies, if present in the lattice, act as
doubly charged donors. On the other hand, it should be noted that oxygen
vacancies increase optical absorption [115].

Transparency . . .

0O; [sccm] 0 0.2 0.4 0.8 1.6 3.2

>

Fig. 17. Influence of O, on the optical transparency and color of ITO films
with identical thickness 350 nm against a white background. Ar flow was
100 sccm, pressure 0.5 Pa, RF sputtering (done in a frame of the Ph.D.
thesis).

For sensing applications, the ITO thin film can be prepared by reactive
magnetron sputtering [116]. Then the ITO properties can be easily modified
by optimization of deposition conditions such as process gas flow rates and
composition (see Fig. 17), sputtering power, energy flux toward the substrate,
annealing, deposition forwarded power, etc. [85, 86]. ITO was the first LMR-
promoting material investigated by Del Villar and his group [59]. An example
of the ITO dispersion curves is shown in Fig. 18 [89, 117]. It demonstrates
that ITO is a suitable material for LMR generation in the visible range, while
it is also suitable for SPR generation in the IR range; compare with the
conditions in Table 1. Moreover, it has already been proved that ITO-based
humidity [102] and pH [87] LMR sensors display sensitivity similar to that of
SPR-based devices.
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Fig. 18. Left: ITO dispersion curves [59]. Right: SEM cross-section image of
an optical fiber with ITO film deposited by magnetron sputtering (done in a
frame of the Ph.D. thesis).
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The wavelength interrogation is the most commonly used method in LMR
fiber sensing because multiple reflections occur from the fiber core. All light
rays undergo total internal reflection at the fiber-cladding interface if their
corresponding incidence angles are greater than the critical angle.
Consequently, the evanescent wave is generated and, under the previously
mentioned conditions, enables the coupling of the transition modes with the
modes in the thin (ITO) film. The critical angle 6. is determined by the
wavelength of light and by the numerical aperture (NA) of the fiber or by the
light acceptance angle y,,.x @S given by equation (22), where n,;y, Neore, and
Ncladding: aré refractive indices of air, fiber core, and fiber cladding,
respectively [59].

— : — — 2 2
NA = Nyir SN Ymax = MNcore COS ecr - \/ncore _ncladding (22)

T Sensitive region
= " Core AA
L oy

INPUT: External medium OUTPUT:
White light Lossy Mode Resonance
spectrum spectrum

Fig. 19. Scheme of an optical fiber-based LMR sensor. Part of the cladding
is removed and replaced by a thin ITO film with tailored properties. The
light ray propagates along the fiber core axis by the total reflection
principle. The LMR phenomenon results in the modulation of the signal and
the presence of the attenuation band in the output spectrum.

There exist cutoff conditions at which the attenuation reaches maximum. It
was shown in some previous studies [118] that the cutoff effect is determined
by the film thickness and can be tailored in this way. However, the generation
of LMR is also possible by introducing broadband spectra into the optical fiber
and observing the cutoff at a specific wavelength. The basic principle of this
sensor is illustrated in Fig. 19. Practically, a broadband light source is
connected at one end of the fiber. The light passes through the fiber core
without any noteworthy attenuation up to the detection region where the thin
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LMR-supporting film is deposited
onto the uncladded core, see Fig. 19.
At the detection region, the passing
light is modulated, as part of the
transmitted power is transferred into
the thin film, where it is propagated
in the form of the lossy modes. The
LMR modulated signal then exits
the optical fiber and enters the
detector, i.e., spectrograph. The

—_—

Resonance wavelength (A,..)

surrounding mediumRI — LMR phenomenon is expressed by

Fig. 20. The LMR calibration attenuation dip in the detected

curve illustrates the shift of the spectrum at a specific resonance

resonance wavelength with the wavelength (es). Because the value
change of the surrounding medium . . .

R, i.e., of the analyte [59]. of s IS Sensitive to the variations of

the surrounding medium refractive
index, the LMR phenomenon can be utilized in RI sensors [59]. Fig. 20 shows
the shift of the resonance wavelengths with a change in the refractive index of
the surrounding media, which provides the calibration curve for LMR sensors.

Introduction to Theoretical Modeling of LMR

Theoretical modeling of the LMR phenomenon utilizes the equation (23) that
enables calculation of the normalized transmitted power T of the LMR based
structure [59].

foamax feﬂ/z p(Q)RNref(e'a) (9, A)d@da

foamax f;/z p(6)doda

T(D) = (23)

In the above equation, a and «a,,,,, are skewness angle and its maximum value,
respectively, 8. = sin~!n./ngis a critical angle with n, and n, being
refractive indices of the fiber cladding and core, respectively, p(8) states for
optical power distribution of the light source, and R(6, 1) is the reflectance.
In the case of an optical fiber, the light is unpolarized, i.e., it consists of both
TE and TM polarizations, and R is given as an average of both Rz (6, 1) and
R (6, A) according to equation (24) [59].
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RNref(G,a)

Nye(6,a)
RNref(Q:a) (6’ A) — TE (9' A) + RTM (0, /1) (24)

2

To determine the effective power transmitted through the fiber, the reflectance
R (8, A) for asingle reflection has to be raised to the power of N..¢(8, @) which
represents the number of reflections of the specific ray propagating undergoes
at the core-cladding interface. This number of reflections N,.¢(6, a) is given
by equation (25) where L represents the active sensor length (the fiber core
part where cladding was removed and coated by ITO film, see Fig. 19), i.e.,
the sensing region, d is the fiber core diameter [59].

L

N R R—
ref(0, @) d tan 6 cos a

(25)

Table 2. Formulas typically used for the estimation of the optical power
distribution.
for diffuse or Lambertian light sources
such as LED [59, 89, 100, 104, 119]

for collimated sources such as laser

p(0) < kin3sin@ cos @

né sin O cos 0

p(0) y > focused onto the end face of optical fiber
(1 =S nO COS 8) [119_121]
(e—g)2 for Gaussian distribution in case of remote
p(B) xe 2w? sensing application [86, 87, 101, 121]

Table 2 presents formulas commonly used for the estimation of the optical
power distribution p(8) in the equation (23), here k, = 2m/A is the
propagation constant and W indicates the width of the Gaussian function.

Once the geometric properties (L, d, and film thickness) and material
properties (permittivities ¢ and refractive indices N) of the sensing structure
are measured or modeled, the reflectance R(6, 1) of the multilayer system can
be calculated and used to determine the transmitted power [86, 100],
employing the Fresnel equations. However, for multilayer geometries, it is
very difficult to calculate the overall reflection due to the sum of a large
number of reflections at multiple interfaces. Hence, the N-layer reflection
matrix method (or Transfer matrix method for a multilayer system) should be
used preferentially [104]. For more details on this method and LMR modeling,
see references [59, 89, 92, 100, 104, 119-122].
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Fig. 21 highlights the differences in the contributions of TE, TM, and TE+TM
modes for generated SPR and LMR illustrated on the transmission curves for
a thin ITO film [59, 89]. Fig. 21a) shows that the TE polarized light produces
only a single attenuation dip in the transmission spectrum localized in the
LMR’s spectral region. Yet, as shown in panel b) in the same figure, TM-
polarized light produces two attenuation dips appearing in two different
spectral regions [93]. Here, the first dip occurs in the visible part of the
spectrum and is attributed to LMR, while the second appears in the infrared
region and is attributed to the SPR effect. The results for the unpolarized light,
i.e., the combination of both TE and TM modes, are shown in Fig. 21c).
Hence, both TE and TM polarizations, as well as unpolarized light, can
generate the LMR phenomenon [59, 92, 101].

Another important feature of LMR is the possibility to shift and to generate
multiple LMR attenuations with increasing thickness of the thin film, as
shown in Fig. 22 a) and b). This is caused by the fact that the thicker film
allows propagation of additional modes in the film, resulting in the appearance
of multiple LMR dips without the need for any geometry or material
modification [89, 104].

In conclusion, the LMR phenomenon provides a novel expandable platform
for sensing and detection. Potential applications can range from industry
through environment monitoring to medicine, as in many fields, changes in
the investigated quantities are closely tied to the change in Rl detectable by
the LMR-based refractometers. For example, as shown in [88], LMR-based
sensors were successfully implemented for the measurement of quantities
such as voltage, temperature, relative humidity, pH, or for the detection and
concentration determination of H2S, H, and volatile organic compounds in a
gaseous environment. Moreover, LMR-based biosensors were successfully
implemented for the detection of anti-gliadin antibodies marking celiac
disease [123], C-reactive protein marking inflammation [124],
thrombin [108], H20. [125], etc. In summary, the advantages of LMR-based
sensors are inexpensivity, tunable performance, variable geometries, and
simpler complementary setup.
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Fig. 21. Transmission spectra of light of a) TE, b) TM, and ¢) TE+TM
polarization. The modelled length of sensing region = 3 cm, core
diameter = 200 um, NA = 0.22, thickness of ITO layer d = 100 nm, and
surrounding medium refractive index = 1.33 [59].
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Fig. 22. Multiple LMR generation by unpolarized light with ITO layer
thickness of a) d = 400 nm, b) d = 1200 nm. The modelled length of the
sensing region = 3 cm, core diameter = 200 um, numerical aperture
NA = 0.22, and surrounding medium refractive index SRI = 1.33 [59].
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Introduction of Electrochemistry for ITO-LMR-Based Sensors

Electrochemistry studies the interchange of chemical and electrical energy and
the transfer of electrons in oxidation-reduction (redox) reactions [126]. It
represents a family of methods with a wide variety of applications, such as
batteries, electrodeposition [127], electroplating [128] or
electropolishing [129], etc. However, in the framework of this thesis, the
primal interest is that electroanalytical chemistry provides powerful tools for
the qualitative as well as quantitative detection and analysis of compounds
from both inorganic and organic chemistry. Ultilizing its electrical
conductivity, the ITO film deposited on optical fiber could work not only as
an LMR sensor for refractometry but also as an active electrochemical
electrode.

Usually, electrochemical methods are based on the interaction of electrodes
immersed in an analyte, i.e., a solution with an investigated compound. The
transfer of electrons between the electrode surface and molecules in the
electrode surrounding is an essential process in electrochemical reactions.
This transfer may be accompanied by other events, e.g., atom or ion transfer,
but the net result is the electron transfer and hence a change in the oxidation
number of an element present in the solution [130]. The transfer of electrons
is governed by the Nernst equation (26), where E is the instantaneous potential
of the analyte, i.e., cell potential, E° is standard potential of the redox couple
(which contains qualitative information about reaction and analyte), R denotes
the gas constant, T represents solution temperature, n states the number of
electrons transferred in the reaction, F is Faraday’s constant and Q is the
reaction quotient given by the ratio of activities of products and
reactants [130].

E=E°-—InQ (26)

The activities of products and reactants, with the corresponding activity
coefficients y,, and y,, are in the reaction quotient usually approximated by
concentrations, in which case the standard potential E° is replaced by formal
potential Ef given by equation (27) [131]. Whenever the potential of the
electrode and the potential of the analyte are different, electron transfer occurs;
electron transfer can occur between the electrode and the analyte in a direction
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leading to reduction of the occurred potential difference and change of the
reaction quotient, i.e. the chemical composition of the analyte, in order to
equalize the electrode and cell potential [132].
EP = E° —’;—Tan—‘r’. 7

The Kkinetics of electrochemical processes can be significantly altered not only
by the analyte but also by the material and surface properties of the electrode
(grain size, crystal texture, presence of lattice defects and impurities, surface
roughness, and in the case of thin-film electrodes also film thickness, presence
of adsorbed material or functional groups and their chemical character) [133].
The electrode surface optimization represents the main aim of this thesis, i.e.,
preparation an ITO-coated optical fiber that can be employed as a working
electrode in the electrochemical compartment for simultaneous optical (LMR)
and electrochemical characterization of the analyte. From a practical point of
view, it brings the necessity of tailoring both the electrical and optical
properties of the ITO.

Electroanalytical methods usually employ two or three electrodes (working,
reference, and auxiliary electrodes) immersed in an analyte, together forming
an electrochemical cell, and a potentiostat that controls the electrical
interaction between the electrodes and the solution [134], see Fig. 23.
Although there are several different electrochemical methods used in
electroanalytical detection, linear sweep voltammetry and cyclic voltammetry
(CV) are the most widely used [135]. They are popular because of a relatively
simple underlying theory combined with robustness and a wide range of data
accessed [135]. The electrochemical methods are already well developed with
an accurate theory, and their common features are the usage of an
electrochemical cell, excellent sensitivity, and high accuracy. However, they
generally suffer from poor resolution and selectivity [136]. For that reason,
the multi-domain interrogation of electrochemical measurements integrated
with, e.g., optical methods, is highly appreciated in analytical chemistry.

Generally, in the voltammetry methods, the varying potential of a working
electrode (ITO-LMR structure in our case) immersed in a solution is
controlled by the potentiostat to induce a redox reaction at the electrode
surface. The rate of the redox reaction is proportional to the electrical current

41



Theoretical section

flowing through the electrode. The output of the measurement is a
voltammogram — a plot of the current flowing through the electrode versus the
potential of the electrode [136], see Fig. 23. In the case of the linear sweep
voltammetry, the measurement proceeds in a manner that the potential of the
electrode is swept between two potentials at a fixed rate. The current measured
in a solution can reach several local peaks whose positions provide qualitative
information about the reactants in the solution. Yet, at the same time, the
current amplitudes are directly proportional to the concentration of the
electroactive species, thus providing quantitative information [136].
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Fig. 23. Scheme of the typical arrangement of cyclic voltammetry. Left:
scheme of the tree electrode compartment [134]. Right: the output
voltammogram from cyclic voltammetry with the arrows indicating the
direction of the voltage sweep [137].

Cyclic Voltammetry for Electrochemical Domain of Interrogation

This chapter deals mostly with cyclic voltammetry (CV), which is more
relevant for the purpose of this thesis, the development and fabrication of a
multi-domain interrogating sensor simultaneously combining approaches of
LMR and electrochemistry, especially CV. Generally, cyclic voltammetry is
a method for investigating the electrochemical behavior of a system. The main
difference of CV from linear sweep voltammetry is that the potential
progression is inverted after reaching the maximum value of the potential, so
it returns to its initial value with a possibility of repeating the procedure in
multiple cycles. An example of the voltammogram produced by CV is shown
in Fig. 23. Consequently, the procedure includes both oxidation and reduction
processes on the electrode [138]. The cyclic voltammetry is considered to be
a nondestructive analytical method, since the monitored changes of the analyte
are closely localized at the electrode surface while the bulk of the analyte

42



remains at its original state [139]. As shown in Fig. 23, the potential of the
working electrode is controlled versus a reference electrode using a
potentiostat, which allows the current flow between the working and auxiliary
(counter) electrodes. The current of the reference electrode is negligible. With
this arrangement, the measured potential of the working electrode is not
affected by the voltage drop caused by the current flowing through the solution

[134, 135].
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Fig. 24. Changes in the concentrations of redox couple during CV
measurements. Panels A-G: Evolution of concentration profiles of Fc*(blue)
and Fc (green) as a function of distance from the electrode surface. Panel
H: Cyclic voltammogram of the reversible reduction of Fc* to Fc. Panel I:
Time development of the potential applied to the electrode. Panels A-G
correspond to points A-G in panels H and | [132].

To understand the voltammogram, the diffusion of the species present in the
analyte and contributing to the redox reactions has to be considered, see
Fig. 24 panels A to G. Fig. 24H shows a typical cyclic voltammogram of a
solution containing ferrocenium (Fc*™) which is reduced to ferrocene (Fc).
Marking points A to G in the voltammogram correspond to accompanying
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panels (Fig. 24A-G) illustrating the spatial distributions of the reactant and
product concentrations surrounding the working electrode. Working electrode
potential E is changed in time t during the measurement [131]:

0<t<t.:E =E—vt
Ef = Ei—vtr
tr <t<2t.:E = E+v(t—t,) = 2Es—E; + vt

where t,. is the time at which the direction of scanning is reversed (corresponds
to point D), v is a scan rate, E; and E; are initial and final potentials,
respectively. In this particular example, the initial potential is also the highest
potential reached during the measurement, E; = E,.x, and the final potential
is the lowest, E; = E.,;, (note that depending on the procedure, the initial
scanning direction and therefore also E; and Ef can be inverted); all related to
Fig. 24. The trend of electrode potential is depicted in Fig. 241.

At the beginning of the measurement (point A), the solution contains only the
oxidized species Fc*, and the starting potential is set to a value positive enough
so that no redox reaction occurs at the electrode surface, i.e., the current is
infinitesimal. When the electrode potential is scanned during the CV, the
concentrations cg.+ and cg in the vicinity of the electrode change in time
according to the Nernst law (equation (28)) [131].
Cper = CpoeRTEEF) (28)

When the solution is scanned in a negative direction from point A to point D,
Fc* molecules accept one electron from the electrode and are reduced to Fc.
This exchange gives rise to the measured current and simultaneously causes a
decrease of Fc* concentration cg.+, and an increase of Fc concentration cg, in
the vicinity of the electrode. For reversible processes where the diffusion
coefficients of the reactants and products are equal, the formal potential E¢ is
often estimated with the experimentally determined cell half potential
E,;,, = E¢ [132,138]. As the electrode potential approaches the value of E; ,
at point B, the solution around the electrode achieves equilibrium with cg.+ =
Cre, See panel B. At point C, where the electrode reaches cathodic peak

potential E, ., the measured cathodic current attains maximum value I, .. At
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that point, the electron transfer from the electrode to the solution is favorable
and, at the same time, there is still an abundance of electron-accepting Fc*
molecules in the vicinity of the electrode surface, see panel C. The value of
the peak current for reversible processes is given by Randles—Sevcik equation
(29), where Ip is the peak current, n denotes the number of electrons
transferred per species, A represents the electrode area (in cm?), D is the
diffusion coefficient of the electroactive species (in cm?/s), and C is the
concentration of the analyte in the bulk solution (in mol/cm?) which provides
quantitative information about the analyte [132].

nkFvD
RT

Ip = 0.446nFAC (29)

The current is limited by the transport of additional Fc* molecules from the
bulk solution to the electrode. After crossing the cathodic peak potential, i.e.,
E < Ep ., the electron transfer is still favorable, but the diffusion of additional
Fc™ molecules from the bulk solution is severely limited by the growing
diffusion layer, i.e., the volume of solution around the electrode containing a
high concentration of reduced Fc molecules, see panel D. This results in a
decrease in current as E becomes more negative. After reaching Ey,;, at point
D, the scan direction is reversed and the solution is scanned in an anodic
direction. The Fc molecules produced during the cathodic scan are still present
at the electrode surface and are reoxidized back to Fc* as the electrode
potential grows and the electrode accepts electrons from the solution. At point
E, where E = E;,, the direction of the current is opposite compared to point
B because the composition of the diffusion layer is now richer in electron-
donating Fc molecules, although the solution in direct contact with the
electrode is again in equilibrium with cp.+ = cgc, See panel E. This fact
emphasizes the importance of the diffusion of the species during the
measurement. At point F, where the electrode reaches an anodic peak
potential E, ,, the anodic current value attains local extreme I, ,, which is
again given by the combination of the favorable electron transfer from the
solution to the electrode and the sufficient supply by oxidizable Fc molecules,
see panel F.
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Peak-to-peak separation AE, = E,, — E,¢ is another important parameter
investigated during cyclic voltammetry measurement. For ideal reversible
processes, AEy, is given by equation (30) [132].

AE, = 2225 = Y myvat25-°c. (30)
nF n

By reaching E .« at point G, the electrolyte at the electrode approaches its
original state of composition, yet not completely in the bulk solution, see panel
G [131, 132].

An important feature of the CV measurements is an estimation of the
reversibility of the studied system, which alters the measured shape in the
voltammogram. In the case of the ideal reversible process, the voltammogram
is governed exclusively by the Nernst equation and the diffusion of the
species [138]. To accomplish that, the process must be both electrochemically
as well as chemically reversible.

Electrochemical reversibility is attained when the electron transfer between
the electrode and analyte is fast enough for the electrode and analyte to remain
at equilibrium [131]; in other words, a barrier to electron transfer has to be
low enough that any change of applied electrode potential immediately results
in the change of the surrounding analyte according to Nernst law. For
example, for a high barrier to electron transfer, the reactions are hindered and
require more positive/negative potentials to cause oxidation/reduction of the

analyte, i.e., AE, > 5n—7mV at 25 °C, [132].

Chemical reversibility is attained when the products of the electron transfer
are stable, i.e., no parallel reactions in the solution and no surface effects
occur. Practically, it means that processes such as gas release, adsorption,
desorption, formation, or dissolution of solid deposits, cannot occur [138]. For
example, if the products of the forward scan are unstable, the current peak in
the reverse scan is smaller in magnitude than for the forward scan, i.e.,
Ipc/lpa # —1[131].
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Fig. 25. Voltammograms obtained by ITO working electrodes prepared by
plasma-assisted deposition at different pressures. Voltammograms were
measured in a solution of 0.5 M NaSO4 + 5 mM KsFe(CN)g at a scan rate
v = 100 mV /s. The different shapes of the voltammograms indicate the
need for optimization of the deposition process. (Data achieved in the frame
of the thesis).

If the above-mentioned conditions are not satisfied, the system is losing its
reversibility. This is indicated in the measured voltammogram by changes of
Ej, as redox peaks shift and by changes of Ip according to equations (31) and
(32), respectively; here a is a transfer coefficient, k° denotes the standard rate
constant of electron transfer reaction, and n, represents the number of
electrons in the rate-determining step of the electrode process [138].

E = 5 — 2 {078 — I g |4 (31)
T T nE DT D T TR

I, = 2.99 x 10°nAC,/an,Dv (32)

Finally, Table 3 summarizes the behavior of systems with different degrees of
reversibility. In some cases, the reactants and/or products of the reaction can
be intentionally or unintentionally attached to the electrode surface (by
chemical bonds, immobilization matrix, or adsorption) providing an
electrochemical response instead of surface shielding. Since diffusion does not
play a major role, the cathodic and anodic peaks are closer to each other, i.e.,
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AE, < %mv at 25°C, and AE, = 0mV for reversible surface processes.

Peak current for cases with electrode surface concentration I" (in mol/cm?) is
then given by equation (33) [138].
_ n?F2vAl (33)
p 4RT

It is worth reminding that the previously listed equations related to peak
current (29), (32), and (33) show a linear increase of I, with the electrode
area A. The effective surface area can be significantly enlarged by a properly
tailored nanostructured electrode [140]. The plasma-assisted deposition
techniques enable such tailoring of nanostructured ITO electrodes for
enhanced electrochemical response together with the optimization of the
optical properties. As already shown in the previous chapters, the electrical
conductivity of ITO provides a possibility to use the ITO-covered fiber as an
electrochemical electrode. However, the electrochemical activity of the thin
film needs to be optimized by the deposition process. Fig. 25 presents
voltammograms of ITO films prepared in the frame of this Ph.D. thesis, at
different argon pressures. It can be clearly seen that through the optimization
of the plasma process conditions, it is possible to reach a sufficient current
signal and enhance the reversibility of the electrochemical reactions.
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Table 3. Main differences between systems with different degrees of
reversibility measured by cyclic voltammetry. Based on [132] and [138]."

Reaction Conditions

The reaction is fully controlled by the diffusion of
the analyte.

I, is linearly proportional to Vv
Reversiblecv b is linearly proportional to C

|Ip,c/1p,a| =1

E}, is independent of v

AE, = Epa—Epc = 57/nmVat25°C

The change in electrode potential is not instantly
accompanied by the electron transfer reaction. The
current is controlled by charge transfer and mass
transport.

Quasi-reversible

oV I,, depends on Vv non-linearly

I, is linearly proportional to C
E,, depends on v
AE, > 57/nmV at 25 °C and increases with v

Electron transfer is significantly slower compared to
mass transport; the current peaks become wider and
are reduced in height. Additional reactions in the
solution may occur.

I,, is proportional to vv
Irreversible CV o )
I, is linearly proportional to C

E, depends on v

AE, may be non-defined as the reverse reaction may
not occur

*Ip - peak current; I, . and I, - maximum value of cathodic and anodic
currents, respectively; v - scan rate; C - concentration of the analyte in the
bulk solution; E}, - peak potential; E, . and E, , - cathodic and anodic peak
potential, respectively; n - the number of electrons transferred per species.
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Research section

LMR Fiber as an Active Electrode — Multi-Domain (Bio)Sensor

As already mentioned in the theoretical section of the thesis, there is a seek
for multi-domain sensors that are capable of simultaneous or independent
detection of the required substances. Interest for such sensors is coming from
a wide spectrum of fields including medicine and health protection, biology,
environmental protection (water, air pollutants, etc.), civil protection
(explosives, hazardous substances), and many others. The multi-domain
interrogation significantly enlarges the application potential of the sensor
because of its improved selectivity and sensitivity.

The main motivation and aim of this thesis is the development and fabrication
of a two-domain sensor based on optical fiber, which enables simultaneous
optical (LMR) and electrochemical interrogation. The ultimate goal was the
two-domain detection of various biomolecules and pathogens, such as
Borrelia burgdorferi s.I., which is an exemplary microorganism suitable to
prove the viability of the sensor concept. The experimental research was
mostly focused on the material research of ITO film deposited onto the optical
fiber for the fabrication of electrochemically active LMR sensors. The
possible configuration of the measuring setup is illustrated in Fig. 26. The
scheme shows an optical fiber operating in a transmission mode covered by a
properly tailored nanostructure, which is electrochemically active and fulfills
the conditions for LMR. Such a configuration simultaneously enables:

e Optical LMR interrogation of the analyte — the mechanically flexible
optical fiber coated by optically tailored ITO thin films is immersed
into the analyte. The broad-spectrum wavelength light source is
connected to one end of the optical fiber. The light passes through the
fiber, the LMR effect occurs in the sensing area, and the LMR-
modulated light signal is processed by an optical spectrum analyzer
connected to the other end of the fiber. The LMR modulation and the
LMR shift enable detection of the searched substance as it interacts,
e.g., with the receptor molecules covalently attached to the surface of
the sensor.

e Electrochemical interrogation of the analyte — the optical fiber coated
by ITO film is electrically conductive and can serve as a working
electrode of the electrochemical compartment. The electrode potential
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is controlled by the potentiostat, and voltammograms can be measured.
If the surface of the sensing area is functionalized by receptor
molecules, the attachment of the target substance blocks the surface,
resulting in a decrease in the current amplitude.

e Moreover, electrochemical processes on the surface of the fiber can
lead to a change in the refractive index in the sensor vicinity, which
can initiate changes in the LMR spectrum. Hence, the electrochemical
processes in the sensor vicinity could be observed by an independent
non-electrochemical method.

= cE | |/ / = %
REE )/ l . T = 3
Potentiostat A 1 ‘ /V\\

/ /‘ \ -
i | / ' Optical
Light Source Sensing R [ Spectrum
area Analyser

Fig. 26.Scheme of the combined electrochemical and optical setup; CE:
counter electrode, REF: reference electrode, WE: working electrode. The
work was done in the framework of the Ph.D. thesis.

The proposed configuration allows simultaneous utilization of the two
independent interrogation methods in ‘one’ device and during ‘one’
measurement. Such a mutual effect has the potential to extend the range of
sensor use. This approach reduces the need for excessive manipulation of the
sample (analyte) as well as reduces the necessary volume of the analyzed
liquid. Sensors based on optical fiber allow miniaturization of the device, easy
implementation into the measuring set, high flexibility, low-cost production,
and resistance to electromagnetic noise/smog.

The main experimental and theoretical achievements attained during the Ph.D.
study were disseminated in the form of publications in international WoS-
recognized journals, conference contributions, and seminar presentations. The
most significant papers are attached to this thesis; see the list of publications.
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Besides it, copies of already published papers directly connected with the
thesis aims are included in the thesis, too. The research includes plasma
diagnostics as well as analysis of prepared films and tests of optical fibers
covered by these films as necessary steps in the sensor development. Due to
the multidisciplinary character of the research, publications within this
research section are divided into three groups, although some of them may fit
into more than one of the following sections:

A. Sensor Fabrication: Technology and Procedure [A1-A6]
B. Combined Electrochemical and LMR Interrogation of Liquids [B1-B6]
C. Bioactivation of Sensors for Selective Detection [C1-C5]

Therefore, in the following three sections, a brief summary of the most
important outcomes is provided which correspond to the main milestones of
the carried research. The summary is then followed by the corresponding
articles. The content of the presented publications is preserved, although the
style, layout, and format may be slightly different from the original.
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A. Sensor Fabrication: Technology and Procedure

Initial research was focused primarily on the optimization of the sensor
fabrication procedure that utilizes magnetron sputtering and other low-
temperature plasma techniques. The experimental setup developed for the
deposition of most of the indium tin oxide (ITO) films and for the fabrication
of lossy-mode resonance (LMR) sensors is shown in Fig. 27, though in [Al,
Ab] two perpendicular magnetrons were used. The ITO thin film deposition
was carried out in a high-vacuum chamber capable of reaching the back-down
pressure of 10 Pa to ensure the high purity of the deposition. A commercial
planar magnetron was installed in the upper part of the vacuum chamber or a
side wall depending on the type of the substrate and other conditions, see the
scheme in Fig. 27. The sputtering gun was equipped with a compound ITO
target (In203/SnO2 of composition 90/10 wt% and a purity of 99.99 %). For
more details on the deposition conditions, see the individual publications.

Magnetron |

i Vacuum chamber j
v l ———+—=Gas
J i Fibres
——+—=Gas
Plasma
discharge P Naked
S Magnetron _core of Valve
L) — | “ the fibre |_% 4
Valve —— / 1\
VAT —_ X D) Pome
_— >) ) ) Pump P R —f N—_—
Substrate vyl / Rotation —
=t — Plasma slage
discharge _|
- =
Vacuum chamber
& ‘ J
(a) (b)

Fig. 27. Experimental setup used for deposition on (a) flat substrates and (b)
on optical fibers [A6].

The Theoretical Section clearly demonstrates that the precise controlling of
the deposition process is the key for tailoring of the thin films. For that reason,
the deposition process, namely, the energy influx toward the substrate, needs
to be carefully controlled and in situ monitored. However, it is rather
complicated in reactive discharges because the film, unintentionally growing
on the diagnostic tool immersed in the plasma, increases the error of the
measurement.

In the frame of the thesis, a new type of electrical probe for advanced
diagnostics in reactive and dusty plasmas was developed. It enables in situ
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monitoring of the parameters during the deposition of transparent conductive
oxides (TCOs); the method is described in publication [A3] in detail. Reactive
or dusty plasma typically creates an insulating film of unknown impedance on
inserted diagnostic tools, resulting in distortion of the measured data and their
unreliable processing. To avoid this complication, the new approach proposed
in [A3] utilizes a so-called radiofrequency (rf) Sobolewski probe for ion flux
measurement, which is further modified to also obtain the electron
temperature and the ion density. It introduces the procedure where, by
subtracting the capacitive current, the measured rf probe characteristics are
transformed toward |-V curves typical for the standard Langmuir probe but
undistorted by undesirable surface modifications of the probe, see Fig. 28.
This processing enables not only the monitoring of plasma sheath impedance
and the ion flux toward the substrate but also allows for an estimation of other
parameters of the reactive plasma such as the plasma density or electron
temperature, respectively. For more details on the procedure and comparison
of results from the modified Sobolewski and Langmuir probe, see [A3].
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Fig. 28. The transformation of the rf measured waveforms toward the 1-V
curve. Left: the rf probe voltage us(t) considered as the forward and
backward voltage sweep of the measured total probe current i(t). Right: the
graph i(us) results in a typical Lissajous-like pattern from which, after
proper processing, the I-V curve is obtained. The Ir and Ig in both panels
represent the currents measured for the same voltage value during the
forward and backward sweep, respectively [A3].

However, in this subsection, attention is mainly given to the development and
fabrication of the electrochemically active ITO films supporting LMR from
the point of view of film properties and optimization of the deposition
procedure. Careful in situ plasma monitoring provided the possibility to
optimize the deposition process and subsequent tailoring of ITO thin-film
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properties. It revealed that it is the energy influx to the substrate that influences
the ITO crystallinity and related parameters such as electrical and optical
properties.
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Fig. 29. Dependence of the ITO resistivity on its crystallinity which was
controlled by the pressure of the working gas (top) and gas composition
(bottom). The crystalline films regularly exhibit lower resistivity [A2].

The crystallinity of the ITO films proved to be a crucial parameter determining
the electrical properties, particularly. Fig. 29 illustrates that the improved
crystallinity of the ITO films usually exhibits a lower resistivity, as larger
crystals in the film minimize scattering of charge carriers (electrons in this
case) at grain boundaries, impurities, or lattice dislocations, and thus the
electrical conductivity is improved, see papers [A2, A4].
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Fig. 30. Effect of thermal annealing (200°C, 2 h) on CV measurements of
ITO-coated PCS fibers. The result for the annealed sample is plotted in red
[A1].

At the same time, the well-crystalline films exclusively exhibited a better
electrochemical response than amorphous films which usually were not
electrochemically active at all. The crystallinity can be enhanced by supplying
energy into the layers, e.g., by post-deposition annealing [Al, A5], or by
reducing the working gas pressure during the deposition [A4]. Fig. 30 shows
this effect on the change in the voltammogram recorded before (black) and
after (red) annealing of the ITO-fiber electrode (in a solution of 5 mM
Ks[Fe(CN)e] in 0.5 M K2SO4 at a scan rate of 0.05 Vs™?). The improvement
of the electrochemical response follows the improved crystallinity. This could
suggest that high charge carrier mobility is more decisive for the optimal
electrochemical performance of highly crystalline ITO films than a high
charge carrier concentration in the case of amorphous ITO films [A4]. At the
same time, the LMR sensitivity of the prepared films is not significantly

affected by the change in crystallinity after annealing [A5].

The research in this subsection revealed that utilization of the HiPIMS
discharges provides a possibility to deliver and to control the energy influx
toward the growing ITO film, due to the presence of highly energetic species,
typical for the method. HiPIMS deposited ITO films are crystalline, which
excludes the need for any post-deposition annealing. This is advantageous for
the fabrication of optical fiber-based LMR sensors as they have a rather low
thermal load tolerance. The typical HiPIMS deposition procedure can be
considered a room-temperature process safe for optical fibers.
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A detailed study of HiPIMS based ITO depositions shows a great possibility
to tune the electrochemical as well as optical (LMR) response of the
sensor [A6]. In the study, the ITO crystallinity was controlled by the
composition of the working gas, namely, the content of reactive oxygen and
nitrogen. As shown in Fig. 31, the conductivity of ITO films prepared by
HiPIMS is again determined by crystallinity which also determines the
electrochemical response of the sensor. The right panel of Fig. 31 shows that
peak-to-peak separation AE, in voltammograms grows rapidly for the films

that do not exhibit any XRD pattern, i.e., amorphous films.
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Fig. 32. (a) LMR spectrum for optical fiber sensors coated at different gas
compositions when immersed in water, and (b) corresponding refractive
indices and extinction coefficients of the ITO films deposited at the same

conditions on flat substrates [A6].
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The content of the reactive gases in the deposition environment also strongly
influences the optical properties and consequently, the LMR response of the
ITO films as well, see Fig. 32. Moreover, the study demonstrate that doping

550 — ‘ ‘ ‘ ‘ ‘ of the films by oxygen during HIPIMS
500 |- = | increases the sensitivity in the LMR
s g _ OALMR / | domain while keeping lower values of
S 400 OMext . | the AE,, compare Fig. 31 and Fig. 33.
%350» 1 Moreover, in both electrochemical
® a0} . 1 and optical domains, the response of
250 | 1 the sensor showed improvement when
200 "/ | | | | ] compared to standard RF sputtering

o 2 4 s 8 10 proving the superiority of reactive
Co: %] HiPIMS for the preparation of ITO-

Fig. 33. RI sensitivity for sensors .
received at different c, [A6]. based dual-domain sensors [A6].

Summary: The research presented above was generally oriented toward the
deposition of ITO thin films and tailoring of their properties. The results in
this subsection show that plasma-based techniques provide means to increase
the detection possibilities of the ITO-based dual-domain sensors through
modifications of the deposition procedure. Namely, HiPIMS techniques are
suitable for the fabrication of the electrochemically active ITO-LMR sensors.
It is caused specifically by the advanced ability to control the energy flux to
the substrate where the ITO film is formed. Due to the high versatility of
HiPIMS, it is possible to tune the internal properties of ITO, which results in
possible dual domain interrogation (optical and electrochemical) of liquids.
As shown in Subsections B and C, these adjustments of the deposition
procedure are necessary for the fabrication of sensors for the detection of
biomolecules and pathogens. However, it is worth noting that the research
presented in the following subsections was conducted simultaneously with the
research presented in this subsection, not after it. Naturally, it means that not
all the presented results were obtained from the sensors that underwent such
tuning during their fabrication. Yet, their performance was sufficient to prove
the concepts the individual publications were aimed at.
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Research section

B. Combined Electrochemical and LMR Interrogation of Liquids

The research in this section focuses primarily on the performance of optical
fibers covered by optimized ITO thin films, acting as sensors simultaneously
working in both the electrochemical and optical domains. Given the fact that
the ITO is electrically conductive, the sensing LMR region of the optical fiber
can be connected to a potentiostat as a working electrode and perform
electrochemical interrogation of an analyte. At the same time, the optical
properties of the ITO film provide a possibility for the optical LMR
interrogation of the analyte, representing the proposed concept of
simultaneous interrogation.

The investigation of the refractive index (RI) of the media surrounding the
sensing region can be done through the LMR phenomenon or long-period
gratings (LPG) induced in the optical fiber as shown in [B1] and [B2]. LPG is
a periodic Rl modulation (period in the order of hundreds of micrometers) of
the core of single-mode optical fiber. The modulation induces coupling of the
fundamental core mode and forward propagating cladding modes, resulting in
a series of resonances appearing in the LPG transmission spectrum. The
coupling conditions corresponding to the resonance wavelengths are highly
dependent on the external R1 [B2]. The scheme of an exemplary experimental
setup for such a dual analysis of liquids is shown in Fig. 34, where the optical
fiber with the ITO film tuned for LMR is connected as a working electrode in
a three-electrode arrangement for cyclic voltammetry. Given the character of
the experimental setup, the electrochemical and optical measurements can be
performed simultaneously as well as separately.

Potentiostat

CE REF WE _|

PC
=2

Electrolyte I

Tungsten Halogen

Light Source Spectrometer

Fig. 34. Scheme of an experimental setup. (CE — counter electrode, REF —
reference electrode, WE — working electrode, PC — personal computer)
[C3].
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An important feature revealed during the research was that the electrochemical
and optical domains are not completely independent, as the resonance position
observed in the spectrum responses to an applied potential during
simultaneous measurements. The first reason is that the concentration of the
free charges in the film depends on the applied potential. As the change in the
concentration of the free charges results in variation of the optical properties,
namely, the refractive index of the film, the LMR conditions are changed as
well, resulting in a shift of the resonance. The second reason is more connected
with the processes in the solution around the sensor (e.g., chemical changes,
oxidation, and reduction of the reacting agents and their corresponding
concentration variations in the sensor vicinity) and processes occurring in the
outer layer of the ITO film (e.g., electrode oxidation, or dissolution) [B1, B2,
B3, B4].
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Fig. 35. Optical response of LPG during EC stimulation (three CV scans) in
different electrolytes, where transmission spectra for selected potentials are
shown for the first scan in PBS with redox probe (A) and in PBS only (B),
and the corresponding resonance wavelength vs. potential applied during
measurements in PBS with redox probe (C) and in PBS only (D) [B2].
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These changes are induced by the electrochemical processes which are
governed by the applied potential. This phenomenon, originating from the
above-mentioned effects, provides a unique possibility to optically monitor
electrochemical processes in the close vicinity of the electrode as well as the
chemical changes of the electrode surface. Moreover, the effect depends on
the composition of the investigated solution and therefore has the potential as
a detection technique by itself [B2]. Fig. 35 shows the optical response of the
LPG fiber covered by a thin ITO film to the changes in applied potential
during cyclic voltammetry in PBS (phosphate buffered saline). A similar
effect was also observed for PCS fibers with ITO-LMR film [B3], see Fig. 36.
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Fig. 36. Response of the ITO-LMR sensor to a cycling potential between -1
and 1 V with a scan rate 10 mV/sin 0.5 M Na:SO:solution containing 5 mM
[Fe(CN)s]*™ where (a) shows the sensor’s spectral response and (b)
compares corresponding transmission changes at A =800 nm and
transmission maximum’s wavelength shift. The inset in (a) shows the
investigated spectral range [B3].
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It has also been shown in [B4] that both the electrochemical and optical
responses of the sensor to the applied potential are similar in character.
However, the optical readout may deliver supplementary information about
the investigated liquid, i.e., molecules adsorbed to the surface of the electrode,
or clear optical response at low scan rates when the recorded currents tend to
be low. Fig. 37 shows the effect of the scan rate on the electrochemical and
optical response — while the measured current is proportional to the scan rate,
the LMR shift behaves in an opposite manner, i.e., is greater for lower scan
rates. When the electrochemical response depends solely on the charge
transfer at the ITO/electrolyte interface, the optical response on top of charge-
induced changes in the optical properties of ITO also depends on the
composition of the electrolyte and its admixtures.
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Fig. 37. Electrochemical (A) and optical (B) response of the ITO-LMR
sensor when investigated in 0.1 M PBS with a scan rate of
10 and 100 mV/s [B4].

It must be noted that not only multi-domain interrogations are possible with
the proposed approach, but it also gives a capability to initiate a specific
process in one domain and monitor its progress in the other domain (e.g.
measure  sub-nanometer changes in the layer deposited by
electropolymerization) [B2]. For example, in [B3], the LMR interrogation
enabled observation of electrode oxidation in PBS solution through 10
consecutive scans in the positive potential region. This phenomenon, on top
of the potential cycling effect, is visible in Fig. 38(a) as a gradual build-up of
the mean transmission T-To along with the number of scans. As a result of
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subsequent CV scans, a clear decrease in current is observed for the ITO-LMR

electrode/sensor, see Fig. 38(b).
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Fig. 38. The effect scanning process in
0.1 M PBS (pH = 7.02), where (a)
shows the change in transmission at
A =800 nm acquired on average every
20 s and (b) the change in current
peaks during the cyclic voltammetry
scans from 1 to 10 scans. The scan rate
10 mV/sand the first measurement in
(a) corresponds to 0.4 V [B3].

Among the studies in this subsection,
attention was also paid to the
further enhancement of the sensor
electrochemical response by
electropolymerization of poly(3,4-

ethylenedioxythiophene)—poly(4-
styrenesulfonate) (PEDOT:PSS) on
the ITO surface. As shown in [B5], the
PEDOT:PSS film enhances the
transfer of electric charges between
the electrolyte and ITO, leading to an
enhancement of the electrochemical
response — improved reversibility of
the reaction while maintaining the
optical response. Moreover, the usage
of fluorine-doped tin oxide (FTO)
instead of ITO leads to a Dbetter
performance in the electrochemical
domain, while only slightly worse
performance in the optical domain.
Hence, FTO is a promising candidate
for replacing ITO, as FTO is less
expensive and also more mechanically
and chemically durable [B6].

Summary: The research presented in this subsection verified and highlighted
the great utility of the TCO materials for the dual-domain interrogation of an
analyte. This approach is valuable, especially in cases where the detection
possibilities in one domain are severely limited. This can be crucial for the
monitoring of various processes on the surface of the sensor that can occur
during biological experiments. Furthermore, the concept of dual-domain
interrogation of liquids introduced above demonstrates great potential for the
detection of biomolecules and pathogens.
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C. Bioactivation of Sensors for Selective Detection

The final subsection summarizes the research that utilized electrochemically
active LMR optical fiber-based sensors for selective label-free detection of
biochemical complexes. Sensors without any further functionalization, as
presented in the previous subsection, could be utilized for electrochemical
measurements combined with optical refractometry but without selective
detection. For selective label-free detection of biomolecules or
microorganisms, the sensor transducer needs to be functionalized. Primarily,
two methods of functionalization were carried out in the frame of this thesis
to obtain biologically active surfaces: (i) silanization and (ii)
electropolymerization.

The first one employs standard silanization procedures on the sensor’s active
area, i.e., on the ITO surface of the transducer, for the introduction of grafting
functional groups; see the attached works [C3, C4]. These functional groups
provide possible covalent binding of biologically active molecules, i.e.,
receptor molecules, responsible for the selective detection of the required
complexes. For example, work [C4] describes the standard biotin-avidin
complex to verify sensor functional properties. Here, the biotin served as the
receptor agent and was attached to the ITO surface through APTES (3-
aminopropyltriethoxysilane) introducing NH2 groups. The sensor was then
exposed to solutions with different concentrations of avidin. Throughout the
whole process of functionalization by biotin and detection of avidin, the LMR
was monitored. After each step of the procedure, the electrochemical response
of the sensor in PBS was measured as well. Fig. 39 shows a clear correlation
of the electrochemical and optical responses to the progress of the experiment.

It was demonstrated on the example of the biotin-avidin detection system that
when avidin concentration increases, a decrease in current and an increase in
LMR wavelength shift were recorded in EC and optical domains, respectively.
Hence, the simultaneous dual-domain EC and optical detection was achieved.
Both optical and EC responses follow the protein interaction process and thus
can be used as cross-verification of the readouts. Moreover, extensive
information has been achieved compared to solely EC interrogation, i.e., the
biotin and avidin grafting process was directly monitored optically, displaying
individual steps of an incubation procedure [C4].
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electrochemical (I at E = 1.5 V) readouts for each step of the experiment
[C4].

The second method utilizes the electrochemical activity of the sensor body to
induce direct electropolymerization of molecules directly on the surface of the
sensor active area. At first, this inherent property of the sensor was used for
direct observation of the electropolymerization of isatin [C1l] and
ketoprofen [C2] on the sensor surface. However, this effect was later utilized
for direct binding of the receptor molecules, too. The advantage of such an
approach is that it skips the time-consuming procedure of the silanization step
in the sensor fabrication process.

A 9 NH H o B
oA AVIDIN
o >é N >
BIOTIN H
H s B4
SOLUTION BIOTIN
\ ELECTROPOLYMERIZATION DETECTION
10 mM of BH in 0.1 M KCI OF AVIDIN

. —
Fig. 40. Schematic representation of A) biotin hydrazide

electropolymerization process, B) binding of avidin to the biotinylated ITO-
LMR surface [C5].

Also, in this case, the standard biotin-avidin biochemical system was tested to
verify the efficiency of sensor functionalization; the procedure is shown in
Fig. 40. CV curves recorded in 1 mM Fc-(CH20H)2* solution containing
0.1 M KCI after incubation in bovine serum albumin (BSA), 0.01 and
0.1 mg/mL of avidin are depicted in Fig.41(a). Right after
electropolymerization, the ITO-LMR electrode was immersed in a 1% BSA
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solution to block any nonspecific interactions on the surface. This caused a
decrease in the current peak and increased AE, from 220 to 270 mV. In the
next step, the functionalized ITO-LMR electrode was submerged for
30 minutes in 0.1 mg/mL solution of avidin. Although the current peak
decreased after avidin incubation, the shapes of the obtained voltammograms
were very similar to those after BSA. Additionally, the calculated value of AE,
was at the same level ~270 mV as for the previous stage of the experiment. In
contrast, the immersion of the ITO-LMR in the second concentration of avidin
caused noticeable changes in CV, decreasing the peak current and increasing
AE, to the value of ~250 mV [C5].
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in ITO-LMR Ar and Teao after each step of the avidin detection experiment

[C5].

Fig. 41(b) shows the evolution of the corresponding optical parameters,
namely, the resonance position Ar and transmittance at 640 nm Te4o after each
step of the experiment. The apparent shift to longer wavelengths and decrease
in transmission corresponds to an increase in the thickness and/or RI of the
surface of the biological layer on the biotin-functionalized ITO-LMR surface.
Starting from the formation of the BSA layer, the ~ 1 nm shift of Ar can be
observed. Next, for the avidin molecule, we can observe further changes. It
can be seen that the higher the concentration of avidin, the greater the LMR
shift to longer wavelengths is obtained. The most significant change of
Jr ~2nm was observed for the 0.1 mg/mL concentration of avidin. The
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obtained results confirm the detection of avidin on the ITO-LMR sensor using
both electrochemical and optical methods at a level of 0.01 to 0.1 mg/mL [C5].

Regardless of the chosen surface bioactivation method, i.e.,
electropolymerization or silanization, each step of the preparation process is
observable in the LMR spectrum as well as in the electrochemical response of
the sensor. The molecules attached to the surface cause changes in the
refractive index of the surrounding media, but also block the surface for
passage of the electroactive species and change the measured current upon
applying a potential to the electrode. Once the sensor surface is covered by
receptor molecules that selectively interact with the target species, the
detection principle and procedure lie in observing the changes in LMR upon
the interaction and in the changed electrochemical behavior of the probe.

It is important to note that, while the electrochemical response to the low
concentration of avidin was rather poor, the LMR response was clearly
observable. At the same time, during the biotin incubation, the situation was
the opposite, i.e., the LMR response was relatively weak while the
electrochemical response was strong. This feature highlights the advantages
of dual-domain monitoring [B4, C5].

Finally, further research has shown the viability of the simultaneous dual-
domain sensor concept for the detection of pathogens, Borrelia burgdorferi,
specifically [A6]. Regarding the detection of pathogens, it is possible
indirectly through the presence of antibodies synthesized by the immune
system of an organism during an infection. In this case, sandwich
immunoassays are one of the most frequently applied. Two antibodies
(primary and secondary) synthesized against Borrelia burgdorferi have been
utilized as a receptor and specific target, respectively. The LMR sensor with
an ITO film surface has been biofunctionalized to facilitate the specific
binding of an analyte. First, surface silanization with TESPSA (3-
triethoxysilylpropyl succinic anhydride) was performed. In the next step, the
sensor was submerged in a solution of the primary antibodies to covalently
bond them to the surface. For the sensitivity analysis, the sensor was immersed
in increasing concentrations (1, 5, and 10 pg/mL) of the secondary antibody.
During each step, the optical signal of the LMR sensor was monitored. At each
step of the experiment, after binding and washing, the samples have been
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placed consecutively in PBS and 1 mM ferrocenedimethanol (in PBS) and
underwent 3 CV cycles with simultaneous optical monitoring.

Fig. 42 shows the evolution of the EC and optical response of the sensor after
each step of the experiment recorded in 1,1-Ferrocenedimethanol and PBS,
respectively. At first, the rapid decrease of anodic and cathodic peak currents
indicates successful silanization, see Fig.42 (a). The shift to longer
wavelengths (indicated by the black arrow in Fig. 42 (b)) corresponds to an
increase in the thickness of the surface of the biological layer on the
functionalized ITO-LMR’s surface, which additionally confirms the
electrochemical results. Next, both optical and EC responses followed the
antibody-antibody interaction. When the target antibody concentration
increases, a decrease in current and an increase in LMR wavelength shift were
recorded in the EC and optical domain, respectively, proving the binding of
antibodies to the sensor surface. It can also be noted that measurements in the
EC domain are effective when interactions occur at the sensor surface, while
optical measurements may deliver information about events taking place
slightly away from the surface. However, the changes after further steps of the
experiment, such as increasing AE, are still clear and indicate binding of the
receptor and different concentrations of the target [A6].
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Fig. 42. EC and optical responses of ITO-LMR sensors recorded after each
incubation step during the process of Borrelia burgdorferi receptor-target
interactions, (a) shows CV recorded at scan rate 20 mV/s in
1,1-Ferrocenedimethanol and (b) optical spectra acquired in PBS [A6].

Fig. 43(a) presents the evolution of ALmr during the entire experiment. A clear
shift of the LMR wavelength to longer wavelengths can be seen at the
functionalisation stages and for an increase in the target concentration. It can

72



also be seen in Fig. 43(b) that the trend for both electrochemical and optical
measurements is very similar, providing cross-verification of biosensing
experiments [A6].
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Fig. 43. (a) Sensogram for the ITO-LMR biosensing experiment and (b)
comparison of the ITO-LMR wavelength and AE shift at each step of the
Borrelia burgdorferi receptor-target interaction experiment. The oscillations
seen in (a) correspond to the cycling potential [A6].

Summary: Here, a novel concept of a sensor simultaneously interrogating in
two independent domains was presented: (i) the optical lossy mode resonance
(LMR) domain and (ii) the electrochemical domain. The dual-domain sensor,
based on the optical fiber with an ITO transducer deposited by magnetron
sputtering, was successful in the detection of various biocomplexes with the
potential to reveal and recognize Lyme Borreliozis infection in the human
body. Dual-domain sensing design increases the reliability of the detection
and extends the measurement range. The reported dual-domain system allows
to gather considerably more information on the investigated samples with
cross-verification of the obtained results possible within one experiment.
Since the sensitivity and range for the two domains may be different, they can
serve as a complement to each other, leading to a significant improvement in
sensor performance. What is more, it also gives the capability to conduct a
functionalization process (namely, electropolymerization) in one domain and
to monitor its progress in the other one. All of these features can be especially
valuable in biochemical and biomedical applications and the interrogation of
low-volume samples.
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SUMMARY AND CONCLUSION

The ultimate motivation and purpose of this thesis was the development and
fabrication of a two-domain sensor based on the optical fiber which enables
simultaneous optical (LMR) and electrochemical interrogation of liquid
analytes. For that reason, multidisciplinary research on the borders of plasma
physics, material science, optics, electrochemistry, and biochemistry was
carried out.

The strategy for dual-domain interrogation sensor fabrication was developed
and investigated in detail. The challenge of a simultaneous and dual-domain
sensor was approached by coating the optical fiber with a highly tailored
indium tin oxide (ITO) thin film. Precisely optimized and nanostructured ITO
film, acting as a sensor transducer, was deposited by plasma-assisted
techniques. As shown in Part A of the Research Section, low-temperature
plasma deposition enables tuning of the process for optimization of the ITO
structure for both the LMR and electrochemical detection. Namely, the
utilization of HiPIMS enabled the production of highly crystalline films with
proper optical and electrochemical properties while keeping the fabrication
procedure at room temperature without post-deposition annealing.

As shown in part B of the Research Section, sensors with sufficient
performance in both domains simultaneously enabled a new opto-
electrochemical interrogation of an analyte. In general, the material properties
and physical principles of the proposed sensing concept are explained in
detail. Carefully conducted research showed that the readouts in the two
domains are not completely independent, as the potential applied to the
electrode (sensor) induces changes in the surrounding media as well as in the
film itself. These changes, in turn, lead to alterations in the LMR spectra,
enabling a more detailed study of the electrochemical processes. Particularly
interesting results showed that by applying a negative potential to the
electrode, the LMR sensitivity could be increased. Moreover, the presented
results show that the detection range of the sensor is extended, as, in some
particular experimental conditions, one of the domains could not provide
sufficient information about the surface events while the other could.

In part C of the Research Section, it is shown that the optimal design of the
active surface on an optical fiber enables simultaneous (in time and in situ)
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optical and electrochemical interrogation of liquids and detection of
biomolecules and biocomplexes. Ultimately, the sensor concept was able to
verify the presence of Lyme borreliosis pathogens. Moreover, utilizing the
electrochemical activity of the ITO film enabled direct electropolymerization
of the receptor molecules on the sensor, which significantly simplifies the
transducer functionalization and subsequently reduces the duration of the
sensor fabrication procedure and its cost. Although the group of molecules and
pathogens tested so far is limited, the character of the developed sensor
enables its relatively simple modification to also enable the detection of many
other substances from the family of biomolecules and microorganisms.

The results achieved within my Ph.D. study have been published in 20 papers
in scientific journals and presented 6 times as oral contributions (1 of them
invited) at international conferences. In two papers, published in Plasma
Sources Science Technology (IF 3.193) and Sensors and Attenuators B (IF
7.46), 1 am the first author. In the rest of the papers, | am a coauthor with a
contribution to the fabrication of sensors, material research, and optimization
of detecting capabilities.

Finally, it can be concluded that all the objectives of the thesis were met
successfully. We have developed a concept for novel detection from the idea
up to the final product, from the sensing concept up to the sensor capable of
revealing the presence of selected biomolecules and pathogens. Despite
advancements in its development, the presented sensor can be even further
improved and optimized. Hopefully, in the future, the developed biosensor
will provide aid in the field of analytical chemistry and in controlling and
prevention of disease outbreaks as well as in the overall improvement of
worldwide medical care due to its low-cost character and fast and reliable
detection.
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Al. Annealing of indium tin oxide (ITO) coated optical fibers for
optical and electrochemical sensing purposes

Magdalena Dominik, Katarzyna Siuzdak, Pawet Niedziatkowski, Vitezslav
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Ossowski, Mateusz Smietana, Annealing of indium tin oxide (ITO) coated
optical fibers for optical and electrochemical sensing purposes, Proceedings
of SPIE 1075, (2016), UNSP 1017515.

Abstract

Glass and fiber structures with Indium Tin Oxide (ITO) coating were
subjected to annealing in order to identify impact of the thermal treatment on
their optical and electrochemical properties. It is shown that the annealing
process significantly modifies optical properties and thickness of the films,
which are crucial for performance of optical fiber sensors. Moreover, it visibly
improves electrochemical activity of ITO on glass slides and thicker
(#=400 pm) ITOcoated fibers, whereas in the case of thinner fibers
(#=125pum) it could lead to a loss of their electrochemical activity.
Depending on the applied substrate and the annealing process, the investigated
structures with ITO coating can be further used as fiber-based sensors with
integrated opto-electrochemical readout.
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1.  INTRODUCTION

Indium Tin Oxide (ITO, In203-Sn0>) is one of the most widely used in optics
and electronics optically transparent and electrically conductive metal oxide.
ITO has found applications in many different fields, e.g., as transparent
electrodes for solar cells, liquid crystal displays or touch panels, as well as
active film for gas sensors.! Due to ability to control its optical properties in a
wide range it is also used as a coating for optical fiber sensors.? Sensing effect
of these devices is based on a lossy mode resonance (LMR) phenomenon,
which takes place when real part of the thin-film electrical permittivity is
positive and higher in magnitude than both its own imaginary part and the
material surrounding the thinfilm (e.g. external medium). On the other hand,
ITO has also been successively applied as a transparent electrode for spectro-
electrochemical studies.?

In this work we present preliminary results obtained for optical structures with
ITO coating that can play both the roles, i.e., a film deposited on optical fibers
sensors and an electrochemical electrode. We mainly investigate the influence
of ITO annealing, since the process has a great influence on the properties of
those thin films, such as their electrical conductivity and electrochemical
activity. The post-deposition annealing usually takes place in oxidizing
atmosphere and the effects of the process are investigated by measuring
decrease in resistivity of the films. During the thermal treatment, oxygen
vacancies are filled and redistributed into ITO with a corresponding change in
the Sn(1V)/Sn(ll) ratio.®

ITO film can be deposited with various chemical techniques, i.e., spray
pyrolysis* and sol-gel®, or by physical deposition, namely electron beam
evaporation® and reactive magnetron sputtering (RMS). Chemical methods
are relatively simple and low-cost, but usually require high-temperature post
processing (annealing) and do not provide efficient control over properties of
the thin films, which are critical for their performance as a part of optical
sensors. To overcome some of the disadvantages of the chemical deposition
methods, alternatively RMS can be used. The RMS, which belongs to group
of physical vapor deposition method, gives precise control over the thin films
properties, is highly repeatable and can be used for deposition of a wide
selection of metal alloy or compound with excellent adhesion and uniformity.
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Properties of ITO can be easy modified by changing flow rates of O2 or Ar
during sputtering, thus such ITO films can be used as an effective and useful
coating for optical fiber sensors, where its optical properties as well as
thickness are crucial parameters for sensor performance.?"°

In this work we have applied RMS for deposition ITO on flat surface (glass
slides, silicon) and circular in shape samples (fused silica glass fibers with
various diameters). Deposition of uniform films on curved surfaces, such as
optical fibers, was possible thanks to rotation of the fiber between deposition
processes. We have investigated optical and electrochemical properties of the
films which underwent the annealing process. The effects of the process on
ITO properties are discussed from a point of view of applied substrate (glass,
single- and multimode fibers) and foreseen opto-electrochemical sensing
capabilities.

2. EXPERIMENTAL DETAILS
2.1. Technology

ITO coatings were deposited with RMS method on reference silicon wafers
and fused silica glass slides (sample RB61), as well as on fused silica cladding
of single-mode fibers (SMF, @ciadding = 125 pum, sample RB59) and fused silica
core of multimode polymer-clad silica (PCS) optical fibers (@core = 400 pum,
sample RB58) prepared as in ’.

ITO films were deposited using standard planar magnetrons with unbalanced
magnetic field. The deposition system, arranged for deposition of fibers,
combines two perpendicularly oriented sputtering guns. The magnetron from
side, magnetron axis perpendicular to the deposited fiber, was operated in
mode of high power impulse magnetron sputtering (HiPIMS) running in
pulsed mode with repetition frequency of 1 kHz and duty 10%, keeping mean
discharge current at 350 mA. The magnetron mounted parallel with the fibers
was running with continuous RF power 300 W (13.56 MHz).

Both magnetron cathodes were equipped with ITO targets with composition
In203-SnO2 90-10 wt% and 99.99% purity. Such arrangement allowed to
produce energetic species for ITO film deposition (mainly contributed by
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HiPIMS) and to reduce the working pressure to 0.3 Pa (due to RF discharge
support). It was empirically proved that described configuration enables to
produce ITO films with relevant properties needed for opto-electrochemical
purposes. The fibers were placed on the rotational substrate holder which
guarantees a homogeneous coating during the deposition. Next, the ITO
samples were annealed in air for 2 h in 200 °C.

TO

D=125 uml lﬂ):élDOum

glass / Si

core
core )
cladding

SAMPLE RB61 SMF, SAMPLE RB59 PCS, SAMPLE RB58

Fig. 1. Schematically shown structure of the investigated samples coated
with ITO.

2.2. Measurements

The properties of the ITO films
deposited on the reference silicon
wafers, such as their thickness (d), (
refractive index (n) and extinction WE
coefficient (k) were determined
with a Horiba Jobin-Yvon UVISEL
spectroscopic ellipsometer.
Measurements were performed
over the spectral range 260-820 nm
at an angle of incidence of 70°. The
ellipsometric model for ITO
analysis was  described by Fig. 2. Scheme of the

o . electrochemical measuring system,
combination of a Drude oscillator  \yhere CE — platinum wire, counting
(to model the absorption in the NIR electrode, REF - Ag/AgCl/0.1 KClI,
range) and a double New reference el_ectrode, WE - ITO,
Amorphous Formula. working electrode.

CE

REF

W \ fiber with ITO coating

Pt wire electrolite
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The resistivity values at room temperature were measured by four-point probe
placed in a straight line with equal interprobe spacing (s =1.5 mm). The
needle-like probes with a radius of 100 um were utilized. The correction factor
of 0.86 was taken into account during resistivity estimation due to the finite
sample size.!! A source meter (Keithley 2400, UK) was used as a current
source applied to the external probes. The current was gradually increased
from O up to 100 pA with a step of 1 pA. Voltage on the internal probes was
measured with a VA multimeter (Appa 207, Taiwan). Each sample was
measured at four surface points and the mean resistivity was calculated.

Cyclic voltammetry (CV) measurements (Fig. 2) were carried out in aqueous
media consisting of 5 mM K3[Fe(CN)e] in 0.5 M K>SOg4 at a scan rate of
0.05 Vs, Electrochemical cell consisted of a three electrode system. ITO,
platinum wire and Ag/AgCl/0.1 KCI were used as working (WE), counter
(CE) and reference (REF) electrodes, respectively. The electrochemical
experiment was performed using an Autolab potentiostat/galvanostat (302N).

3. RESULTS
3.1. Optical and electrical properties of ITO

The thin films of ITO deposited on

25 2.0
) " Si wafers had thickness of 162, 222
8 20] ¢ __ "* 8 and 258 nm for RB58, RB59 and
< .08 RB6L  sample,  respectively
‘*% 15 iy 32522.'523 § (Table1). It has been found that
5 P [-annealed 05 2 after annealing d slightly decreased
14 % k_annealed = - )
10 B s g o 2 (1%). In Fig. 1. Evolution of

200 400 600 800

optical properties for RB61 sample
Wavelength [nm]

is shown. It can be seen that

Fig. 3. Effect of ther_mal anneali_ng annealing resulted in significant

(200 °C, 2 h) on optical properties . .

of ITO-coated samples. Annealed increase of n. It is well known that
samples are plotted in red. annealing of ITO increases its

density as well as transparency due
a structural relaxation and crystallization.!? These processes also had an
impact on k, which increased in visible and infrared spectral range.
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The lowest resistivity of the as deposited films was achieved for sample RB58
equal to 11.99-10* Q cm. Resistivity increased with thickness of ITO films up
to 21.7-10“ Q cm for RB61. After annealing the sample RB59 deposited on
SMF optical fiber became nonconductive. It should be noted that annealing
process might induce cracking in the ITO coating due to difference thermal
coefficient between ITO coating and optical fiber core cladding and induce
internal stress in it. The sample RB59 and 61 have shown reduction in their
resistivity after the annealing process.

Table 1. Properties of the ITO films before and after annealing

Resistivity Thickness n @ 640 nm
[Q cm] [nm] [RIU] 2@ 0
as after as after as after as after
deposited  annealing deposited annealing deposited annealing deposited annealing

RB58 11.99-10“% 2.95-10* 162.0 160.2 1.97 2.23 0.013 0.072

Sample

RB59 14.42-10* nonconductive 221.9 220.1 1.97 2.22 0.006 0.012

RB61 21.70-104 6.72-10* 258.3 257.4 1.99 2.25 0.005 0.010

3.2. Electrochemical measurements

Fig. 4 shows cyclic voltammograms of ITO deposited on various substrates
before and after annealing. As mentioned above, the sample RB59 due to loss
its conductivity after annealing show non electrochemical response (Fig 2a).
The thermal process of sample deposited on quartz glass (RB61) has a slightly
effect on their electrochemical performance, introducing change of AE equal
to 30 mV (for as deposited layer AE=670 mV and the annealed
AE =700 mV). The largest increase of electrochemical response was noticed
for sample deposited directly on the PCS fiber core RB58 (Fig 2b). Before the
annealing the AE value was 1180 mV and after the thermal process the AE
decreased to 680 mV. The obtained value is similar as for sample RB61. This
change in AE can been explained by change in the internal structure of ITO.
After the deposition process the samples are rich in amorphous phase which
after annealing transforms more into crystals.**>'* Moreover, the grain size is
increased with temperature and an internal stress is released.* What is more,
tin atoms are activated after the annealing process and behave as effective
donors.?>1 That is why the electrical resistivity decreases as shown in Table 1.
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0.6 - 0.6
——RB59_[TO@OF _thin —_RB58_ITO@OF_thick
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Fig. 4. Effect of thermal annealing (200 °C, 2 h) on CV measurements of
ITO-coated (a) SMF optical fibers (RB59), (b) PCS (RB58) and (c) glass
slide (RB61). Results for annealed samples are plotted in red.

4.  CONCLUSIONS

Glass and fiber structures with ITO coating were subjected to annealing in
order to identify impact of the thermal treatment on their optical and
electrochemical properties. The annealing process results in increase of
refractive index and extinction coefficient of the films. The process also
improves electrochemical activity of the films deposited on glass and thicker
fibers, whereas in the case of thinner fibers it can lead to a loss of
electrochemical activity. Depending on the applied substrate and the annealing
conditions the investigated structures with ITO coating can be further applied
as a fiber-based sensor with integrated opto-electrochemical readout.
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Abstract

The paper reports controlled deposition of optically transparent and
electrically conductive ITO films prepared by a combination of rf
(13.56 MHz) and High Power Impulse Magnetron Sputtering (HiPIMS)
systems without any post deposition thermal treatment/annealing. It is shown
that (i) reactive admixture of N2 gas to the process and (ii) pressure in the
deposition chamber enable to optimize optical properties of ITO films.
Furthermore, the changes of electrical resistivity were observed, too. The
variation of these ITO properties is attributed to change of crystalline structure
measured by XRD methods.
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INTRODUCTION

Optically transparent and electrically conductive oxide (TCO) semiconductors
are widely known and used in numerous applications, e.g. for liquid
crystal displays (LCD), working electrodes in electrochemistry, electrodes in
solar cells [1]. Generally, there is a search for the materials, highly transparent
in wide optical spectral range, as well as highly conductive. An important
family of TCO is represented by ZnO, SnO2, In203 and also includes some
ternary compound existing systems. Among them, In2O3z doped with Sn, also
called Indium Tin Oxide (ITO), belongs to most favorable material that is well
explored and appreciated TCO material [2]. Despite current TCO material,
research is still being carried out for other suitable and efficient candidates
(e.g. Al and/or Ga doped ZnO [3]), because of expensive and scarce indium,
ITO is still a highly promising material for some particular applications. For
example, we could mention nano and/or micro-sized devices where the added
value is significantly higher than the cost of production.

Our research, performed of this study, is focused on the development of
functional ITO films for lossy-mode resonance sensors based on the optical
fiber [4]. Lossy-mode resonance (LMR) sensors emerged a few years ago and
represent a hot topic in the field of fast, small and smart sensors. From a
practical point of view, an LMR sensor is the optical fiber coated with a
proper thin film. Very briefly, the LMR phenomenon is based on attenuation
of a certain wavelength of the incident light propagated in the high-refractive-
index overlay of suitable thickness deposited onto an optical fiber. This effect
is caused by a coupling between the waveguide modes and a specific lossy
mode propagated in the thin film [5]. ITO was the first, and still widely used,
material explored for LMR sensors. Sensors of such types have been
successfully applied for detection of various bio-substances as isatin [6],
immunoglobulin [7], thrombin [8], etc. The main advantage of ITO-LMR is
the possibility to combine optical (the conventional) and electrical way of
sensing. The electrically conductive surface can be used, e.g. for initiation
of electrochemical reactions onto the surface [6].

However, the efficient sensor structure needs optimization of ITO properties
that allows to tailor the optical and electrical properties of the film. Plasma
assisted deposition is often used for production of ITO films [9, 10]. Plasma
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deposition of ITO films is typically followed by post-processing thermal
annealing at enhanced temperatures to achieve required film resistivity. For
example, in works [11-15] the temperature of the substrate was enhanced by
about a few hundred degrees Celsius. Such a high annealing temperature
immediately disqualifies this technique for coating of heat-sensitive samples,
e.g. optical fibers in our case. Another way of film tailoring was introduced
in [16] where the direct current magnetron sputtering was operated at powers
from 0.4 t0 2.0 kW. In the same work it is shown that high power load provides
a similar effect like annealing at temperatures of about 200 °C. Ellmer and
Welzel attribute this behavior to energetic ions occurring in plasma
discharges [17]. Another technique for tailoring the ITO properties utilizes
optimization of reactive gas (O2) flow during the deposition [18] or during the
post-deposition thermal annealing at ambient atmosphere [19].

Reactive high power impulse magnetron sputtering (R-HIPIMS) was
beneficially used in the study [18]. R-HIiPIMS is an ionized physical vapor
deposition (IPVD) method used for synthesis of metal oxide and/or metal
nitride films. High ionization level of the sputtered metal species is achieved
by operating the magnetron discharge in a low duty-cycle and low-frequency
mode [20-22]. A high degree of ionization [23, 24] of the sputtered material is
one of the main benefits of HiPIMS discharges that usually improves the film
quality [25-28]. Once the sputtered species are ionized, their energy can be
influenced by the potential applied onto the substrate or by input discharge
parameters [29]. Furthermore, localized ionization zones [30], often called as
spokes, have been observed in HiPIMS discharges [31, 32] as well as lately
also in dc magnetrons [33]. Most probably they influence not only the
discharge but also properties of the films.

In this work we carried out a research focused on optimization of the ITO
deposition without any post-processing treatment. ITO films were prepared by
means of reactive HiPIMS of ITO target in Ar/N. atmosphere. Pressure in the
chamber p and reactive nitrogen admixture to the deposition process were
chosen as variable parameters to control the transparency and electrical
resistivity of the film. The effects of spokes on the film properties are
neglected in this study and can represent a future research challenge.

104



A2

5. EXPERIMENTAL SETUP AND METHODS

Electrically conductive and optically transparent ITO films were deposited by
R-HIPIMS. The experiments were carried out in a UHV chamber (reaching
background pressure 10”7 mbar) using a combination of two perpendicularly
oriented sputtering guns equipped by commercial ITO targets (In203/SnO- of
composition 90/10) of 3 in. in diameter, see Fig. 1. The position of the planar
substrate is shown in Fig. 1, as well. The HIiPIMS magnetron, whose axis is
parallel to the substrate, was driven with dc-pulse modulated HiPIMS, with
repetition frequency f = 1 kHz, duty cycle 10% and the pulse width 100 ps.
The home-made pulsed power supply combines a commercial dc voltage
source Heinzinger PNC1500 and high-power insulated gate bipolar
transistors (IGBT) based switch with a large capacitor bank [34]. The mean
discharge current was kept constant at Im = 780 mA,; if other values were used,
this is mentioned in text. The magnetron, whose axis is perpendicular to the
substrate, was supplied by an RF source COMET Cito1310 (13.56 MHz,
300 W). The RF driven magnetron was mostly used for (i) stabilization of
HiPIMS discharge and its operation at lower pressure which was impossible
without the secondary discharge and (ii) for increasing of the environment to
enhance film crystallization. Voltage and current waveforms were
simultaneously measured using voltage and current probes, respectively, and
recorded with a digital oscilloscope (Tektronix TDS1012). Optical emission
spectroscopy measurements were performed using a Shamrock SR500D
spectrometer (focal length 500 mm) equipped with an iCCD detector (iStar
DH7401, Andor Technology, Belfast, Northern Ireland). The optical cable,
connected with the spectrometer, was built directly into the vacuum chamber.
The collimator at the end of the cable faced the substrate position, in parallel
with the target surface. The exposure time for emission images was 500 ns
with a resolution step of 1 ps.

The experiments were carried out typically in reactive N2/Ar atmosphere.
Argon and nitrogen gas flows of 15 sccm for the pure argon and 0.1-1.0 sccm
for the N2, respectively, were utilized. Argon and nitrogen flow rates were
separately controlled by two independent mass flow controllers. The working
pressure p was adjusted by a gate valve installed between the vacuum chamber
and the high vacuum pump in the range of p = 0.5-2.1 Pa. The films were
deposited onto the Si(100) and glass substrates.
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Fig. 1. Scheme of the experimental arrangement utilizing two perpendicular
sputtering guns powered by rf (13.56 MHz) and HiPIMS (1000 Hz)
discharges, respectively.

The deposited ITO films were characterized by grazing incidence X-ray
diffractometry (GIXD) with regard to line position, intensity, and line profile
of the observed Bragg reflections. The employed methods have been described
elsewhere [35]. GIXD was performed on a D8 ADVANCE diffractometer
(Bruker AXS). Cu Ka radiation (40 kV, 40 mA) was used. The scanned
26 range was from 20° to 80° at an incidence angle @ = 0.5°. The film surface
morphology was measured by atomic force microscopy (AFM), recorded with
the tapping mode. The AFM measurements were performed with the scanning
area of 500 x 500 nm? neglecting all inhomogeneities.

Ellipsometric  investigations were carried out wusing a phase
modulated ellipsometer Jobin-Yvon UVISEL (HORIBA Jobin-Yvon Inc,
Edison, NJ) in the 1.8-4.8 eV photon energy range at an angle of 70°, due
to Brewster's angle of Si wafer substrate. Angles A and ¥ were simulated
using three-layer base consisting of surface roughness layer (SRL), ITO film
and Si substrate. The SRL was simulated using the Bruggeman Effective
Medium Approximation [36] including 50% of void and 50% of ITO film. The
optical indices of Si were obtained from a known database [37]. The
complex dielectric function of ITO was assumed to be described by a Lorentz
oscillator to obtain the dispersion due to the interband absorption and a Drude
oscillator to include the free electron contribution in the NIR range. Finally,
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the optical model was fitted to the experimental data using Levenberg—
Marquardt nonlinear least-squares algorithm [38]. The fitting measure, mean
square error (MSE), was used to verify the ability of the applied model to fit
the experimental data. The ellipsometric data analysis allows us to estimate
the film thickness and the optical constants with an accuracy of + 0.2 nm and
+ 0.005, respectively. DeltaPsi software (v.2.4.3) was employed to determine
the spectral distributions of refractive indexn(1) and the extinction
coefficient k(1) of the ITO films.

The room temperature resistivity of ITO samples was measured by a four-
point probe placed in a straight line with equal inter-probe spacing
(s = 1.5 mm). The needle-like probes with a radius of 100 um were utilized.
The size of samples was 1 x 1 cm?. A source meter (Keithley 2400, UK) was
used as a current source, applied to the external probes, and a voltage meter
recording on the internal probes.

6. RESULTS AND DISCUSSION

6.1. Properties of plasma discharges used for deposition of ITO thin
films

In this chapter we want to show the effect of pressure p and the process gas
composition on properties of generated discharge and subsequently the effect
on deposited film. Fig. 2 shows HiPIMS current density waveforms and their
dependence on process pressure p. It should be reminded that the same mean
discharge current was preferentially set as Im =780 mA with some small
deviations which we neglected in the discussion, see Fig. 2. It is evident that
the current starts to rise with a small delay of 10 us after the pulse onset.
Furthermore, we observe that the pressure in the deposition chamber
significantly influences the shape of the waveforms. The current density for
low pressurep~05Pa rises quite quickly and reaches its
maximum j, = 700 mA/cm? at roughly 20 us. Such peak discharge current
corresponds with peak power density of about 280 W/cm?. The current drop,
observed after reaching its maximum, is typical for HiPIMS metallic
discharges and is usually explained by a gas rarefaction effect, i.e. by the
decrease of the gas density in front of the target [39-41]. Gas rarefaction in the
target vicinity is caused by the so-called sputtering wind (i.e. process when
sputtered particles push away gas atoms in close neighborhood of the target)
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and by thermal heating of the cathode/target. None of these effects should be
neglected in our case because of high mean discharge current I, = 780 mA.
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Fig. 2. HiPIMS discharge current density waveforms for different pressures.
HiPIMS parameters: frequency f = 1 kHz, duty cycle 10% and mean
discharge current I, = 780 mA (for 0.5 Pa), In = 760 mA (for 1.3 Pa)
and I = 775 mA (for 2.1 Pa), respectively.
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Fig. 3. HiPIMS current density waveforms for different gas composition.
Process pressure p = 0.5 Pa.

At higher pressure, the rarefaction effect vanishes and the current fall is not so
obvious. It is well pronounced for waveform measured atp=2.1Pa
in Fig. 2 where a current plateau is distinguishable. The reduction of gas
rarefaction effect is attributed to the larger number of species in the discharge
volume, the number of species being proportional to pressure. This shape of
discharge current is usually observed during reactive HiPIMS of e.g. metal
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oxide films. The current rise with increased compound fraction on the target
has been investigated by Gudmundsson et al. [42]. They show that the working
gas recycling is actually the dominant mechanism behind the observed current
increase determined by small self-sputtering yield in the poisoned mode. In
principle, this process has no upper limit and results in a triangular shape of
the current waveform.

Fig. 3 demonstrates that the gas composition does not significantly influence
the current density. Hence, it seems that the gas rarefaction is the main
mechanism which determines waveform shape. This is not so surprising
because of compound In.03/SnO> target on the one hand and very small ratio
of reactive gas N2/Ar<0.06 on the other. The waveforms presented
in Fig. 3 were recorded during experiments driven at low pressure p = 0.5 Pa;
this explains the shape of the waveforms determined by the gas rarefaction
effect.

Properties of the produced discharge, namely its chemical (elemental)
composition, were studied by means of optical emission spectroscopy.
The plasma properties were revealed in the substrate vicinity, i.e. the optical
fiber was inserted inside the vacuum chamber and faced towards the substrate,
to study the deposition condition. The overview spectra, not presented here as
a graph, show dominant metallic lines In (450.9 nm), In*(591.0 nm),
Sn (283.6 nm) and Sn* (607.5 nm) followed by gas lines Ar (420.1 nm),
Ar* (610.5 nm), respectively. In case of reactive discharges with N2 admixture
a line of N (650.6) was observable as well. It is worth mentioning that no
evident nor a strong line related to impurities was observed.

First of all, there is a question whether the RF discharge contributes to the
deposition process. Our effort was to minimalize RF discharge contribution to
the deposition process despite the geometrical arrangement shown in Fig. 1.
To verify this expectation, a time-resolved measurement of metal species (In,
In*, Sn, Sn*) was performed; time-resolved emission intensities for
In (450.9 nm) are compared for pure HiPIMS (top panel) and HiPIMS+RF
(middle panel) discharges in Fig. 4. Here, in 3D graphs, axis x represents the
wavelength, y denotes time and z is the emission intensity. The same figure
also shows a panel with comparison of intensities for a particular wavelength
In (450.9 nm) to make comparison easier.
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The emission intensity maximum is reached at about 50—75 ps after the pulse
onset followed by its drop. This corresponds well with the behavior of the
discharge current, see Fig. 2. Hence, it is assumed that the fall of the discharge
current, explained by gas rarefaction, might also be responsible for reduced
sputtering effect in the second half of the HiPIMS pulse. This behavior is
unwanted, because reduced sputtering decreases the deposition rate. Slightly
enhanced emission intensity, which can be considered to be proportional to
the sputtering rate, was observed for HiPIMS+RF discharge. Furthermore, a
culmination and also a fall of the intensity seems to be postponed by RF
support. However, the most pronounced difference between these two
sputtering modes appears after the HiPIMS pulse end, i.e. in time 7> 100 ps.
Here the emission is significantly lower, but still easily recognizable, at the
same wavelength produced by RF discharge, which is continuously running
during the HIPIMS idle time.

To consider the effect of RF discharge, we can subtract and compare the
relative intensities from the bottom panel of Fig. 4. The intensity maxima
measured for HiPIMS and HiPIMS+RF discharges at time z~ 75 us are
denoted as I;" and 1" R, respectively. In the same manner denoted
intensities are measured in the idle time (z > 100 ps) of the pulse I»", 1™ R,
see Fig. 4. Then the ratio I.;"* R/1;% = 1.2 while 1™ R/I." =~ 8. Hence, this
indicates that the RF discharge enhances the HiPIMS pulse, i.e. sputtering of
the target, but this factor is not significant; it attained the value of about 1.2 in
the pulse. Such an intensity increase is lower than the rise observed in the idle
time of the pulse. On the other hand, the ratio 1.;™* ?/1,H* R > 55 demonstrates
a rather low deposition contribution during the HiPIMS pulse. In other words,
we assume further in this work that the RF discharge: (i) enables us to stabilize
the discharge and to reduce the pressure during deposition, (ii) has a somewhat
small but measurable effect on HiPIMS discharge and (iii) has a rather lower
effect on deposition process/rate than one would expect.
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Fig. 4. Time-evolution of relative intensity emission of In
(450.9 nm) spectral line measured by OES: (i) top panel - time evolution of
In in pure HiPIMS discharge, (ii) middle panel - time evolution for
HiPIMS+RF discharge and (iii) bottom panel - comparison for particular
wavelength 450.9 nm. HiPIMS repetition frequency 1 kHz,
N2/Ar =0.06, p = 0.5 Pa.
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Averaged intensities over the pulse, estimated from the integral below the
pulse intensity waveform, of selected metal and metal ion lines were measured
at the time 7 = 75 ps when the signal used to reach its maximum, see Fig. 4.
These values are presented in Fig. 5 as functions of the process pressure p.
Intensities of metal species increase more or less proportionally with pressure.
It is assumed that the emission intensity depends on the number of excited
species which are subsequently proportional to the number of sputtered
species. In other words, dependences in Fig. 5 indicate a rise in the number of
deposited species with increasing pressure. This is rather surprising because
the number of species, arriving to the substrate region, should decrease at
higher pressure due to elastic collisions and diffusion inside the discharge
volume. This unexpected behavior might be related to the reduced gas
rarefaction effect observed at higher pressure, see Fig. 2. It has been already
mentioned above that the emission intensity corresponds with discharge
current waveforms (compare Figs. 2 and 4). Gas rarefaction, indicated by a
fall in the discharge current, prevents (mainly) working gas Ar*ions from
bombarding the target surface and from providing efficient sputtering and
production of the deposited species. Hence, the total number of the sputtered
species is reduced at lower pressures, which also results in weaker emission
intensity. Such explanation is supported by the fact that the rise in intensities
was observed for metal atoms (In, Sn) as well as for metal ions (In*, Sn™) due
to low ionization potentials In* 5.78 eV and Sn* 7.34 eV, respectively. On the
other hand, the intensity of Ar* (376.6 nm) behaves in opposite, i.e. decreases
with increasing pressure. The behavior of Ar line is not included in the graph
but the mentioned trend was observed regularly. The preferential ionization of
metal species causes a lack of energetic species (electrons and/or metastable
Ar’) suitable for Ar excitation/ionization.

Reactive gas N2 added to the discharge decreases the emission intensity of
metal species In and Sn, see Fig. 6. A decrease in emission intensity of the
sputtered species in reactive discharges is usually attributed to the formation
of a compound layer on the target surface which reduces the sputtering rate,
so-called target poisoning [43]. However, the target poisoning may not be the
main actor in our case, because measurements of mass flux to the substrate do
not vary significantly with the rise N2/Ar < 0.05. However, the intensity drop
is recognizable even with a small amount of added N2, No/Ar <0.03. Such an
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amount is nearly negligible, especially if a compound target
In203/SnO2 = 90/10 is used. This is obvious for In (450.9 nm) when the
intensity is reduced about 50%. On the other hand, a decrease in Sn (285.6 nm)
intensity is slower and less significant (about 15%). Because the discharge
waveforms do not significantly suffer from reactive gas admixture (Fig. 3), it
Is assumed that sputtering is rather influenced by species impinging onto the
target than by its surface state. It should be remembered that the bond
dissociation energy of N2 molecule is 9.79 eV and the ionization potential
of nitrogen atom is 14.54 eV. These energies are higher than the ionization
potentials of metals (In 5.78 eV and Sn 7.34 eV, respectively) but still lower
than the ionization potential of Ar 15.76 eV. In other words, preferentially
ionized N* can contribute to the sputtering process which is less effective
because of lower momentum transfer. In the same graph, the dependence of
emission intensity of N2* (336.7 nm) is shown, as well. It is not so surprising
that the intensity rises with increasing N2/Ar ratio. Hence, the observed fall in
metal emission intensities is also influenced by different sputtering yields that
are reported Y in = 2.12 and Y sy = 1.57 for Ar* bombardment at 600 eV [44].
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Fig. 5. Dependence of emission intensities for selected spectral lines for
metal and metal ion species In 450.9 nm, In* 591.0 nm, Sn 283.6 nm and
Sn* 607.5 nm. No/Ar = 0.06, p = 0.5 Pa.
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Fig. 6. Dependence of emission intensities for In (450.9 nm), Sn (285.6 nm)
and N** (336.7 nm) as a function of No/Ar ratio.

6.2. Effect of pressure and a gas composition on ITO film formation

The research of discharge properties has been performed in order to optimize
the deposition process of electrically conductive and transparent 1TO films.
The main idea is to use two easily controllable deposition parameters
(pressure p and reactive gas No/Ar composition) to optimize ITO properties.
For this reason we focused our attention on the investigation of physical
parameters which determine optical and electrical properties of ITO films. The
films were primarily deposited onto glass and Si substrates. No post-
deposition thermal annealing was performed. However, the substrates were
non-intentionally heated during the deposition. In fact, measurements using
a thermocouple have shown that their temperature was enhanced about of
100 °C.

The effect of total pressure p, varied in range p = 0.5-2.1 Pa, on the layer
properties was investigated first. The XRD patterns measured for film
prepared at p = 0.5 Pa and p = 2.1 Pa are compared in Fig. 7. For both cases,
well crystalline In,0s/SnO, was observed, however with preferred orientation
along [h00]. As shown in Fig. 7, films prepared at higher pressure indicate
more pronounced [h0O0] preferred orientation and the complete diminishing of
the x-ray amorphous parts (28-30°) in comparison to the low-pressure grown
film.
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onto the substrate with higher

energy. The mean free pathis aboutl>5cm at pressures 0.5Pa and
corresponds with the target vs. substrate distance. Hence, sputtered particles
impinging the substrate without collision have a Thompson energy
distribution [45]. Sputtered particles start to collide with neutral gas at
pressure p>0.5Pa in the discharge volume and their kinetic energy is
decreased, resulting in the formation of surfaces with higher roughness. This
corresponds well with a zone structure model for PVD presented by [46] and
with a modified version that includes energetic particles [47].

It is evident from Fig. 9 that the pressure, i.e. the energy of particles
bombarding the substrate, influences also the crystallography of ITO film. The
energy, delivered to the growth process at low pressures, enhances the
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crystallization process, which is indicated by increased intensity of diffraction
peaks. The size of the crystallite grain was estimated by XRD profile to be
about 22 nm with the lattice constant ap = 1.01819 nm, see Fig. 9. Higher
deposition pressure seems to be responsible for reduced size of grains as it is
corresponding well with the zone structure mode [47]. It is worth reminding
that the opposite behavior was observed for the film resistivity; the growth of
resistivity is proportional to the growth pressure. Films with large crystallites
are typical by their lower electrical resistivity since the electron mobility of
TCO is limited by scattering at grain boundaries in polycrystalline films and
at ionized impurities (Sn-ions in ITO) [48, 49]. The influence of grain
boundary scattering decreases with increasing grain size due to the lower grain
boundary.

Another parameter that influences
the film crystallinity is the gas
environment during the
deposition. The dependence of
the electrical resistivity on the
reactive gas No/Ar composition is
shown in Fig. 10, as well. The
highest resistivity was measured
for amorphous films and was
found to decrease with rising
amount of nitrogen. This behavior
is somewhat expected and can be
explained by previously observed
effect of larger domains.
Furthermore, the presence of
nitrogen probably results in
possible preferential occupation
of proper lattice sites by nitrogen
instead of oxygen. Such effect

Fig. 8. Comparison of AFM images
for: upper panel - film prepared at ) ]
pressure p = 0.5 Pa, bottom panel - might result in enhanced electron

film prepared at pressure p = 2.1 Pa. density and subsequently

The AFM images were measured on

identical samples as in Fig. 7. improved electrical conductivity.

Similar phenomena were already
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observed in recent works [50, 51] where the grain size also decreased with
addition of nitrogen [50], which is contrary with our observation.

We suppose that the presence of nitrogen in the plasma will increase a stored
energy invibrational and rotational states of nitrogen molecules. This
accumulated energy can be released by interaction of the nitrogen plasma with
the substrates during the growth process. Thus the nitrogen plasma will cause
a higher energy flux to the substrate promoting a better crystallization of the
deposited films. A similar effect was already observed in the reactive
sputtering of TiO2 anatase films in Ar/O2/N: reactive gasses [52]. In this work,
films crystallization was unambiguously promoted by the presence of nitrogen
plasma. We believe that our case is very similar. Unfortunately, as confirmed
by Tian et al. [50], ITO films are probably doped by nitrogen creating acceptor
levels above the valence band. This phenomenon will probably increase the
concentration of carriers in ITO films and the conductivity will further
increase in this way. The effect of doping is supported also by the fact that we
observed atomic nitrogen in emission spectra Fig. 6. Excited nitrogen atoms
in plasma will probably react with growing ITO films.
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Fig. 9. Dependence of ITO surface roughness, electrical resistivity and the
size of crystal grains on pressure. Films were prepared at gas mixture
N2/Ar = 0.01, p = 0.5 Pa. Furthermore, the lattice constants for ITO
structures, denoted as a; are shown in the figure, as well.
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Fig. 10. Dependence of ITO electrical resistivity on gas mixture No/Ar at
pressure p = 0.5 Pa. Furthermore, the lattice constants for ITO structures,
denoted as ap, and grain sizes G are shown in the figure, as well.

6.3. Optical and electrical properties of deposited ITO films

High transparency and relatively low electrical resistivity represent the main
benefits of ITO films. Fig. 12 illustrates optical constants of ITO samples
estimated by means of spectroscopic ellipsometry. The different nitrogen
admixture and pressure values lead to considerable shifts of n(1) and k(1)
functions (4 =200 — 800 nm). The dispersions of dielectric constants clearly
show typical ITO behavior. It can be observed that the optical constant is
similar for no or low nitrogen admixtures (N2/Ar =0.00 or 0.01). As shown
in Fig. 12 (upper panel), the refractive index of the deposited ITO films rises
to a peak value at a wavelength of around 310 nm and next shows normal
dispersion for longer wavelengths [53, 54, 55]. Higher nitrogen admixture
(0.05) causes a downshift of the dispersion maxima to the wavelengths of
ca. 200 nm, suggesting significant ITO structural changes providing increase
in band gap value. The extinction coefficient of ITOs deposited using various
N2/Ar ratios exhibits minor changes for the wavelength in the visible region
(around 400-800 nm) in Fig. 12, bottom panel.

In addition, it was observed that maxima of the refractive index shift to higher
wavelengths with increasing process pressure, revealing significant downshift
of the energy band gap. In that condition, refractive index increases with
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higher process pressures (Fig. 12).
Since the refractive index is I ‘ N,JAr = 0/15

p=0.5Pa

proportional to physical density, it
iIs  slightly increased by
nitrogen, while the pressure
provides significant film
densification [17, 18, 56].

Intensity [a.u.]

The transmittance estimated from
the k(1) reached in average 70%,
I.e. for wavelengths > 400 nm (not
shown here) in all the samples. A
decrease in  the  extinction
coefficient, i.e. a decrease in
absorbance, with a rise in
wavelength is a well-known
phenomenon, which is related to
the behavior of a heavily-doped n-
type semiconductor with a large Fig. 11. X-ray pattern of ITO film
band gap about of deposited in pure Ar atmosphere
46V [48,54,57]. UV  photons at p= 0.5 Pa. Be_:llow_is shown AFM

) image of the identical surface.
excite an electron from the valence
band to the conduction band, which leads to non-zero extinction coefficient.
The presented values are consistent with those of other studies [16, 56, 58] but
no additional post-deposition thermal annealing was needed to achieve them.
As reported by other groups [19, 59, 60], the thermal treatment improves the
ITO properties but induces material stresses and causes oxidization of surface.

20 (%)

Fig. 13 presents dependence of refractive index (for A = 550 nm) on process
gas composition and process pressure. In general, the value of refractive index
about n = 2.2 was measured for crystalline films and its decrease was observed
when the crystallinity, estimated from XRD pattern, was reduced. The
pressure shows significant influence on the refractive index, while it seems
that the film crystallography does not play so important role, compare
with Fig. 7. The higher refractive index of the ITO films grown at higher
pressures is attributed to the higher density caused by bombarding of energetic
species [13, 18]. As shown in Fig. 12, the lower extinction coefficient occurs

119



Research Section: Sensor Fabrication Technology and Procedure

at pressure of 2.1 Pa, but only in the range below 400 nm. Previous studies of
Jung et al. [57] showed that the higher extinction coefficient can be attributed
to sub-oxide phases such as InOx or SnOx. Moreover, the nitrogen admixture
causes the co-doping of ITO films shifting band gap and thus reduces
refractive index of films.
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Fig. 12. Refractive index n(1) and extinction coefficient k(7,) for different
pressures at No/Ar = 0.01 (upper panel) and for different gas ratio

at p = 0.5 Pa (bottom panel). Here the solid symbols are used for the
refractive index n while open symbols denote extinction coefficient k(4.
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In general, nitrogen admixture shows minor influence on the optical constants,
while it leads to a substantial decrease in the electrical resistivity p. The
dependence of the ITO film electrical resistivity is shown in Fig. 9. This can
be attributed to the increase in carrier concentration induced by nitrogen co-
doping and also to higher carriers mobility in the crystalline rich phase [61].
Oppositely, the pressure induces a decreasing trend of the electrical resistivity
of the film, while its effect on film crystallography and surface morphology is
not significant. The p(p) predicates the method for tunable deposition of ITO
films with p in a wider range.

The highest resistivity

corresponds  with the X-ray — 2% 2 —a ‘%m'
amorphous pattern of ITO 1o ‘TE\;

deposited without nitrogen and 21Pa
is shown in Fig. 11. Presence of

nitrogen probably results in

possible preferential occupation \ a1 21’550 nm vs N atio
of proper places of the lattice by ™[ ospa 7T n 8t 350 nm ve pressure
1 2

2.00 -

0.5Pa

refractive index

175

nitrogen instead of oxygen. sample 4 >
Such effect might re§ult in Fig. 13. Dependence of refractive
enhanced electron density and index n on different gas ratio (full
subsequently improved triangles, p = 0.5 Pa) and process

. .. . pressure (opened triangles,
electrical con.du.ct.IVIty, €. N2/Ar = 0.01) estimated for particular
reduced resistivity. The wavelength 550 nm. The values for gas

saturation point corresponds to ratio and pressure are written inside
N2/Ar = 0.02 and the resistivity the graph describing each point.

is not significantly influenced

and remains constant. The higher electrical conductivity is enhanced by
improvement of crystallinity: films with large crystals are typical for lower
electrical resistivity since the electron mobility of TCO is limited by scattering
at grain boundaries in polycrystalline films and at ionized impurities (Sn-ions
in ITO) [48, 49]. The influence of grain boundary scattering decreases with
increasing grain size due to the lower grain boundary density. In case of larger
domains formed due to incorporated nitrogen to the discharge the electron
movement is in accordance with the theory.
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7.  CONCLUSION

In summary, the electrically conductive and optically transparent ITO films
were deposited by the R-HIPIMS technique. The nitrogen addition during the
HIPIMS process to the argon carrying gas has been particularly studied.
Reactive gas N2 added into the discharge decreases the emission intensity of
metal species In and Sn. It could be concluded that ionized N* can contribute
to the sputtering process, which is less effective because of lower momentum
transfer. Moreover, the nitrogen admixture causes the co-doping of ITO films
to shift the band gap and thus reduce the refractive index of the films. In
general, nitrogen admixture shows minor influence on the optical constants,
while it leads to a substantial decrease in the electrical resistivity. It was shown
that ITO film resistivity can be tuned in range of an order of magnitude by
nitrogen admixture.

It should be noted that the parameters were achieved without additional
thermal annealing, while that work was done by energy enhanced HiPIMS
process. The reported films could be applied for temperature-sensitive
materials, such as polymers or organics e.g., 3D printouts, flexible and printed
electronics or optical fiber sensors.
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Abstract

The paper introduces a modified approach of time resolved in situ diagnostics
of highly reactive discharges (C2H2 in our case) usually used for a deposition
process of various non-conductive thin films. Reactive plasma could create an
insulating film onto inserted diagnostic tools, which distorts measured data
and makes their processing unreliable; a typical problem of Langmuir probe
measurements. The proposed approach utilizes a so-called radiofrequency (rf)
Sobolewski probe for ion flux measurement which is further modified to also
obtain the electron temperature in some cases and the ion density. In this work,
we introduce the procedure where measured rf probe characteristics are
transformed towards |-V curves of the plasma sheath with subtracted
capacitive current. This processing enables not only the monitoring of plasma
sheath impedance and the ion flux towards the substrate but also allows for an
estimation of other parameters as the plasma density or electron temperature,
respectively. We demonstrate that the substrate used for thin film deposition
can act as an active probe itself. The relevance of the proposed method was
verified in pure Ar discharge where the results correspond with conventional
Langmuir probe diagnostics. Furthermore, internal plasma parameters of
highly reactive Ar/C,H> plasma, formed from acetylene, were evaluated, too.
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1.  INTRODUCTION

Nanostructured surfaces, often prepared by plasma deposition methods, have
gained an enormous interest in last years because of their wide range of
applications. However, modern technology (sensor industry, solar cells,
catalysts, nanosemiconductors, biofunctional surfaces and many others [1-6])
seeks for rather complex and multicomponent thin films which cannot be
prepared straightforward and needs more sophisticated plasma deposition
processes in a reactive environment. Namely, we can point out reactive plasma
physical vapor deposition and/or plasma enhanced chemical vapor deposition
processes [7]. The plasma deposition processing is rather complex and offers
many parameters that have to be adjusted [8]. All these parameters need to be
known, understood, optimized and controlled to obtain reproducible
deposition process of films with desired properties. Hence, the careful
diagnostics of plasma properties and their feedback-wise control is essential.

Unfortunately, any diagnostics tools inserted into the process chamber are also
coated. Hence, for the diagnostics of highly reactive and harsh discharges non-
invasive techniques are preferentially used; typically based on optical
emission spectroscopy providing information about chemical composition [9,
10] or microwave plasma analysis [11]. However, other unwanted
information, especially about energetic properties, is often received during
invasive measurements when a biased electrode or mesh is immersed directly
into the plasma bulk [9]. Then the deposited film changes the active diagnostic
surface which alters the measured signal. This is the typical limitation of the
oldest diagnostic approach by the Langmuir probe [12-14] because altering
its surface changes the electrical conductivity and subsequently the -V
characteristics becomes distorted [12] and unreliable. To overcome this
problem pulsed and superposed voltage bias [14, 15], fast scanning [14, 16],
probe shielding [16], periodic cleaning of the probe surface by ion
bombardment [17], or by heating [18] have been developed. However, these
methods usually bring only a partial solution.

The most promising methods, for invasive diagnostics based on current
collection, are probe methods operated with altering bias with frequency in a
range from kHz up to MHz. The method introduced by Braithwaite et al. [19]
utilize the probe self-bias effect when the pulsed modulated radiofrequency

127



Research Section: Sensor Fabrication Technology and Procedure

(rf) voltage is applied on a planar probe divided from the external circuit by a
defined capacitor. Here the applied voltage has to be large enough in respect
to the electron temperature. This method was further studied and optimized in
[20, 21]. Sobolewski [22, 23] extended this approach by applying a defined rf
voltage and determined the ion flux from current and voltage waveforms
measured on the probe. It can be used in the reactive plasma because the
insulating film, growing onto the probe surface, does not affect the electrical
reactance of the probe significantly [24]. The ion flux to the probe represents
the probe current when the applied voltage reaches a minimum value. The
presented technique is very suitable for ion flux estimation and was further
developed and improved [22-24]. The RF current and voltage waveforms
measured in the plasma in order to get information about plasma impedance
or other plasma parameters were already developed on very high level and
described in [25-30]. The information about plasma impedance was used in
some papers for determination of electron concentration as it was described in
[31-36]. The plasma was usually supplied by the RF frequency 13.56 MHz or
low frequency 100 kHz with superimposed RF (13.56 MHz) in this case and
the plasma impedance of all the discharge volume was obtained. The method
provided some average values of plasma parameters over all the discharge
volume.

Recently, various modifications of fast sweep Langmuir probes were
developed [37-39] and used in reactive plasma for plasma parameters
determination. The voltage applied on the probe was swept with very high
frequency up to 400 kHz. In this case, the parasitic capacitive current flowing
through the probe, was subtracted by the specific circuit and a dummy probe
and suitable current and voltage characteristics were obtained for electron
temperature and concentration calculations.

In this work, we present a modified Sobolewski probe method where the
measured rf waveforms are transformed towards Langmuir 1-V curve with a
subtracted capacitive current This approach enables an estimation of plasma
density and electron temperature assuming a Maxwellian distribution
function. The proof of concept is verified during diagnostic of Ar plasma
where we observe a good agreement between results obtained by the
conventional slowly swept Langmuir probe and the modified Sobolewski
approach. After that, highly reactive dusty plasma discharge (driven by rf
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13.56 MHz power) formed from acetylene was investigated and the internal
plasma parameters were estimated. The results are discussed in the context of
previously published work [40] which confirm hydrocarbon nanoparticle
(dust) formation.
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Figure 1. Simplified scheme of the experimental and measuring setup. C
denotes a capacitive probe for voltage sensing, L is the Rogowski coil for
current sensing. The capacitively coupled plasma was driven with an rf
power of 100 W (13.56 MHz) in a vacuum vessel.

2. EXPERIMENTAL SETUP
2.1. Vacuum and Ar/C2H2 plasma production

Figure 1 schematically depicts the used experimental setup. The stainless steel
vacuum chamber was evacuated using an oil diffusion pump. The capacitively
coupled rf discharge was generated by a planar electrode (200 mm in diameter)
fed by a rf power supply with a frequency of 13.56 MHz; the absorbed rf
power of 100 W and the electrode self-bias voltage of about -400 V was kept
constant during the experiments. The pressure in the chamber was 5 Pa
attained by an Ar mass flow rate of 50 sccm for the non-reactive environment.
The mixture Ar/C,H, = 50/5 was used for generation of the reactive dusty
plasma.
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2.2. Sobolewski rf probe

A planar, circular rf Sobolewski probe [22-24], with defined active area 1 cm?,
was inserted into the plasma to measure substrate ion flux and plasma sheath
impedance, see figure 1. The probe body was shielded by a PTFE cover, to
define the active probe area. The probe was distanced 5 cm from the discharge
rf electrode. The active rf probe was powered by Tabor Electronics 9100 high-
voltage wideband amplifier controlled by an Agilent 33250A function
waveform generator. The function generator was set to deliver a sinusoidal
signal with a frequency in the range of 200-1000 kHz. After amplification, the
signal had a peak-to-peak value of 80 V. A 4.7 nF high-voltage ceramic
capacitor was connected between the probe and the amplifier and served as a
blocking capacitor for the dc self-bias voltage. The rf current through the probe
was measured by a current transformer. The scheme of all the circuit can be
seen in figure 1. The current transformer was winded on a Teflon core which
guaranteed excellent linearity of this current transformer. This one was
implemented as a toroid with a rectangular cross-section with inner and outer
radii of 8 and 30 mm, respectively. The induced current in the coil,
proportional to the RF probe current, was measured as a voltage drop on a
sensing resistor, R = 50 Q, placed between the two leads of the windings.
The current transformer was further connected with 50 Q coaxial cable to 50 Q
input of digital sampling oscilloscope. The current transformer had a
calculated self-inductance L = 12.7uH and a mutual inductance
M = 0.32 pH between the sensing winding and conductor. A capacitive
shielding was placed between the main probe conductor and current
transformer in order to eliminate undesired capacitive pick up of current
sensor. A voltage sensor based on capacitive probe was placed directly below
the current transformer in order to measure RF current and voltage exactly at
the same point. The voltage sensor has capacitance C = 1.5 pF relative to
main probe conductor and measured signal related to RF voltage on this
conductor relative to ground. The voltage and current waveforms were
acquired by a Tektronix MDO3034 oscilloscope and saved on the flash
memory. The plasma probe was connected with this current and voltage sensor
via a coaxial cable with impedance 50 Q and length 100 mm. Since the
maximum detected frequency is only 3 MHz we can consider this short cable
as a pure capacitor. This sensor was able to provide two voltage signals in
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dependence on time which were related to the RF current and RF voltage on
the probe conductor, respectively. A proper calibration was needed to get
correct values of the RF current and voltage waveforms on the plasma probe.
The presented RF current/voltage sensor can be considered as fully linear
circuit. The only nonlinear element is the measured plasma in this experiment.

Although the pure harmonic voltage signal is applied on the probe due to the
nonlinearity of plasma load higher harmonics will be detected with the current
and voltage sensor. For this reason, the calibration of the current—voltage
sensor has to be done also for these higher harmonics.

3. CALIBRATION OF THE RF CURRENT AND RF VOLTAGE
SENSOR

In order to get correct values of current and voltage on the probe, the sensor
has to be calibrated on wide frequency range from 200 kHz up to 3 MHz. For
the calibration procedure, the accurate calibration carbon resistor with
frequency independent resistance R,. = 50 Q + 1 Q in this frequency range
was placed behind the RF current/voltage sensor. This calibration resistor was
further connected in parallel with other input of the digital sampling
oscilloscope with input resistance 1 MQ and capacity 14 pF. The scope input
impedance was considered much higher than calibration resistance and was
omitted. The output of current and voltage sensors were connected to two
channels of the scope with input impedance set up on 50 Q. This measured
voltage waveform on the calibrating resistor provided information about RF
voltage on this resistor and RF current which have the same phase angle as the
RF voltage and RF current amplitude

U
loze = 5825 (1)

This knowledge of current and voltage amplitudes on the calibrating resistor
can provide information about amplitude and phase correction coefficients for
sensors of current and voltage signals on particular frequencies in the range
200 kHz—4 MHz. The plots of amplitude and phase correction coefficients for
voltage and current signals in dependence on the frequency can be seen in
figures 2(a) and (b), respectively.
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Figure 2. Voltage and current amplitude and phase correction factors of
calibrated IV sensor in the frequency range 150 kHz—4 MHz.
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Figure 3. Impedances of (a) parallel connection of carbon resistor R = 2700
Q and capacitor 220 pF (b) only ceramic capacitor 220 pF placed instead of
planar probe and measured by calibrated RF current and voltage sensors
(black and gray triangles) and for comparison measured by calibrated
impedance spectrometer (black and gray solid line) in spectral range
200 kHz-3.5 MHz.

The practical procedure of calculation of RF current and voltage from the
measured signal waveforms is the use of DFT (discrete Fourier
transformation) of measured signals. The DFT spectrum is then corrected with
amplitude and phase factors presented in figure 2 and the corrected DFT
spectra were transformed back by the inverse DFT. The correct RF voltage
and current waveforms were determined in this way. This procedure provided
a realistic information about the RF current and voltage and their relative
phase in the position of the RF current/voltage sensor.
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In order to verify that the described calibration procedure was correct we
placed behind the RF current/voltage sensor (i) a parallel connection of
resistor 2700 Q and capacitor 220 pF (figure 3(a)) and (ii) only capacitor
220 pF (figure 3(b)). Impedance of these elements were measured with the RF
current/voltage sensor in the frequency range up to 3 MHz at selected discrete
frequencies. The measured impedance was converted in an admittance and
values of the parallel resistor and capacitor were calculated from this
admittance model. For comparison, these circuit elements were measured in
the same frequency range by calibrated impedance spectrometer. We can see
very good agreement of parallel resistance and capacitance determination by
both devices with the difference lower than 5%.

4.  MODIFIED RF PROBE METHOD AND ITS VERIFICATION

In principle, the Sobolewski probe method is based on a precise simultaneous
measurement of the rf voltage and current waveforms measured by the RF
current/voltage probes [41]. The above described calibrated RF
current/voltage sensor was used to determine j between the probe voltage us(t)
and probe current is(t), here the index s denotes the probe related parameters
as ‘Sobolewski’ voltage and current. The probe calibration was performed at
a wide range of rf frequencies with fast Fourier transformation post-
processing; a more detailed description of the calibration procedure can be
found elsewhere [24]. From these measurements, plasma parameters such as
ion flux towards the probe 7 and sheath impedance Zp can be estimated more
or less directly.

The left panel of figure 4 shows the measured data after calibration procedure
and fast Fourier transformation. The probe voltage is shown with subtracted
dc self-bias. The right panel indicates the estimation of the ion flux to the probe
surface. The voltage applied to the probe needs to have a sufficiently high
amplitude (>10 V) to repel most of the electrons. In the case of amplitude
UMin ~ 40 V, it is assumed that electron contribution to the probe current is
close to zero. Hence, the total probe current measured at U™ is attributed
only to positive ions hitting the probe. According to Sobolewski, the ion flux
to the probe surface 77 is equal to the probe current divided by the probe
surface A at the same time when the simultaneously measured probe voltage
reaches its minimum [42], as shown in right panel of figure 4. Here we should
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remind that this simplest Sobolewski analytical method for the ion flux
determination is properly valid only for rf frequencies significantly lower than
the ion plasma frequency, os << wp [22].
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Figure 4. Left: filtered waveforms of voltage us(t) and probe current is(t),
respectively, measured with the calibrated probe. Right: estimation of the
ion flux 75 from the U™™ value.

Another parameter available from the voltage and current waveforms is the
plasma sheath impedance Zp which determines the current flowing through
the sheath. Equations (2) and (3) were used to estimate the real part ZR¢ and
the imaginary part ZI™ (reactance) of the total impedance Zy [24]:

Zém = |Zs| - Vv 1 — cos? Ps, (2)

Zé%e = |Zs]| - cos @,

(3)

where |Zs] = 111_: (4)
2 Jy us(®)is(t)dt

and COSQDS(t) = TO—. (5)

Ug'Ig

Here Us and Is denote peak values of the measured rf probe voltage and current,
respectively, js(t) is the phase shift between us(t) and is(t), and T is the period
of the rf probe signal.

However, the important fact is that the measured signal is not given solely by
the sheath impedance Z but also by the impedance of the probe itself and the
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power feed line between the probe and the measurement unit. This background
impedance Zyc has a capacitive character and causes a displacement current
that is also included in the current signal is(t). Therefore the background
impedance needs to be measured and subtracted from the calculated
impedance Zs in order to obtain correct plasma sheath impedance. The
problem can be approached using a theoretical model of two in parallel
connected impedances. The first one represents the background impedance
Zne, While the second is the desired plasma sheath impedance Zp, both
contributing to Zs:

1 _ 1 4 1 ©)
Zs Zbc Zpl
Turning to corresponding admittances the solution simplifies:
Ypl = Ys — Ype (7)
1 L. ..
Yo = —[cosps —isingg] — Zodl [cos @y — i sin @y, (8)

1Zs|

where Y is the plasma sheath admittance, Ys is the admittance of the measured
signal and Y. is the admittance of the background, respectively. Furthermore,
the joc represents the phase shift of the background signal. The right side of

equation (8) can be separated into real and imaginary part giving values of Yp‘}e
and erlm. From there the plasma sheath impedance Z, its real and imaginary
parts Z° and Zp", and the phase shift j,i can be easily estimated as:

P
Zy = — = —(YRe+yim
Pl = Ypr |Ypl|2 Pl pl > )
YRe
Zy = 10
P vl (0
Zip = o (11)
Pl |Yp1|2,
z)
@pp1 = atan (ZR")' (12)
pl
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Figure 5. The dependence of plasma sheath impedances (Zyi, Zz’ff, Z;I;Tzn) and

the ion flux I5 as a function of discharge absorbed power (on the left,
pressure kept constant 5 Pa) and process pressure (on the right, power kept
constant 100 W). Estimated by the Sobolewski method in pure Ar discharge.

Figure 5 shows the dependence of the ion flux 77 and plasma sheath impedance
Zp on the absorbed power (left panel) and gas pressure (right panel),
respectively. These data were measured with a signal frequency on the probe
of 200 kHz. It can be clearly seen that the ion flux is more or less proportional
to the power due to enhanced production of ions in the plasma bulk. The higher
density of ions and subsequently of their flux towards the substrate with
increasing power is as expected. Once the plasma density increases the plasma
sheath impedance is decreased by the presence of energetic free electrons in
the sheath; in fact the Debye length will be shorter for higher plasma density.
Furthermore, both contributions of plasma impedances er}le, ZII,‘In have a
similar qualitative behavior with an indication that the reactance is the
dominant part of the total plasma sheath impedance at this signal frequency
(200 kHz). Furthermore, I and Zp are also pressure-dependent, see figure 5
(right panel). We observe a rising ion flux with increasing gas pressure within
the measured pressure range (2.5-12.5 Pa). It predicts an increasing number
density of plasma species, and also higher ionization fraction at higher
pressures. The error estimated from a larger amount of measurement is about
20%. Here, we want to namely show that the Sobolewski method is capable
for the estimation of plasma impedance and the ion flux with their reasonable
values of about 20 kQ and 300 pA cm?.

Once these characteristics are known, the estimation of other inner plasma
parameters is wanted. For example, Sobolewski [41] and Sprott [43] proposed
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a semi-empirical relation between the electron temperature Te, the ion current
li and the real part of the plasma sheath admittance:
1 kgT,

where kg is the Boltzmann constant and ge is the elementary charge. However,
the validity of this relation is strictly limited; the derived equation agrees with
the experimental data, obtained in [41], only for low sheath voltages <3 V.
On the other hand, we could not use such a low voltage for the current and
voltage waveforms due to the small sensitivity of our current and voltage
sensors in our experimental set up.

For that reason, we propose a novel approach to the evaluation of data obtained
by the rf probe with sufficiently high voltage amplitudes (> 10 V). The method
utilizes the approach from [44] where high-frequency voltage sweeps were
used during Langmuir probe diagnostics. The method is based on the
transformation of data measured by RF current/voltage sensor to Langmuir-
like 1-V characteristics by conversion of the rf probe curves to the ip(us)
function. This method can be used only in the case the used probe voltage
frequency is well below ion plasma frequency wypi. In this case ions can follow
the applied high frequency field. This can be considered as a limitation of this
method and the same limitation appeared also for the fast sweep probe
presented in [37]. Each period of the rf probe voltage us(t) can be considered
as sweeping probe voltage with a forward and backward part, see figure 6 (left
panel). It is not a linear sweep but rather a sinusoidal sweep. Besides the
voltage us(t), the figure also shows total probe current i(t), obtained by
subtraction of the displacement current from the measured signal is(t) between
the probe and the measurement unit. The subtracted displacement current was
obtained by RF current measurement through this probe without plasma. On
the other hand the total current i(t) still contains some capacitive part because
in case of plasma presence this parasitic capacitance is slightly different and
sheath capacitance appears.
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Figure 6. The transformation of the rf measured waveforms towards the 1-V
curve. Left: the rf probe voltage us(t) considered as forward and backward
voltage sweep of measured total probe current i(t). Right: graph i(us) results
in a typical Lissajous-like patter from which, after proper processing, the I-
V curve is obtained. The I and Ig in both panels represent the currents
measured for the same value of voltage during forwards and backward
sweep, respectively.

The right panel of figure 6 shows the plot of the total current i(t) as a function
of probe voltage us averaged over several periods. This transformation leads
to a Lissajous-like pattern where, in case of a single period, each value of the
voltage corresponds with two total current values: the current obtained during
(i) forward and (ii) backward voltage sweeps of the probe. Hence, for
n = 100 measured periods, each value of the voltage us(t) corresponds to 2n
values of the current. Proper averaging enables to relate each voltage value
with only 2 currents; current I corresponding to the forward voltage sweep
and the current Ig corresponding to the backward voltage sweep, see figure 4
(right panel).

The difference between these two current values is:

dug (¢ dug(t
= [(59) - (59) oo an

Csh(us) denotes a differential sheath capacity together with the rest of parasitic
capacity of the probe relative to the ground. The capacity of the short coaxial
cable between the RF current/voltage sensor can be included to this parasitic
capacity as well. In addition, we can write following formula for the total
probe current i(t):

138



A3

i(t) = i,(®) + Cop @ (15)
t
where ip(t) is the Ohmic current through the sheath which is the proper one for
plasma parameters determination. The plasma sheath behaves like a nonlinear
resistor shunted by a parallel capacity. Validity of equation to (14) for the
probe current was discussed in [41, 45] for the probe voltage frequency below
wip and it was justified the use of Csh(us) as a function of voltage.

In case the used voltage signal is symmetric, the derivation dud;t(t)for both the

forward and backward sweeps results in the same value but with an opposite
sign. Hence, equation (14) simplifies to:

du(¢)

IF_IB=2 dt

Csh (us) (16)

Equations (16) or (14) enable to obtain the capacity Csh(us) and subsequently
also the capacitive current ic(us). The capacitive current ic(us) is obtained as:

ic(us) = %Csh(us) (17)

The desired probe current ip(us) for plasma parameters calculation is then:

ip(us) = i(us) — ic(us) (18)

Calculation of i, as the function of us provides the single 1-V characteristics,
see figure 6 (right panel). Such an |-V curve represents the voltage span
corresponding to the rf probe voltage amplitude. The |-V curve can be further
processed in a similar manner as the Langmuir probe data [46].

The electron temperature Te (in V) can be determined from the first derivative
of the electron current le at floating potential Us in the semi-logarithmic plot:

_(d(n L)\
Te = (T) 9
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Once the electron temperature is known, the electron density ne can be
estimated according to the Bohm criterion

Jio = 0.61gene (20)

where jio is ion current density j;, = “7"; here lig is the ion current at floating

potential Ur obtained by extrapolation of the ion current part in the 1-V curve,
see figure 7, and A represents the probe area. Other quantities are: Qe
elementary charge, M; mass of Ar ions, ks Boltzmann constant, Te electron
temperature in Kelvin, and ne electron density. We should state here that this
electron temperature Te calculation is correct only in case of a Maxwellian
distribution function for electrons. Otherwise, this method will give us only
electron temperature of faster electrons with energy around floating potential
and the body of the electron distribution function would not contribute
significantly. The other limitation of this method is the fact that it is obtained
only a small part of Langmuir probe characteristics with missing part
approaching to plasma potential and electron saturation current. Generally, the
presented method contains only a relatively simple hardware and can be easily
implemented in industrial machines.
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Figure 7. Processing of the obtained 1-V curve by the Langmuir approach.
The 1-V curve is identical with the one shown in figure 4 (right panel). lio is
the ion current at floating potential Ur obtained by the extrapolation of the
ion current. The Te is estimated from the first derivative of the electron
current in the semi-logarithmic plot.
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The method described above was verified during a conventional capacitive rf
discharge in pure Ar. The discharge was investigated for different absorbed
powers and pressures by the method described above and by the classical
Langmuir method [46]. It is worth noting that the same planar probe, at the
same experimental condition was used.

The obtained data for electron temperature Te and ion density n; at the edge of
the sheath and the bulk plasma are shown and compared in figure 8. The most
important finding is the fact that results obtained by the rf and Langmuir probe
have similar qualitative trend and also somewhat correspond quantitatively
with each other for both Te and ni. Te measured by rf probe is about 2 eV
smaller compared to Langmuir one, but still it is in reasonable agreement with
previous measurements reported in [40, 47]. Similar for ni where rf shows
about 2 x 10™° smaller values (right panel). While the n rises with the pressure
up to a certain value where it remains more or less constant, Te exhibits the
opposite trend. This trend has been already observed several times and is
attributed to the number of particles in the system, their collision frequency
which influences a number of ionized species as well as ionization energy
losses [48].
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Figure 8. Comparison of plasma parameters measured by rf and Langmuir
probe methods. The measurements were performed at the same condition
and parameters were processed by equation (19)—electron temperature and
(17)—ion density, respectively, for rf probe. The left panel shows the
pressure dependence at 100 W while the right panel shows the power
dependence at a constant pressure of 5 Pa.
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5. PROBE DIAGNOSTICS OF HIGHLY REACTIVE

DISCHARGES

Corresponding results obtained by the two different approaches (the modified
rf probe versus Langmuir probe) proved the reliability of the method with the
possibility to employ the rf probe in highly reactive and harsh discharges. As
we already mentioned, probes driven at higher frequencies overcome the
problem of the capacitive reactance of the deposited parasitic film [19, 22]. In
our case, the diagnostics of rf excited Ar/C,H> plasma was performed in a
timeresolved mode within a total experiment time 850 s. The power delivered
into the system was kept at 100 W. At first, the discharge was stabilized by
operation in pure Ar for 150 s. After that, reactive CoH> was added to the
discharge for the next 350 s; i.e. up to time 500 s from the beginning of the
experiment. After this time, t > 500 s, the CoH. flow was switched off and
only pure Ar was delivered to the chamber again. The results are shown in
figure 9 where the experiment window with the reactive plasma is highlighted.
Former work [40], performed at similar experimental conditions, reports the
formation of dusty carbonaceous nanoparticles in the volume of C2H> plasma.
It is assumed that dust particles are formed in several steps; after nucleation at
the initial stage, the growth is determined by absorption of neutral and charged
species in the later stage. A linear dependence of the particle size d with the
time is usually expected d(t) « t. Furthermore, during the growth of
nanoparticles, they can be charged, preferentially negatively up to the floating
potential.
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Figure 9. The time dependence of the plasma sheath impedances (left) and
ion flux (right). The highlighted area represents the experimental window

when C,H;,was delivered to the plasma.
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Plasma sheath impedances Zp, Z\°, Zpy" Were estimated in Ar/CoH, plasma,
using equations (9)—(11), at first, see the left panel in figure 9. The data were
obtained from measurements performed at rf probe amplitude Us = 12.5 V and
signal frequency 200 kHz. It is apparent that the total impedance Zp is
determined by its reactance (capacitive) contribution. The same trend was also
observed in pure Ar discharge where the lefl“ is the main player. Furthermore,

the absolute values of impedances in reactive and in pure Ar discharge are
somewhat similar (= 18 kQ); compare figures 5 and 9 in the process without
C2H> presence. C2H2 causes the steep fall of Zy and Zf}le; the Zgl“ also

decreases but it is less apparent. The plasma impedances become more or less
constant during the reactive discharge (of about ~10 kQ) and start to rise after
the reactive gas delivery has ceased. The behaviour of the ion flux 7 is exactly
the opposite: it increases in reactive plasma by about 1/3. The effect is
attributed to the formation of dust nanoparticles which can be preferentially
charged by an accumulation of fast negative electrons. Since the lifetime of
nanoparticles is significantly longer than the electron diffusion time and
related sideward wall losses, the increased volume charge decreasing the
plasma impedance. However, the nanoparticle existence in the discharge
volume is also influenced by their mass; after a certain time the nanoparticles
are large and expelled out of the plasma volume, for example by ion and
neutral drag forces.
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Figure 10. Time evolution of electron temperature Teand ion density n;.
Quasineutrality n; = n, was assumed.
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The electron temperature Te and the ion density ni, respectively the electron
density ne assuming plasma electrical quasineutrality n; ~ n., were obtained
from equations (19) and (20). These parameters were measured by the
described rf probe with the signal frequency 200 kHz. The electron density
enhances, being multiplied nearly by factor 2, in reactive acetylene discharge.
The growth of electron density has the same trend as the electron temperature;
enhanced Te results in dissociative and ionization collision processes. It seems
that the electron density culminates rather soon after the CoH, delivery and
starts to decrease. This can be explained by the nanoparticle formation, their
negative charging and the reduced density of free electrons in the volume. This
ni(t) behavior corresponds well with the I7j(t); compare figures 9 and 10.
However, after the CoH> gas pulse, we observe the contrary behavior
of T.(t > 500s) versus n;(t >500s). The density falls while the
temperature rises. This mechanism has not been fully understood yet but it
indicates a strong relation with (i) the carbonaceous dust and/ or (ii) long-live
Ar metastables.

6. CONCLUSION

A modified Sobolewski rf probe method for diagnostic of internal plasma
parameters is proposed. The main approach is based on the assumption that
each period of the measured rf signal acts as a forward and backward part of
the I-V curve during Langmuir probe measurements. The transformation of
total probe current i(t), measured as a function of rf probe voltage us, results
in a Lissajous-like pattern from which the I-V characteristics can be obtained
by the tailored data processing. The obtained -V can be processed in a similar
way to Langmuir probe theory. Hence, besides the plasma impedance and the
ion flux, the parameters typically obtained from Sobolewski probe, the plasma
density and electron temperature can be measured as well. On the other hand,
the method measures only electron temperature of faster electrons with an
energy around the floating potential and requires the existence of a
Maxwellian distribution function for determination of the electron
temperature.

The method was verified by measurement in a pure Ar discharge. Satisfactory
agreement was observed between the results obtained from the slow classical
Langmuir and modified rf probe. After that, the rf probe was successfully
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employed for diagnostics in highly reactive acetylene Ar/C,H> plasma. The rf
probe provides reasonable results indicating wide versatility of proposed rf
probe approach for in-time and in situ monitoring of reactive discharges.
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Abstract

Analysis of liquids performed in multiple domain, e.g., optical and
electrochemical (EC), has recently focus significant attention. Our previous
works have shown that a simple device based on indium-tin-oxide (ITO)
coated optical fiber core may be used for optical monitoring of EC processes.
At satisfying optical properties and thickness of ITO a lossy-mode resonance
(LMR) effect can be obtained and used for monitoring of optical properties of
an analyte in proximity of the ITO surface. However, EC response of the ITO-
LMR device to a redox probe has not been achieved for ITO-LMR sensor
whereas it is generally observed for commercially available ITO electrodes.
The changes in the response to a redox probe are typically used as a sensing
parameter when EC label-free sensing is considered, so it is crucial for further
development of combined LMR-EC sensing concept. In this work, we focus
on enhancing the EC activity of the device by tuning ITO magnetron
sputtering deposition parameters. Influence of the deposition pressure on the
ITO properties has been the main consideration. Both optical and EC readouts
in 0.1 M KCI containing such redox probes as 1 mM of K3[Fe(CN)s] or | mM
1,1'-Ferrocenedimethanol were discussed at different scan rate. The
performed studies confirm that for optimized ITO properties the ITO-LMR
sensor used as the EC electrode may also show excellent EC performance. The
observed EC processes are quasi-reversible and diffusion-controlled.
Moreover, for the devices, which offer improved EC response, an optical
monitoring of the EC process is also possible. According to our best
knowledge, fully functional combined optical and EC sensor, where optical
effect is resonance-based and other than well-known surface plasmon
resonance, is presented for the first time.
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1.  INTRODUCTION

Novel spectroelectrochemical sensing systems focus significant attention due
to their enhanced, comparing to solely electrochemical (EC) or optical
systems, sensitivity to physical, chemical, and biological interactions at micro
and nanoscale [1]. When using label-free sensing mechanism, these systems
are universal, i.e., detected target depends on sensor functionalization, and
thus may find many applications in health, security and environmental
analysis [2]. Moreover, the approach allows for investigating process kinetics
at molecular level without affecting functionality of the analyzed target [3].

The cross-correlation of data achieved simultaneously from EC and optical
readout allows for obtaining unique synergy in sensing devices. Up to date
several dual-domain optical and EC systems have been reported. For majority
of the systems optical data is represented as absorption spectrum of the analyte
at a transparent EC electrode. When interactions at the electrode surface are
of interest the systems are typically based on surface plasmon resonance (SPR)
effect [4] achieved in different planar [5] or optical-fiber-based [6] sensing
configuration, where thin gold film is simultaneously used for optical sensing
and as an EC electrode. Some other electrically conductive materials can be
also used as an electrode, such as different electrically conductive carbon-
based materials [7], including boron-doped diamond [8], as well as platinum
[9] or silicon [1], but their deposition is often very demanding and expensive.
On top of the technological issues, these materials do not satisfy SPR
conditions and thus other optical sensing phenomena need to be employed [5].

When thin film is optically transparent, conditions for obtaining lossy-mode
resonance (LMR) can be satisfied and it can be applied for sensing in the
optical domain [10]. Sensors based on LMR effect were reported for detection
of changes in external refractive index (RI) and based on them an optical
detection of e.g., organic compound [11], humidity [12] or biomolecules [13]
was presented. For obtaining LMR it is required to satisfy certain conditions
between electrical permittivity of a substrate, the thin film, and an external
medium [14]. A variety of thin films can be applied for achieving LMR. They
include polymers [2], diamond-like carbon [15], as well as various metal
oxides and nitrides [16, 17]. When on top of LMR satisfying optical properties
also high electrical conductivity is required, as it is the case for combined
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optical and EC measurements, indium-tin-oxide (ITO) thin films may be
considered as a choice for LMR-supporting material [18]. ITO deposition can
be relatively inexpensive when done by magnetron sputtering, both in direct
current (DC) [19] or radio frequency (RF) [20] configuration, chemical vapor
deposition [21], spray pyrolysis [22] and/or other methods involving wet
chemistry. A series of optical sensors employing ITO has already been
reported. ITO thin film is typically applied as a transparent electrode, where
no response to redox probe is required [23]. When EC activity was expected
from ITO films working as an electrode on optical fibers, they showed
relatively poor response to redox probes [10, 24-27]. Reported up to date ITO
films deposited on optical fibers showed narrow bandgap. This resulted in
weak or lack of EC response to standard redox probes. To enhance the EC
response, the surface of ITO requires post-processing, including typically
applied high-temperature annealing, which in turn may damage optical fiber
sensors [28].

In our previous works we have shown that ITO-coated optical fiber can be
used for LMR-based optical monitoring of EC processes through tracking of
changes in optical properties of both ITO and its surrounding medium [18,
29]. These films were prepared by Reactive High Power Impulse Magnetron
Sputtering deposition [18]. Low level of ITO crystallinity is most probably the
reason why these ITO-coated optical fiber devices have not manifested
standard response to redox probes, which is required when label-free sensing
concept is considered, in a way as is in case of commercially available flat
ITO electrodes. It has already been shown in our earlier work [33] that the
film crystallinity has significant influence on ITO properties. These results
motivated us to improve the experimental setup, optimize the deposition
geometry and better control the deposition conditions [25, 43]. Hence, in this
work we report investigation performed on ITO-coated optical fibers coated
by a novel deposition approach using only one RF sputtering gun operating in
broad pressure range. As an output, we achieved simultaneous LMR readout
and standard response to redox probe at the ITO-coated optical fiber for the
first time. The EC processes in 0.1 M KCI solvent containing such redox
probes as 1 mM of Ksz[Fe(CN)e] or 1 mM 1,1’-Ferrocenedimethanol were
quasi-reversible and diffusion-controlled. The performed studies reveal that
for optimized ITO coating at the ITO-LMR sensor the EC performance can be
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comparable to those for other EC electrode materials, such as glassy carbon
or gold. Optical sensor with simultaneous EC interrogation based on
resonance effect other than SPR is shown for the first time.

2. MATERIALS AND METHODS
2.1. ITO-LMR sensor fabrication

The LMR structures were fabricated using approx. 15 cm long polymer-clad
silica optical fiber of 400/730 um core/cladding diameter, where 2.5 cm length
of polymer cladding was removed from the fiber central section [18]. Next,
the electrically conductive and optically transparent ITO films were deposited
by RF magnetron sputtering of 3” ITO target (In2O3-SnO> - 90/10 wt% and
purity of 99.99%) in a vacuum chamber with base pressure 2 x 10~ Pa. The
magnetron was fed by RF power of 150 W at frequency 13.56 MHz, delivered
by COMET Cito 1310 supply. The fiber structures were coated in Ar
atmosphere with purity 99.999% to avoid contamination of the deposition
process. The fibers were located about 20 cm away from the sputtered target
as shown in Fig. 1 and they were rotated with angular speed of 4 rpm. In this
work the pressure (p) was chosen as a variable parameter of the deposition
process and it varied from 0.05 Pa to 1 Pa. The p was set at Ar mass flow
controller from 12 to 100 sccm for the lowest and the highest p, respectively.
Reference Si wafers were also coated with ITO in the same deposition
conditions and used for further measurements.

i Vacuum chamber
———<«—G@Gas
Fibres
Magnetron ?;Zegf Whlve
re—— ¥ thefibre L3>
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>< }>}>}> Pump
/ }Rotation A
discharge :
|

Fig. 1. Simplified scheme of the magnetron sputtering deposition system
used in this experiment.
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2.2. Thin ITO film measurements

The ITO films were characterized by grazing incidence X-ray diffractometry
(GIXD) analysing line position, intensity, and line profile of the observed
Bragg reflections. The employed methods have been described elsewhere
[30]. We used a D8 ADVANCE diffractometer (Bruker AXS, USA) and Cu
Ka radiation (40 kV, 40 mA). The scanned 26 range was from 20° to 80° at an
incidence angle w = 0.5°.

Optical properties, i.e., Rl (n) and extinction coefficient (K) of the ITO films
deposited on reference Si wafers were measured with Jobin Yvon UVISEL
spectroscopic ellipsometer (Horiba, France) according to the procedure
described in [31].

The deposition rate was estimated as a4 = d/t, where d is the film thickness

measured by a profilometry and t denotes the deposition time. NexView NX2
profilometer (Zygo, USA) was used for measurement of the step achieved by
a mechanical mask installed on the substrate before the deposition.
Furthermore, the d was also estimated from the cross-sectional Scanning
Electron Microscope (SEM, Ultra-high Resolution S-4800, Hitachi) image of
cleaved ITO-coated fiber.

Electrical resistivity (p) was measured at a room temperature using 4-point
probe with in-line and equal interspacing (s = 1.5 mm) probes. Probes with a
radius of 100 um were used. A current source (Keithley 2400, UK) was
applied to external probes while voltage was measured at internal probes. The
current was gradually increased up to 100 mA with a step of 1 mA. ITO-coated
samples 1 x 1 cm in size were investigated. Due to finite sample size the
correction factor of 0.86 was taken into account for p estimation [32]. Each
sample was measured 10 times at four various surface points and averaged p
was calculated.

2.3. Optical ITO-LMR sensor measurements

Both the fiber sample end-faces were mechanically polished before optical
testing. Next, the ITO-based optical fiber was mounted in a dedicated setup
containing Ocean Optics HL-2000 white light source and Ocean Optics
USB4000 spectrometer, and investigated in a wavelength range of
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345-1040 nm [18]. The sensitivity of prepared device to external RI was
determined using water/glycerin solutions with np = 1.33-1.45 RIU.
Reichert AR200 refractometer was used to measure the RI of the solutions.
The optical transmission (T) was recorded as counts within a specified
integration time (up to 100 ms).

2.4. Electrochemical ITO-LMR sensor measurements
nE EC & Optical
CE Data

=
N

ITO-LMR Sensor

)

2

Fig. 2. Schematic representation of combined optical and EC measurement
setup where ITO-LMR sensor was used as a working electrode (WE).
Chemical reactions for the two redox probes analyzed with the system are
also given.
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All the voltammetric measurements were performed with a potentiostat
PalmSens Emstat3+ equipped with a PSTrace 5.4 software (PalmSens BV,
The Netherlands) and using a custom-made cell supported by a three-electrode
system at room temperature (Fig. 2). The ITO-LMR sensor, an Ag/AgCl
0.1 M NacCl and a platinum wire were used as a working (WE), reference (RE)
and counter electrode (CE), respectively. In the cell the ITO-LMR sensor was
placed between two silicone gasket in a way that the active part of the fiber
was in the solution and the electrical connection to the potentiostat was
maintained by conductive copper adhesive tape. This tape was placed between
two silicone gasket to keep the contact with ITO, but had no electrical contact
with the test solution. Next, the tape was connected outside the cell using a
crocodile clip and in this way the 1TO-coated fiber was used as the WE. The
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cyclic voltammograms (CVs) were recorded at a various scan rate from
10 mV/s to 500 mV/s. All the measurements were carried in 0.1 M potassium
chloride (KCI) solutions containing 1mM potassium ferrocyanide
(K3[Fe(CN)s]) or 1 mM 1,1'-Ferrocenedimethanol as redox probes. All
reagents were analytical grade and used without further purification.
Ks[Fe(CN)s] and KCI were purchased from POCh, Poland while
1,1'-Ferrocenedimethanol was purchased from Acros Organics. The ultrapure
water was used in all of the experiments.

3. RESULTS AND DISCUSSION
3.1. Propertiesof ITO

Plasma-based deposition methods, which include magnetron sputtering,
enable to tailor properties of ITO films up to requirements of their applications.
The film properties can be attributed to the film crystallographic structure that
is determined by the energy delivered to the growing film [33]. In this study
both optical and electrical/EC properties of the films must be satisfied.
The p was used as a variable parameter tuned between 0.05 and 1.0 Pa. This
parameter can be easily fixed during the deposition process and it enables the
control of the energy flux to the deposition process by changing the collision
rates between particles [34]. In other words, by increasing p the mean free path
of particles reduces causing energy depletion by elastic or inelastic collisions.
The mean free path at pressure 0.05 Pa is in order of tens of centimeters and is
comparable to the distance between the target surface and the substrate. At
these conditions the number of collisions in the plasma can be neglected and
particles impinging onto the substrate have the Thompson distribution [35].
As reported elsewhere [36], at low pressure RF discharges the energy of
sputtered species impinging the substrate can reach 30—40 eV. Such energy
delivered by deposited species is significantly higher than reported activation
energy for crystallization of ITO (1.3 eV) [37].

XRD patterns shown in Fig. 3 reveal well-crystalline In203/SnO- film with
preferential orientation (h00). For deposition at lower p the domain size
reaches 19 nm and the lattice constant is 1.01844 nm. The XRD patterns vanish
with increasing p what corresponds to decrease of both the domain sizes and
the lattice constant. In other words, the films deposited at higher p become
polycrystalline and transform towards amorphous. This effect stays in
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agreement with zone diagrams proposed in [38, 39]. The transition between
crystalline, polycrystalline and amorphous structure is rather fast with an edge
between p =0.2 and 0.3 Pa. Above this edge no XRD patters were observed
at all, what indicated amorphous structure of the ITO film.
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Fig. 3. XRD patterns of ITO deposited at p =0.1 Paand 0.5 Pa. A
theoretical, reference pattern for ITO is shown for comparison.

Table 1. Deposition rates and resistivity of ITO films deposited on reference
Si wafers at various p tuned in range from 0.05 to 1 Pa.

p [Pa] 0.05 0.1

t [min] 50 55

d [nm] 282 +18 271 +13
a¢[nmmin™] 5.6 4.9

p[mQ-em]  1.02+004 150+0.1

0.5

60

258 + 14

4.3

472 +0.14

1

65

229+11

3.52

146.87 + 2.01
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Fig. 4. The SEM images of ITO deposited on optical fiber at p = 0.5 Pa (A)
and p = 0.1 Pa (B). (X.1- side view; X.2- cross-section).

Improvement of film crystallinity is followed by improvement of its electrical
properties. As shown in Table 1 a decrease in p results in significant drop of p.
Higher p is caused by reduced crystal size [40]. Larger crystals in the film
minimize scattering of charge carriers (electrons in this case) at grain
boundaries, impurities, or lattice dislocations, and thus the electrical
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conductivity is improved. It is worth noting that the ITO thin films were
prepared without any post-deposition treatment nor thermal annealing. It is
questionable whether the additional treatment may further improve
crystallinity and film properties. No additional treatment has been performed
due to rather low tolerable thermal load of the fibers used later as a substrate.
As an alternative, deposition techniques with high energy of sputtered species
can be employed [41].

On top of electrical properties, also d of the film influences both optical as well
as EC response. Here, d was estimated by: (i) profilometry measurements on
Si substrates as shown above in Table 1, and (ii) by the cross-section SEM
images of the ITO-coated fibers (Fig. 4). It should be noted that some film
properties can be measured using planar samples only, while the other by
investigating the fibers. Hence, to keep d constant on reference samples in the
range of 250-300 nm for different p, t varied from 50 to 65 min. Beside the d,
also aq and p are shown in the Table 1 together with corresponding p and t.

It is obvious that ag significantly decreases with p, what is caused by increase
in number of elastic collisions between the particles and shortening of the
mean free path. Hence, not only crystallography, but also the aq is influenced
by the p. Fig. 4 presents estimated d of ITO on optical fibers for p=0.1 and
0.5 Pa, where the deposition time was 60 and 120 min-long, respectively. In
both cases coating distribution around the fiber is homogeneous due to
constant fiber axial rotation during the deposition. The cross-sections of both
ITO-coated fibers also show low roughness and high uniformity of the film
with nanocrystalline structure as revealed by XRD. Also, on fibers d changes
significantly with p. The d on the fiber reaches 250 and 350 nm for 0.1 Pa and
0.5Pa, respectively (Fig.4A.2 and B.2). In other words, d increases
with p which is contradictory to the trend observed for the planar samples
(Table 1). For the p = 0.1 Pa the aq on fiber is approx. half of that on reference
Si wafers. For p = 0.5 Pa, the aq on fiber is, in turn, approx. 30% higher than
that on Si wafers. We may attribute these differences to particle transport
mechanism in discharges at both the p and shape of the coated substrates. The
mean free path is shortened to millimeters at 0.5 Pa and the diffusive character
of the particle motion prevails. This enables also the back-side deposition
which seems to be more dominant for cylindrical shaped substrates (the fibers)
than for the planar ones (Si substrates). For p = 0.1 Pa the diffusion process is
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very limited and both planar substrates as well as fibers are faced only to
straight-coming particles. The fibers surfaces are smaller and in the same way
exposed to deposition during rotation what limits the aq. In this discussion we
neglect influence of substrate properties (Si and fused silica glass) on the aq.
According to our previous experiments, ITO films deposited simultaneously
with no rotation on different inert and solid substrates such as Si and fused
silica glass, do not show differences in properties for sufficiently thick films,
i.e. d > 100 nm. The intensity of the XRD patterns differs in range of a few
per-cent as well as thickness measured by profilometry.

2.5
A) —|TO - 0.1 Pa B) —|TO - 0.1 Pa
——|TO - 0.5 Pa ——|TO-05Pal 0.6
2.4
0.5
2.3 1 0.4
= =
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-0.2
2.1
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A/nm A/nm

Fig. 5. Optical properties, i.e., n (A) and k (B) of ITO deposited on reference
Si wafers at p = 0.1 Pa and 0.5 Pa with deposition time as given in Table 1.

The curves ofnand kof ITO films deposited on reference Si wafers
at p where the crystallographic structure changes the most, i.e., p=0.1 and
0.5 Pa, are shown in Fig. 5. The plots show that when p is lower n and k on
the films increases and decreases, respectively. Higher n corresponds to
higher density achieved by improved crystallinity, while lower k indicates
lower absorption. Increase in n and decrease in k is often observed for ITO
that underwent post-annealing [42]. However, it must be noted that
both n and k of ITO film, as well as its thickness determine LMR conditions
what is shown in next section.
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3.2. Optical analysis of ITO-LMR sensor

Due to differentaqgand optical properties of the films, to satisfy LMR
conditions at each p the t had to be set differently too. The LMR for p = 0.5 Pa
could be well seen fort = 60 min (Fig. 6A). However, when the p has been
reduced to 0.1 Pa the t had to be extended up to 120 min in order to observe
the LMR effect (Fig. 6B). The LMR was obtained in either case, however the
attenuation at the resonance wavelength is distinctly higher for the sensor,
where the ITO thin film was deposited at higher p. It is mainly induced by
differences in the k — Fig. 4B. An increase in k results in deeper LMR [14].
Forp =0.1 Pathe LMR is shallow, but still distinguishable when external RI
changes. However, as already reported in [18, 25, 43] the sensors obtained
atp =0.5 Pa or higher did not show well-pronounced and characteristic for
commercial ITO substrates redox response when investigated in the EC setup.
That is why the EC response of ITO-LMR sensor when p has been reduces to
0.1 Pa is discussed in detail in Section 3.3.

35000 A) e B) T3] 95000
1 1.355 - 50000
30000 ~ T -
1.403 L 45000
—1.426 s
25000 1.447 L 40000
L 35000
S 20000 A [ 5
& - 30000
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15000 - [ 25000
] L 20000
10000 - L 15000
L 10000
5000 -} I
L 5000
0 0

400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
A/nm A/nm
Fig. 6. Spectral response of the ITO-LMR sensor to RI for ITO deposition at
(A)p = 0.5Pa, and (B) p = 0.1 Pa with t reaching 60 and 120 min,

respectively. Integration time of spectrometer was set to 50 ms and 5 ms for
(A) and (B), respectively.
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3.3.  EC and optical analysis of ITO-LMR sensor

Since EC response to redox probe of ITO-LMR sensor with ITO deposited at
higher p was not satisfactory [18, 43], here we have tailored parameters of the
sputtering process focusing on the EC reaction of the sensors. Decrease
of p down to 0.1 Pa revealed considerably improved crystallinity in XRD of
as-deposited ITO surfaces and allowed to avoid typically applied thermal
annealing post-processing. EC performance of the ITO coated optical sensors
was explored using 0.1 M KCl based solvent with two redox probes, i.e., | mM
[Fe(CN)6]* ™ and 1 mM 1,1'-Ferrocenedimethanol, which are negatively [44]
and neutrally [45] charged, respectively. The probes where applied for deeper
understanding of ITO surface - solvent charge mediation. Both undergo one
electron reversible oxidation and are highly soluble in water what meets
conditions of biosensing experiments.
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Fig. 7. EC response recorded with ITO-LMR sensor in 0.1 M KCI
containing redox probes (4) 1 mM [Fe(CN)s]* " and (B) I mM
1,1"-Ferrocenedimethanol at scan rate 10 to 500 mVs %, Response

in 0.1 M KCI has been shown for comparison. Insets show relations
between ipa and ipc peak currents versus the square root of the scan rates.

The CVs were recorded at the scan rates from 10 to 500 mVs %, and based on
them for both the redox probes the following parameters were estimated:
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formal reduction potential (E°), the peak potentials for the cathodic (Epc) and
anodic (Epa) processes, potential peak splitting (AEp = Epa-Epc), and diffusion
coefficients (D). In Fig. 7 the effect of scan rate on the EC response is shown,
the current peaks shifts are given in the insets. The potential window curves
studied in 0.1 M KCI (dotted line) were shown for comparison. The windows
extend from +1 down to —1V revealing low background currents. The
AEp increases from 140 to 300 mV for the investigated scan rates and for lower
scan rates is slightly higher for 1,1'-Ferrocenedimethanol than for
[Fe(CN)s]* . On the other hand, for higher scan rates the AE, is lower for
[Fe(CN)s]*#]. Such an effect was also observed by Branch et al. for non-
annealed sputtered ITO electrode [46].

In the case of quasi-reversibility, the rate of electron transfer becomes
comparable to the mass transport rate. Taking into account the interaction
between the electrode and the solution, it can be assumed that diffusion is the
most significant mass transport process in the movement of material above
migration, and convection contributions can be neglected [38, 47]. This fact
can be attributed to larger mass of the redox probe molecule. Nevertheless,
recorded values of AEp are much greater than ~60 mV, which is reached for
an ideal diffusion controlled reversible redox reaction at ITO substrate. The
difference may result from other EC side reactions as revealed by
Martinez et al. [48]. Conversion of electron transfer from reversible to
heterogeneous quasi-reversible mechanism can be attributed to weak
crystallinity of ITO and possible non-stoichiometric composition of sputtered
electrodes as suggested by Popovich et al. [49]. The insets in Fig. 7 illustrate
cathodic (ipc) and anodic (ipa) peak currents increasing with the scan rate. Thus,
the Eu potential at which the half current is recorded, increases at higher
rates. In summary, ITO-coated optical probe electrodes reveal AEp and current
peaks shifts which can correspond to twice slower charge transfer processes
induced by some charge blocking regions or surface energy barrier requiring
larger potentials for tunneling [48].

For further studies and comparisons, peak shifts of ipc and ipa recorded in
[Fe(CN)s]>* were approximated by Eq. (1), where correlation coefficient of
0.986 was reached for both the currents. The linear fit was also derived
for ipc and ipa Obtained in ferrocenedimethanol expressed by Eq. (2), where
correlation coefficient reached 0.991 and 0.994 for ipa and ipc, respectively.
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ipa [MA] = 104.17 v*/2 + 10.23 and iy, [pA] = —89.44v'/2 —11.89 (1)
ipa [MA] = 91.04 v*/2 +9.92 and i, [pA] = — 83.29 v/ — 7.67 (2)

High correlation coefficients indicate clearly that the studied EC processes are
diffusion-controlled. The rate of diffusion is controlled by the concentration
gradient, while the electroactive electrode area can be estimated for quasi-
reversible mechanisms based on Eq. (3), where Aet is an electrode area, D is
a diffusion coefficient, nis a number of electrons, C is a concentration of
redox probe, and v is a scan rate.

ipa = (2.69 X 105)AegD/2n3/2Cv/? -

For the case shown in Fig. 7A the ipa and ipc result from the ferricyanide
[Fe(CN)s]*~ and ferrocyanide [Fe(CN)s]* undergoing reduction and oxidation
reactions, respectively [50]. The magnitude of the voltammetric current
observed for the electrode is proportional to the applied voltammetric scan
rate. Different D for potassium ferricyanide (7.6 x 10 cm?s) and potassium
ferrocyanide (6.3 x10°cm?™) in 0.1M KCI1 [51, 52], were used for
determination of the electroactive surface area of the ITO-LMR sensor.
Considering both the EC process and active area of the sensor, the
electroactive area of studied electrode is smaller by factor of 2.23 and 2.37
than calculated geometrical surface area for oxidation and reduction reaction,
respectively. Using the same approach and assuming D for 1,1'-
Ferrocenedimethanol reaching 6.4 x 10 cm?s™ [45, 53, 54], the factors reach
2.3 and 2.5 of the geometric surface area for oxidation and reduction reaction,
respectively. These results indicate that EC process in both the redox probes
employ comparable electroactive surface area. Effect of twice lower
electroactive than geometrical area can be attributed to local drops of
conductivity induced by defects [55] or to the presence of heterogeneous
conductive regions/pathways [56, 57].

The ratio of the oxidation to reduction current peaks (ipa/ipc) Versus
investigated scan rates reaches values close to unity (Fig. 8A & C). Further
analysis of peak current ratio in 0.1 M KC1 with 1 mM [Fe(CN)g]** show
that only at scan rate of 10 mV/s the value goes below 1 (Fig. 8A). Also, for
0.1 M KCI with 1 mM 1,1’-Ferrocenedimethanol at the lowest applied scan
rate the ipa/ipc reaches 1.21, where for scan rates the ratio is close to 1.1
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(Fig. 8C). This result indicates that the observed reaction corresponds to a
quasi-free reversible process, where electron transfer occurs by tunneling
through the space charge barrier of these highly doped oxide electrodes [51].
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Fig. 8. Peak current ratio versus different scan rate and logarithm of anodic
and cathodic peak current versus logarithm of scan rate obtained in 1 mM
[Fe(CN)e]* " in 0.1 M KCI (A) and (B), and in 1 mM 1,1'-
Ferrocenedimethanol in 0.1 M KCI solution (C) and (D), respectively.

Next, the logarithm of ipa and ipc were plotted versus logarithm of the scan rate
to determine the slope value. For the 0.1 M KCI with 1 mM [Fe(CN)g]*>7* it
reaches 0.4 for ipa and 0.36 for ipc with correlation coefficient of 0.997 and
0.998, respectively (Fig. 8B). These values are close to 0.5 which is a
theoretical value [58], what indicates that diffusion controlled process occurs
at the ITO-LMR sensor. In theory, the value of slope of 0.5 corresponds to
pure diffusion, while 1 is for adsorption process, a slope between 0.5 and 1 is
attributed to mixed adsorption—diffusion controlled mechanism [59-62].
Similar dependence was plotted for solution containing 1mM
1,1’-Ferrocenedimethanol where for ipa and ipc the slope reaches 0.384 and 0.4,
respectively, with correlation coefficient of 0.999 (Fig.8D). This result
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confirms that these EC reactions are also diffusion controlled as reported

previously by Senthilkumar et al. [63].
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Fig. 9. Optical response of the ITO-LMR probe to potential cycling in
0.1 M KClI at scan rate 50 mV/s, where (A) shows transmitted spectrum
(A.1) the spectrum normalized vs initial spectrum and (B) transmission value
at A = 636 nm for measurements taken every 2s.

Optical responses of the ITO-LMR sensor to applied potential and solution
containing the redox probes were investigated next. The spectral changes are
less pronounced than those observed with changes in external RI. Thus, to
determine the most valuable set of data, i.e., wavelength range
where T changes the most, initial cycling has been performed in 0.1 M KCI
only. In Fig. 9A and A.1 it is shown that changing potential influences T the
most in wavelength range 550-750 nm, but in particular at 1 = 636 nm
corresponding to the LMR. The T at this wavelength was plotted for each of
the measurement acquired approx. every 2 s (Fig. 9B). As an optical response
can be clearly seen two periods corresponding to two potential scans. What is
more, sensitivity in positive potential range is lower than in the negative range.
The difference in sensitivity for positive and negative potentials has been
discussed in [43] and is a result of ITO bandgap configuration. Next, the
response to the solutions with addition of two redox probes at scan rate of 10
and 50 mV/s has been analyzed at the same wavelength as for 0.1 M KCI. It
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can be seen in Fig. 10 that at lower scan rate not only more measurements can
be done, but also response corresponding to redox probe (for measurement no.
60 and 120 shown in Fig. 10A and C) is more pronounced. Both the redox
probes manifest their presence in optical response, even when
for [Fe(CN)e]** the distortion is more significant than for
1,1'-Ferrocenedimethanol. Thus in the proposed system, the optical outcome
may be used for cross-correlation, i.e., control and reference for the EC
processes or probe usage indication. In these terms, different electrode
condition will be designated by e.g., the change of the peak spacing or their
magnitude, as in Fig. 10. Additionally, at the same time the exact same process
is monitored in two domains, but the two domains may be interrogated with
e.g., different scan rate or dynamics, giving more insightful information in the
complementary domain.
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Fig. 10. Transmission changes at 2 = 636 nm for measurements in
[Fe(CN)s]* 7 at the scan rate of (A) 10 mV/s and (B) 50 mV/s. The
corresponding changes in ferrocenodimethanol at scan rate of 10 mV/s and
50mV/s are shown in (C) and (D), respectively.
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4.  CONCLUSIONS

Analysis of liquids done simultaneously in multiple domain may deliver
enhanced set of data about an analyte, also those containing biological species,
when compared to a single domain investigation. In this work we have shown
that optical-fiber-based devices coated with ITO thin films that are
interrogated optically and electrochemically can be considered as dual-domain
sensors. Performance of these sensors in both the domains mostly depend on
the properties of ITO. We focused here on the improvement of electrochemical
response of lossy-mode resonance optical sensors to redox probes, such as
Ks[Fe(CN)es] or 1,1'-Ferrocenedimethanol, by tuning conditions of ITO
sputtering. It has been found that when deposition pressure is as low as 0.1 Pa,
the electrochemical processes at the optical-fiber-based device surface are
quasi-reversible and diffusion-controlled. The devices offer electrochemical
activity as good as the commercially available 1TO-coated electrodes. Low
deposition pressure results in increased crystallinity of the films and their
improved conductivity. However, improved electrochemical response is
followed by change in optical properties of ITO what slightly disturbs lossy-
mode resonance conditions, but still makes the optical monitoring of the
electrode surface possible. Any changes in the optical or electrochemical
response to the redox probe may be further used as a parameter for label-free
sensing. The enhanced lossy-mode resonance sensing concept can be further
developed towards the biosensing solution, where the results are cross-verified
by optical and electrochemical readouts to better control the experiment, or
deliver supplementary information about properties of the sensor surface.
According to our best knowledge fully functional combined optical and
electrochemical sensor, where optical effect is resonance-based and other than
well-known surface plasmon resonance, has been shown here for the first time.
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A5. Effect of thermal annealing on sensing properties of optical
fiber sensors coated with indium tin oxide nano-overlays
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Abstract

In this work we discuss an effect of thermal annealing on optical and electrical
properties of indium tin oxide (ITO) thin films deposited on a short section of
the multimode polymer-clad silica (PCS) optical fiber core. ITO films were
deposited using a different configuration of high-power impulse magnetron
sputtering (HIPIMS) and radio frequency magnetron sputtering (RF MS)
cathodes. Due to tuned ITO film thickness it was possible to observe for these
structures a lossy-mode resonance (LMR) and trace changes in the properties
of films. Electrical resistance of the ITO overlays was also measured. Both
optical and electrical measurements were repeated after annealing at 200 °C
in a tube furnace and nitrogen atmosphere. The measurements have shown
that thermal annealing changes an optical response to the external refractive
index (RI) of the fiber sensor and also changes the ITO layer resistivity. As an
effect of thermal annealing, we observed a shift of the LMR towards longer
wavelengths. In addition, as a result of annealing, the resistivity of the ITO
layer was reduced.
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In rising need for body fluid analysis, optical fiber sensors are considered as a
suitable solution [1]. Systems based on optical fibers are modular and can be
connected in series, which allows for simultaneous measurements of several
parameters. Due to low fabrication cost, they can be disposed after contact
with a patient’s body fluids and replaced with new ones. To increase the
reliability of measurements, an optical readout from sensors needs to be
verified, most likely by the same setup but different sensing mechanism. One
of the solutions is simultaneous optical and electrochemical analysis.

An optical effect employed in this work is lossy-mode resonance (LMR). It
occurs when optical properties of the fiber core, deposited thin overlay and
surrounding liquid are in a certain relation [2]. This relation is fulfilled when
tuned-in-properties indium tin oxide (ITO) is deposited as an overlay. Tracing
LMR also makes quick measurement of the refractive index (RI) of
surrounding liquid possible. Due to high RI sensitivity, ITO-coated optical
fiber structures can be used to measure, for example, the composition of a
solution, and also the growth of a biological film on the sensor’s surface [3].
Thanks to electrochemical activity of ITO, it can be also used for LMR
simultaneous electrochemical measurement, which makes the cross-
verification of results possible [1]. However, there is a need for postdeposition
optimization of ITO properties for these simultaneous measurements, e.g.,
towards the reduction in resistivity of the overlays. As one of the
postprocessing solutions can be considered thermal annealing.

In this work we discuss the effect of thermal annealing on optical and electrical
properties of ITO overlays deposited, by using different magnetron sputtering
configurations, on a short section of the multimode polymer-clad silica (PCS)
optical fiber core. The annealing effect is analysed by comparing the optical
response of the sensor, in particular when submerged in liquids of different
RI, as well as by comparing the resistivity of the ITO-coated section.

The sensors were based on PCS optical fiber (150 mm in length, @ = 400 pum
fused silica core) where the central section had been chemically exposed to
methylene chloride and then some of the cladding was mechanically removed
to a length of 25 mm. Next, ITO overlays were deposited on the exposed core
section using a different configuration of high-power impulse magnetron
sputtering (HIPIMS) and radio frequency magnetron sputtering (RF MS)
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cathodes [4]. HIPIMS provides high density plasma with pulses of high energy
output which shortens the PCS samples exposure time to high temperature
during the deposition process. The introduction of RF MS decreases the
process time even further by speeding up the development of HiPIMS pulses
and reducing the working pressure [5].

One run of deposition was done on
- three fiber samples called as A, B
position and C, installed in a metal frame
that was placed on a rotating stage

in the process chamber, and after a

famewith | *°“" half of the process time the frame

Side position samples

1% was flipped to the other side. At the
e u table
€

top and on the side of the substrate,
sputtering targets were installed in
the process chamber (Fig. 1) in a
different configuration of cathodes.
The configuration for the sample
series is summarized in Table 1. It was done to find the most suitable
deposition process parameters.

Fig. 1. Schematic representation of
elements in the process chamber.

Optical transmission of the ITO-LMR samples was measured using an Ocean
Optics USB4000 spectrometer and Ocean Optics HL-2000 white light source.
To identify RI sensitivity, the samples were submerged in liquids with Rl in
the range np = 1.334+1.466. The np of the liquid was measured using a
Rudolph’s Digital J57 refractometer. Obtained transmission spectra were
normalized using the data set for a sample with no overlay measured in air.

Electrical resistance of the ITO layers was also measured on a 25 mm length
of the sensor area using a digital multimeter.

After both optical and electrical measurements, the samples were annealed at
200 °C in a tube furnace in a nitrogen atmosphere for 2 hours. Next, the
measurements were repeated. In particular, we analysed the LMR shift
observed in the spectrum as an effect of thermal annealing.
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Table 1. Magnetron sputtering configurations used in the experiment.

01 02 03
Tob position RF MS HiPIMS
PP 3” ITO target 2” ITO target
. - HIiPIMS RF MS RF MS
Side position
2” ITO target 37 ITO target 37 ITO target
Pressure [Pa] 0.7 0.5 0.5
Argon flow [sccm] 15 15 15
Time [min] 40 120 48

Analysis of the obtained transmission spectra confirms that the position of the
sputtered target led to a different thickness of overlays. The number of
resonances, shown by black arrows (Fig. 2), indicates the deposited layer
thickness — the more resonances, the thicker is the overlay [6]. When RF MS
was at the top position and HiPIMS was on the side position, the configuration
and 40 min long process led to the deposition of relatively thin overlays - two
main resonances can be seen (Fig. 2a). When RF MS was only on the side, it
led to an even thinner overlay deposition - only one resonance occurred, even
after the process time was tripled (Fig. 2b). Using HiPIMS in the top position
and RF MS on the side, thicker ITO overlays were achieved - four resonances
can be seen (Fig. 2c).

The samples were submerged in liquids with Rl in the range
np = 1.334+1.466, where the brighter plots represent the lower RIs of a used
liquid. In all cases, the observed resonances shifted towards longer
wavelengths with external RI, shown by the orange arrow (Fig. 2).

Resistance measurements were made on three samples A, B and C, which
were present during the same deposition process, expect for series 01, which
was not considered for resistivity measurement. We have observed differences
in the resistance of samples made in the same process (Tab. 2). It may be
caused by the spatial heterogeneity of plasma and its different interactions
with the samples. Further analysis indicates that thicker layers show lower
resistivity, while thermal annealing lowers it even more. Lower resistance
helps in conducting efficient electrochemical measurements, and for this
reason the contribution of HiPIMS is preferable.
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Fig. 2. Optical transmission spectra of a) 01, b) 02, c) 03, sample series and
the LMR shift before thermal annealing when immersed in liquids of
different RI.

Thermal annealing also affects optical transmission of optical fiber samples,
the LMR shift towards longer wavelengths (Fig. 3). We can still observe the
LMR shift towards longer wavelengths with an increase of RI. Due to the
thermal annealing of optical fiber structure, the R1 sensitivity decreased for all
cases (Tab. 3.). This is an effect of ordering the crystallographic structure of
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the ITO layer, which leads to an increase of ITO overlay RI [7]. It is an
undesirable effect from an optical sensing point of view. The effect of
annealing is less pronounced for samples received with the HIPIMS
contribution due to higher energy already delivered to sputtered particles in
this process, compared to RF MS applied solely.
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Fig. 3. Resonance shift of a) 01, b) 02, ¢) 03 sample series with linear
approximation before and after thermal annealing when immersed in liquids
of different RI.
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Table 2. Resistance of three samples A, B and C from 02 and 03 series
before and after annealing.

Resistance before Resistance after

annealing [Q] annealing [Q]
02A - 157 000
02B - 250 000
02C - 270 000
03A 360 250
03B 320 300
03C 500 270

Table 3. RI sensitivity for 01, 02 and 03 series before and after annealing

Sensitivity before annealing  Sensitivity after annealing

[nm/RIU] [nm/RIU]
01 232.05 199.22
02 249.49 221.55
03 183.30 183.11

In conclusions, obtained data indicates that ITO films obtained with a
contribution of HiPIMS are more resistant to thermal annealing than those
deposited using RF MS only. Optical fibers with an ITO layer are sensitive
to changes in external Rl and respond as an LMR shift towards longer
wavelengths. When LMR sensors are considered, thermal annealing changes
the optical response of the ITO-coated sensor and, in general, lowers its
optical sensitivity. Observed was an LMRs shift with annealing towards
longer wavelengths. However, annealing also decreased electrical resistance
of the deposited ITO. Understanding both effects can lead to finding optimal
ITO deposition parameters and also optimal annealing temperature for
optical fiber sensors used in simultaneous optical and electrochemical
measurements [8-9]. For these applications, a contribution of HiPIMS is
expected.
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Abstract

This work is devoted to the identification properties of indium tin oxide (ITO)
thin films responsible for their possible application in combined optical and
electrochemical label-free sensing systems offering enhanced functionalities.
Since any post-processing would make it difficult to identify direct relation
between deposition parameters and properties of the ITO films, especially
when deposition on temperature-sensitive substrates is considered, the films
were deposited using reactive high power impulse magnetron sputtering
(HiPIMS) at low temperature and with no post-deposition annealing. We
focused mainly on the impact of reactive gases, such as oxygen or nitrogen
introduced to the process chamber, on control over plasma parameters and
subsequently properties of the films. The properties of the films were
investigated using X-ray diffractometry, spectroscopic ellipsometry, four-
point probe, and cyclic voltammetry. For presenting optical sensing
capabilities, the tailored ITO films in addition to silicon and glass wafers were
also deposited on the core of optical fibers to induce the lossy-mode resonance
(LMR) phenomenon. The existence of specific deposition conditions resulting
in ITO film properties offering both high-quality electrochemical and LMR
responses has been experimentally proven. It has been found that the
crystalline structure of ITO plays a key role in the determination of both the
sensing capabilities. Finally, label-free sensing of antibody-antibody
interactions in both optical and electrochemical domains for the sensor with
tailored ITO film has been shown.
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1.  INTRODUCTION

Optical sensors, especially those based on optical fibers, have been under
intensive development for the last 30 years [1]. Significant progress has been
made for the sensors used in medicine, defense and security, aerospace
application, as well as many others [2]. They are small in size, offer rapid
response, make low-cost fabrication possible, as well as are resistant to
electromagnetic interference. There is a large variety of optical fiber sensing
concepts [1], where those based on the devices coated with thin films are of
particular interest due to their capability for large-scale fabrication. Among
other thin-film-based optical phenomena, a lossy-mode resonance (LMR) can
be found [3]. The LMR sensors may offer exceptionally high sensitivity to
change in optical properties at their surface what next to surface plasmon
resonance (SPR) sensors, makes them very promising for label-free chemical
and biological sensing [4]. To obtain the LMR, the film must be thick enough
and the real part of the electrical permittivity of the film must be positive and
higher in magnitude than both its imaginary part and the permittivity of the
surrounding medium [5, 6]. Since electrical permittivity is correlated with
refractive index (RI), the properties of the LMR depend on optical properties
of the thin film and these mainly influence the RI sensitivity of the devices [5].
Changes in properties of the films, as well as properties of the external
medium, modify the resonant conditions resulting in the shift of the LMR
wavelength observed in transmission spectrum T(A) of the optical fiber device.
It has been clearly shown that the sensitivity, quality of the LMR, and the RI
of the film are strongly correlated [3, 7]. Thus, when fabricating optical
sensors, especially those based on the LMR effect, real (n) as well as the
imaginary part of R1 (k) are crucial parameters determining their performance.

The LMR effect, described for the first time in 1993 [8], was implemented for
sensing purposes in 2005 when silicon was used as a thin film material for
coating of the optical fiber core [9]. Later on, also an application of other
materials such as SnO2[10], ZnO [11, 12], TiO2[13, 14], DLC [15], SiNx[16],
HfO,, ZrO», TaxOy[17], as well as various polymers [5, 18, 19] for receiving
LMR has been reported. It must be noted that deposition of these films is
significantly more cost-effective than deposition of gold, which is typically
required of achieving the SPR effect. Among other LMR structures can be also
found those based on indium tin oxide (ITO) thin films deposited on fused
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silica glass [20]. ITO has been used as a perspective coating for LMR-based
optical fiber sensors where it provides high RI sensitivity [21]. Due to the
sensitivity, especially to RI changes in the proximity of the thin film surface,
when biofunctionalized 1TO-coated optical fiber LMR label-free biosensors
of immunoglobulin [22] and thrombin [23] have been reported. Furthermore,
ITO may also offer low electrical resistivity [24, 25] and suitable bandgap for
application as an active electrode for initiating electrochemical processes [26,
27]. In this case, changes in charge transfer at the sensor surface are monitored
and widely used for label-free sensing purposes too [28]. Hence, optical fiber
structures coated with tailored in properties ITO thin film offer a great
opportunity to combine optical, in particular LMR, and electrochemical
sensing techniques [29, 30], i.e. it offers a possibility of application two
independent sensor interrogation methods in the same place and time [31].
Such an approach may offer cross-verification of the readouts and an extended
sensing range. Moreover, the combined technique makes possible
electrochemical processing of surface, such as electrochemical
biofunctionalization that can be followed by optical detection [32]. The
concept of electrochemically-enhanced optical sensing has already been
reported in our former works for successful detection of ketoprofen [33], isatin
[31], and also label-free biosensing [34, 32]. Moreover, we have also shown
that properties of ITO highly depend on deposition conditions what makes
them suitable for LMR-based or electrochemical sensing, but rarely for the
combined approach [29].

There are various techniques already applied for ITO thin film deposition,
such as e.g., pulsed laser deposition [35], vacuum thermal evaporation [36],
dip-coating wet chemistry [37], and layer-by-layer deposition [13]. Among
them, an application of magnetron sputtering is of particular interest due to the
possibility of precise tailoring of the film properties as demonstrated for highly
sensitive SnO2-LMR sensors [38]. However, in cases of ITO deposition on
thermally sensitive substrates, where the post-deposition annealing step
cannot be performed, a conventional direct current (DC) and radio frequency
(RF) magnetron sputtering produce films with a limited range of properties
available for tuning [29, 39-43]. A significantly wider range of the properties
with no need for post-deposition annealing can be offered by high power
impulse magnetron sputtering discharges (HiPIMS), where a high fraction of
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ionized and field accelerated energetic species impinging the surface of the
film [43-47].

In this work, we report a comprehensive study on the properties of ITO films
responsible for their effective application in both optical and electrochemical
sensing systems. We have analyzed the effect of reactive gas composition
during HIPIMS discharges on tailoring crystallography of the ITO film, which
subsequently determines the LMR conditions, as well as the electrochemical
response. We have focused on the identification of deposition conditions, at
which both electrochemical and optical interrogations are effectively and
simultaneously possible. Finally, for the LMR optical fiber probe with tailored
ITO coating, we discuss antibody detection in both electrochemical and
optical domains.

2. EXPERIMENTAL DETAILS
2.1. Deposition setup

Reactive HIPIMS deposition of ITO thin film was carried out in a high-
vacuum chamber capable for reaching the back-down pressure of 10~°Pa and
assure the high purity of the deposition. A commercial planar 3-inch in
diameter magnetron was installed in configurations depending on the type of
the applied substrates as shown in Fig. 1, i.e., in the upper part of the vacuum
chamber or its sidewall. The magnetron was equipped with a compound ITO
target (In203/SnO- of composition 90/10 wt% and a purity of 99.99 %). The
sputtering was driven using pulsed power supply described elsewhere [48]
with repetition frequency 1.5 kHz, duty cycle 10 %, and pulse width 66.7 ps.
The experiments were carried out at constant mean power Pm=150 W. The
pressure was kept constant for all the experiments at p = 0.5 Pa. Inert argon
(flow far = 100 sccm), reactive oxygen and nitrogen (flow fo,and fy, varied in

the range 0 — 55 sccm), all with a purity of 99.999 %, were used. The reactive

fr
fart+fr

gas concentration in the gas mixture crwas estimated as cg = , Where

R denotes concentrations of Oz or N».

The ITO films were deposited on Si(100) and glass substrates, both placed
15 cm away from the sputtering target. These flat substrates were used to
analyze such ITO film properties as crystallography, electrical resistivity,
optical properties (n and k), electrochemical performance, thickness etc.
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Furthermore, for LMR measurements, the optical fiber samples were coated
too in the same deposition conditions except the magnetron installation
(Fig. 1). We used approx. 15 cm long multimode polymer-clad silica fibers
with 400/730 um (core/cladding) diameter, where out of a central part (25 mm)
of the fiber the cladding was removed and after ITO deposition it served as an
active sensing area. The fiber was rotated during the deposition to receive a
uniform ITO coating around it.
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Fig. 1. The experimental setup used for deposition on (a) flat substrates and
(b) on optical fibers.

2.2. Analytical methods

The surface morphology of flat reference substrates was investigated using
atomic force microscopy (AFM Pico SPM, Agilent Technologies) operating
in tapping mode. Film crystal phase analyses were performed by grazing
incidence X-ray diffractometry (XRD) described elsewhere [49]. We used a
D8 ADVANCE diffractometer (Bruker AXS) with Cu Ka radiation (40 kV,
40 mA). The quantitative phase analyses were based on Rietveld calculations
(Topas 5, Bruker). Scanned 26 range was from 15°to 80" at an incidence angle
@ = 1°. The resistivity of ITO samples was measured by a four-point probe
supported by a Keithley 2400 current source meter, where needle-like probes
with 100 um radius were placed in a straight line with equal inter-probe
spacing (s = 1.5 mm). Due to the finite sample size (10 x 25 mm), a correction
factor 0.867 was taken into account for resistivity (p) estimation [50].

Optical properties of the deposited ITO film were investigated using Woollam
M-2000X1 variable angle spectroscopic ellipsometer working in range
A = 210—-1690nm nm and angles of incidence 55°, 65°, and 75"
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Measurement data were fitted to a layer model of the investigated structure,
where ITO with a roughness layer was placed on the Si substrate. Dielectric
function of the ITO film was modeled by the Tauc-Lorentz oscillator. In the
case of samples with added oxygen, the Tauc-Lorentz oscillator was
supplemented by the Gaussian oscillator. Thicknesses of the films were almost
the same for all the samples. Thickness-independent attenuation coefficient u
was estimated according to relation u = 4mk /A, where k and 4 are extinction
coefficient of the film measured by the ellipsometry and corresponding
wavelength, respectively [51]. The transmittance T of the films for
A = 200—-1100nm was investigated using a double-beam UV-vis
spectrophotometer (Shimadzu UV-1800).

The electrochemical performance of the films was tested in cyclic
voltammetry (CV) configuration using an Autolab, Metrohm Autolab
PGSTAT128 N potentiostat/galvanostat controlled by GPES software. The
ITO films deposited together with Si also on glass slides (8 mm diameter)
were used as working electrodes (WE), where a platinum wire and an
Ag/AgCl 0.1 M KCI were used as a counter electrode (CE) and a reference
electrode (REF), respectively. All the measurements were performed at room
temperature in a solution of 0.1 M KCI (POCh, Poland) containing 1 mM
1,1'-Ferrocenedimethanol (Acros Organics) as a redox system. All cyclic
voltammograms were obtained in the potential range from -0.25 to 0.6 V vs.
Ag/AgCl electrode at a scan rate of 100 mV/s.

The optical transmission of the ITO-LMR structure on an optical fiber was
interrogated in the range A = 350 — 1050 nm using Ocean Optics HL-2000
white light source and Ocean Optics USB4000 spectrometer [29]. The spectra
were obtained by subtracting the reference spectrum of the used light source
To from the optical transmission spectrum Tymr Of the sample. The sensitivity
of the samples to changes of external RI (nex;) was determined by immersing
the sample in water/glycerin solutions of different concentrations
(np = 1.357 — 1.404 RIU). Reichert AR200 refractometer was used to
verify nex of the solutions.

To identify both electrochemical and optical performance for label-free
sensing, the LMR sensor with ITO film surface has been biofunctionalized
towards the specific binding of an analyte. First, the ITO-LMR sensor was
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consecutively cleaned in isopropanol and water and dried under a stream of
argon. Next, surface silanization with 3-triethoxysilylpropyl succinic
anhydride (TESPSA) was performed according to the procedure described by
Gang et al. [52] The reaction was carried out for 4 h. Primary and secondary
antibodies targeted Borrelia burgdorferi have been used as receptor and target,
respectively. The succinic anhydride reacts with amines in the ring-opening
reaction to form amide bonds. In the next step, the sensor was incubated for
30 min in a solution of the primary antibodies (10 pg/mL) to covalently bond
them to the surface. This step was followed by extensive washing with PBS.
The concentration of the receptor at the ITO-LMR surface was determined by
means of the procedure described elsewhere [53]. The incubation buffer
concentration of antibodies (Borrelia burgdorferi receptors) was 10 ug/mL,
therefore ~4 x 102 of antibodies were available for the functionalization
process. As the area of the cylindrical LMR sensor is ~25 mm?, and the area
of an antibody is ca. 10 nm?2, we assume that the optical fiber’s surface is
covered with up to 2.5 x 102 interaction units. Next, the sensor surface was
immersed in a BSA solution (0.5 mg/mL in PBS) for 30 min to block any
remaining unspecific sites. The washing procedure was repeated as described
earlier. For the sensitivity analysis, the sensor was immersed in increasing
concentrations (1, 5, and 10 ug/mL) of the secondary antibody for 30 min in
each solution. Incubation in every concentration was followed by extensive
washing with PBS. During each incubation step, the optical signal of the LMR
sensor was monitored in the range of A = 350 — 1040 nm every 1 min. At
each step of the experiment after the incubation and washing the samples have
been placed consecutively in PBS and 1 mM Ferrocenedimethanol (in PBS)
and underwent CV at scan rate of 20 mV/s for 3 cycles in the potential ranging
from -0.5 to 1.5 V with simultaneous optical monitoring.

3. RESULTS AND DISCUSSION

Our previous works [29, 43] indicated contradictory deposition parameters for
obtaining ITO films suitable for LMR and those showing electrochemical
activity. To broaden the range of properties, we investigate here the effect of
oxygen and/or nitrogen doping as the agents for tailoring the ITO properties.
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3.1. Crystalline structure of ITO

The presence of reactive gases strongly influences phase formation of
deposited ITO films. In the case of pure Ar discharge, i.e., without any reactive
admixture, the XRD reveals two crystalline phases - 92.2 wt% ITO and
7.8 wt% metallic indium (Fig. 2(a)). The lattice parameter of ITO in these
conditions is ajrg = 1.01655 nm, while metal indium crystalizes with
lattices a;, = 0.32510 nm and c¢j, = 0.49502 nm. Sub-stoichiometric,
i.e., not sufficiently oxidized ITO films were reported in other works when
employing RF sputtering. Terzini et al. [54] have shown that an increase of
RF power density promotes oxygen vacancies and deposition of metal-like
ITO films. This was observed for power densities exceeding 0.75 W/cm?2. In
our case, the peak power density reaches over 60 W/cm?. Hence, the formation
of metallic In fraction in pure Ar discharge is not surprising. It is worth
mentioning that in work by Senol et al. the preference of (222) crystal plane
orientation was attributed to the presence of the oxygen vacancies that resulted
in lower resistivity of the films [55].

When reactive O. was added, despite the peak power increase (by up to 25 %
forco, = 10 %), the vacancies were occupied and resulted in crystalline ITO
deposition (Fig. 2(b)). Slight doping of the discharge by oxygen
(co, = 0.5 %) is sufficient for formation of crystalline ITO with no XRD
peak related to metallic In observed, and even more increased lattice parameter
arro = 1.0184 nm. For further increase of co, , the formation of crystalline
ITO structure is significantly disturbed. For these films, smaller lattice sizes
were found indicating their over-stoichiometry (Fig. 3). Such an effect
indicates that sputtering in pure Ar atmosphere results in sub-stoichiometric
films and some oxygen needs to be incorporated to attain pure crystalline ITO
films. This effect becomes pronounced specifically for HIPIMS discharges,
where the target is loaded by high peak power, and sputtered species are not
fully saturated by oxygen.

Change of crystallization was observed also, when N2 was employed as a
reactive gas. In this case, we observed a higher intensity of the dominant (222)
peak that was attributed to the sub-stoichiometric character of ITO (Fig. 2(c)).
An effect of the increased peak was observed also in our earlier work [43],
where it was corresponding to energy stored in vibrational and rotational states
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parameter, the same as properties of the films deposited in the pure Ar, are
practically identical as for pure In (a, = 0.0.3252nm and
¢, = 0.49466 nm) [57]. However, higher nitrogen flows prevent not only
from the formation of the crystalline ITO, but also crystalline metallic In. The
patterns for films deposited at cy, > 4 % indicate their amorphous state.
Nevertheless, the detection limit of the employed method is about 3 nm
particle size, what makes it difficult to clearly confirm the fully amorphous
structure of the films and impact of metallic In on their physical properties.
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As it is shown in Fig. 3, for all the deposited ITO films phases show lattice
parameter higher than for pure In203 (a, = 1.0117 nm) [58] and
IN0.9SN0.10302 (@, = 1.0124 nm and a, = 1.0126 nm reported by Quaas
etal. [58] and by Gonzales et al. [59], respectively). When compared to
metallic In, all the investigated ITO films show a defect structure. Changes in
the structure of ITO films could be caused by non-equilibrium HiPIMS
deposition conditions. The repulsion forces arising from the extra positive
charge of the Sn cations cannot explain changes in the lattice parameters [59].
We propose an explanation based on the impact of (i) large compressive stress
produced by atoms irregularly built in the hosting structure and (ii) a
mechanical interaction between regions (nanocrystals) with different lattice
parameters.

Moreover, the ao(coz) shown in Fig. 3 indicates the preferred orientation (the
most intensive XRD patterns) in the film. We can observe the evolution of the
preferential planes, i.e., (222) for ¢y, < 0.5 %, (400) for 1.0 % < co, <7 %
and again dominant (222) peak, but highly competing with (440) as the cq,
ratio further increases.
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Fig. 3. Evolution of lattice parameter ao (left axis) and resistivity P, 0,
(right axis) with concentrations of reactive process gases ¢, and cy, .
Different scales for horizontal x-axis related to c,, (the lower x-axis) and
cn, (the upper x-axis) has been applied. The lattice parameters for films
prepared in N2/Ar are not shown due to their amorphous nature.
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The fact that ITO crystalizes in different preferred orientations has not been
fully understood yet. However, since the other deposition factors, i.e.,
substrate temperature, pressure, distance from the magnetron, etc., were kept
constant, the observed behavior is attributed to plasma parameters and plasma-
substrate interaction. Zhao et al. [60] have shown that (222) orientation is
deposited at lower power density while the (400) peak becomes dominant for
films deposited at higher power. It could be caused by (i) re-sputtering of the
deposited ITO film by impinging energetic species and (ii) mobility of the
adatoms on the surface since mobility is strongly influenced by energy
delivered to the substrate. At the very beginning of the film formation,
nucleation centers with different orientations grow on the substrate surface.
Although the (400) orientation is reported as the most resistant against re-
sputtering [54] and is more thermodynamically favorable [61] when compared
to (222) orientation. Adatoms need to have higher mobility, i.e., energy, to
form (400)-oriented nucleus. The (222) orientation of the grains is reported to
be dominant at the initial stage of the growth for any deposition conditions.
This might be attributed to In metal adatoms aggregating into (111) planes of
face-centered tetragonal structure which are very close to (222) planes of ITO
bixbite structure [61]. Experiments with low or zero oxygen concentration
exhibited lower peak power density, which might reduce the mobility of the
adatoms on the surface needed for (400)-oriented growth. However, due to
lower incoming energy, the re-sputtering process of (222)-oriented nuclei was
limited too. On the contrary, their development was stimulated by the presence
of metallic In structures mentioned above. The peak power rises with
increasing oxygen concentration what causes: (i) re-sputtering of (222)-
oriented grains together with (ii) increased mobility of the adatoms enabling
their attachment with thermodynamically favorable (400)-nuclei [60].

Nevertheless, over-saturated oxygen gas mixtures in the deposition process
can enhance the oxidation of the metal species impinging the substrate with
reduced surface mobility. These deposition conditions were done with
increased peak sputtering power - reduced accelerating voltage decreases
average kinetic energy of incoming particles, what suppresses the re-
sputtering of (222)-oriented crystallization centers and their preferential
growth. It can be also expected that a smaller fraction of the delivered oxygen
was transformed into reactive form and therefore vibrational states of the
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remaining O2 molecules can contribute significantly to the transfer of heat to
the substrate. This assumption is supported by observed both (222) and (440)
plane reflections that are typical for annealed ITO films [55]. In this regime,
the O2 molecules may have a similar role as N2 molecules in the experiments
where a small amount of nitrogen was added to the discharge. Finally, the
experiments prove that HIPIMS deposition provides a possibility to achieve
well-crystalline ITO films without the need for any annealing.

3.2. Electrical and optical properties of ITO films

As shown in Fig. 3, p of O2/Ar prepared films strongly depends on oxygen
partial pressure and the profile of the lattice constant. The lowest resistivity
(,o02 = 1073 Q-cm) was measured for the largest lattices and domains. It is

well known that films with large domains exhibit improved conductivity
because electron mobility is limited by scattering at the grain boundaries and
ionized impurities (Sn-ions in ITO) [62], while increasing oxygen
concentration increases p due to the formation of stable Sn-O complexes [63].
The same effect was observed for films prepared in the N2/Ar atmosphere. The
lowest p was achieved for films deposited in a slightly oxygen-containing
atmosphere (co, = 0.5 %). However, while p is rather gas-composition-
independent for low concentrations (co, n, < 1 %), it becomes dependent on

the composition for higher concentrations of reactive gases. While Py, is more
or less constant with the concentration, Po, rises by several orders of

magnitude. Lower ITO resistivity of samples prepared at higher nitrogen
concentration could be caused by nitrogen creating acceptor levels above the
valence band, which increases the concentration of carriers and subsequently
also reduces. Low p of films deposited in the pure Ar atmosphere, nitrogen
admixtures, and low oxygen admixtures (for co, <19%) can be also
influenced by the content of metallic In. It is worth to remind that p was
measured on as-deposited samples without any post-processing.

For optical sensing purposes of ITO, its optical properties play a crucial role.
Hence, n, attenuation coefficient («), and transmittance (T) were studied for
different co, and cy, . It is well known that the ITO absorbs UV radiation for
2 <350 nm and it is confirmed by our experiment. The effect corresponds to
a fact that ITO is a heavily-doped n-type semiconductor with a rather large

193



Research Section: Sensor Fabrication Technology and Procedure

bandgap of about 4.5 eV [64, 65]. Based on ellipsometric data we investigated
u(4) calculated as u = 4mk/A. The u at A = 530 nm for different gas
concentrations was shown in Fig. 4. It must be noted that different scales were
applied in the x-axis for ¢y, and cy,. The wavelength was selected specifically
for cross-correlation purposes, as it is positioned far enough from the ITO
absorption edge and represents the film properties in visible spectral range,
where a variety of optical sensors operate. A similar relation between the
optical properties of ITO could be observed across the entire useful for optical
sensing applications spectral range with minor changes in magnitude. The
highest x values were measured for cy, = 2%, when ITO is well-
crystallized. Generally, the highest decrease in x was achieved by slight
oxygen doping of the process gas (co, = 2 %). We attribute this effect to
more effective crystallization at these conditions. From the point of view of
optical properties, sub-stoichiometric films deposited in pure Ar discharge can
be significantly improved by slight oxygen doping. In general, a higher
concentration of oxygen or nitrogen further improves w. This finding also
corresponds to p measurement. The reason behind the absorption drop in the
case of the nitrogen addition could be caused by a reduced release of oxygen
species from the sputtered material.
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Fig. 4. The dependence of the attenuation coefficient u on reactive gas
concentrations ¢y, and cy, . Different scales for horizontal x-axis related to

Co, (the lower x-axis) and cy, (the upper x-axis) were applied for
comparison. The brackets denote dominant crystal orientation.
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3.3. Tailoring ITO film properties for electrochemical sensing

The electrochemical response of ITO films deposited on glass slides is
discussed in this section. In all the electrochemical measurements,
1,1-Ferrocenedimethanol was used as an outer-sphere redox system due to the
solubility in aqua solution and lack of its adsorption to the electrode during
the electrochemical process [66, 67]. Additionally, these redox species
undergoes fast reactions at the ITO electrode [68].

The CVs for selected ITO films
prepared at co, up to 10 % and used
as a working electrode are shown in
Fig.5. The redox reactions of
1,1-Ferrocenedimethanol are
observed in all the measurements as
two well-defined current peaks. The
shapes of the CVs prove that all the  -100

—,=0%

ITuA]

-0.2 0.0 0.2 0.4 0.6

electrodes exhibited high U V] vs Ag/AgCI
reversibility of the redox reaction. Fig. 5. Cyclic voltammograms at
The potential separation between scan rate 100 mV/s for

anodic (Ip2) and cathodic peak current measurements in 1 mM /, 7"~
(Ioz) P Ferrocenedimethanol in 0.1 M

(Inc) noted as AE for the ITO KClI for ITO-coated glass slides
electrode prepared at ¢y, = 0% is received at different gas

equal to 149 mV and the current ratio concentrations.

(Ina/Ipc) is near to 1. These results

suggest a single electron quasi-reversible electrochemical redox process [69].
It is worth noting that the AE initially slightly decreases and further increases
with ¢cq, , i.e., AE is equal to 119 mV, 103 mV, and 173 mV for ¢, = 1 %,
4 %, and 10 %, respectively. This phenomenon indicates that electron transfer
is disturbed less for the films obtained at ¢, reaching 1-4%. Subsequently,
for the samples prepared in the Oz enriched atmosphere
o, > 4 %, the noticeable changes are observed in the shapes of the obtained
voltammograms for the negative potential, what is probably associated with
increased capacity of the electrode and its worse electrochemical sensing
performance.
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The effect of the reactive gas doping, i.e., ¢o, and cy, , on the electrochemical
response has been compared in Fig. 6. A similar trend as for cq, has also been
observed in the case of nitrogen doping. For small cy, a slight improvement
of AE occurs, most probably due to improved crystallinity, was observed that
was followed by an increase of AE ~ 600 mV for ¢y, > 5 % when the ITO
structure becomes amorphous. The obtained data indicate a strong correlation
of the AE and the crystallinity, i.e., films with well-pronounced crystallinity
reach AE = 100 — 200 mV for both the gases, what is comparable or lower
than values obtained for ITO electrodes prepared at similar conditions, but
using RF sputtering instead of HiPIMS [29]. In the case of the oxygen doping,
a slight increase of AE apparently follows the trend for p (Fig. 3). However, p
shows a minor impact, when compared with the effect of the crystallinity.
Hence, the results revealed that rather the crystallography than p determines
AE (coz, CNZ). Since for electrochemical sensing applications, AE should be as
low as possible, the selection of low concentration of the doping gases (up to
4 %) is preferred.
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Fig. 6. Evolution of the current peak separation with the concentration of the
reactive gases AE(co,, cy, ). Different scales for horizontal x-axis related to
Co, (the lower x-axis) and cy, (the upper x-axis) were applied for
comparison. The brackets denote crystalline orientation.
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3.4. Tailoring ITO film properties towards applications in optical
sensing

In this section, we discuss the impact of optical properties of the films on the
optical response of an optical sensor using a LMR optical fiber device. For
receiving LMR and its sensing applications both optical properties of the film,
as well as its thickness, are crucial. Thus, the selected sensing platform can be
treated as suitable for discussing general optical sensing applications of the
ITO films, especially where those for RI or biosensing are concerned. In the
previous section, the ITO film characterization was carried out on planar Si or
glass samples where the films for comparison purposes had nearly the same
thickness regardless on the deposition conditions. The LMR response was
measured for optical fiber devices coated exactly in the same deposition
conditions as planar samples, but with a different thickness that is required for
receiving LMR response in a specific spectral range. Fiber rotational
assembly, as shown in Fig. 1(b), allowed for depositing homogeneous ITO
films on a fused silica fiber core. Since the deposition conditions were kept
the same, we assume here similar properties of the films on a planar substrate
and the fiber surface.
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Fig. 7. Evolution of LMR response caused by a change of the external RI for
the ITO-LMR sensor prepared at ¢, = 4 %. Inset shows RI sensitivity for
sensors received at different co, .

The thickness of the films on each fiber was optimized to observe a well-
pronounced LMR in the wavelength range between 550 and 600 nm when the
sensor was surrounded by air. We are aware that the sensors would be more

197



Research Section: Sensor Fabrication Technology and Procedure

sensitive when the resonance was positioned at longer wavelengths. The
reason behind the resonance positioning in this range was to keep the response
in the operation range of the applied spectrometer and light source for the
whole range of the nex. Moreover, to maintain the high sensitivity of the
sensor, the lower order of LMR should be traced, and those appear for lower
thicknesses of the overlays [5]. For this reason, we continued the deposition
only up to the point when the LMR was well pronounced. The RI sensitivity
was estimated as S = 8A mr/ONext, Where Apyr denotes as resonance
wavelength corresponding to a minimum in the T (Fig. 7). The method of
measurement has been described elsewhere [70, 34]. For the purpose of this
work, the sensitivity was determined in the n. range of 1.357-1.404 RIU.

In Fig. 7 is shown the shift of LMR response with n.y, for the fiber coated
with ITO at ¢cg, = 4 %. It is worth noting that for sensors prepared in pure
Ar or N2/Ar with low ¢y, no LMR effect was observed and for those sensors
prepared at high cy, relatively low sensitivity (193 to 314 nm/RIU for
cn, = 4% and cy, = 24 %, respectively) was reached when compared to
those achieved for ITO deposited at higher ¢, . Such sensitivity is comparable
to that measured for RF sputtered ITO [70]. That is why in this discussion we
will focus more on oxygen- than nitrogen-doped films. The inset in Fig. 7
shows the RI sensitivity of the ITO-LMR sensor received for different co, .
The sensitivity increases with the concentration of oxygen in the discharge up
to 513 nm/RIU (for ¢, = 10 %), which is noticeably higher than in the case
of applied conventional RF sputtering [70], where the films are typically
amorphous if not annealed [41].

In Fig. 8(a) can be seen that the resonance depth is the highest for discharges
with a low amount of oxygen, and becomes lower with increasing oxygen
concentration in the discharge. Hence, the LMR depth is inversely
proportional to the oxygen concentration. The depth can be mostly correlated
with k of the film. Fig. 8(b) presents the dispersion relation for n and k
measured on flat substrates corresponding by their deposition conditions to
the sensors presented in Fig. 8(a). The comparison indicates that higher
oxygen flows induce a reduction in k (comparable to relation for x in Fig. 4)
what makes the resonance shallower [5]. In other words, for the formation of
deep LMR only slightly absorbing film with a high n are expected. A different
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character of the LMRs in the case of samples prepared at ¢y, > 0.5 % is
caused also by different n and k. Both the optical parameters tend to decrease
with c,, while the RI sensitivity increases from 216 nm/RIU to 513 nm/RIU
for co, = 0.5% to co, = 10 %, respectively (see inset in Fig.7). To
identify the reasons for the increase in the sensitivity, profilometry and in situ
quartz crystal microbalance measurements were used to estimate the
deposition rates. These were roughly the same regardless on the oxygen
concentration in the discharge. However, due to a decrease in n with ¢q, , to
obtain the well-visible LMR the deposition time had to be gradually increased,
so that it was almost two times longer for deposition at ¢, = 10 % than at
co, = 0.5%. Therefore, we attribute the increasing RI sensitivity of the
sensors prepared in the oxygen-enriched atmosphere to the increasing
thickness of the ITO films [5]. It must be noted that the nitrogen-enriched
mixtures result in very well-pronounced LMR too, but for the concentration
significantly higher than for doping with oxygen (Fig. 8). However, their
sensitivity is rather low (193 nm/RIU for cy, = 4 %) comparing to those
shown in Fig. 7, where the one for cq, is concerned. The fact that for samples
prepared without oxygen or with a low concentration of nitrogen no LMR is
observed suggests that the obtained samples with higher k are close to the edge
of the properties acceptable for LMR at these experimental conditions (Fig. 4)
[71]. For this reason, even a small change of deposition parameters can
influence the LMR properties dramatically.
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Fig. 8. (a) LMR spectrum for optical fiber sensors coated at different gas

composition when immersed in water, and (b) corresponding refractive

indices and extinction coefficients of the ITO films deposited at the same
conditions on flat substrates.
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3.5. ITO for optical and electrochemical label-free biosensing

Detection of the pathogen (Borrelia burgdorferi) was carried out to
demonstrate the advantages of detailed material research of electrochemically-
active LMR sensor surfaces. Simultaneous, dual-domain optical and
electrochemical measurements were conducted in the same analytes to prove
the concept of cross-verification in the detection procedure. For this part of
the experiment, we prepared a batch of ITO-LMR sensors with ITO properties
tailored by plasma procedure to obtain well-pronounced electrochemical
activity and optical response corresponding the results received at
Co, = 4%.

When it comes to detection of, e.g., pathogens, it is possible inter alia,
indirectly through the presence of antibodies synthesized in a body during an
infection. In this case, sandwich immunoassays are one of the most frequently
applied. Two antibodies (primary and secondary) synthesized against Borrelia
burgdorferi have been utilized as a receptor and specific target, respectively.
Primary antibodies were covalently immobilized to the ITO-LMR surface (see
Section 2.2) through the silanization process. Next, they were
captured/recognized by secondary antibodies in the following step of the
experiments. These, in turn, allowed to verify the ability of the ITO-LMR for
label-free sensing and to estimate the sensitivity of the platform. Thanks to the
optimized ITO properties, during the experiment both EC and optical
measurements were performed.

First, it must be noted that the ITO-LMR sensors investigated here reveal
slightly different EC performance versus that achieved for flat reference
samples shown in Fig. 5. Only investigated in Section 3.3 flat substrates
allowed for correlating EC and optical properties of ITO, where later were
measured using spectroscopic ellipsometry, which is not suitable for analysis
of the thin film properties on other than flat substrates. Possible differences
between properties of ITO films deposited on the flat and circular substrate at
the same deposition conditions have already been reported in [29] for ITO
electrodes deposited using RF sputtering. The differences were attributed to
the sample shape disturbing discharge resulting in a partially non-
stoichiometric composition of deposited films [72]. For such ITO, charge
transfer caused by local charge blocking barriers is less effective [73].
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However, the difference between the EC performance is not crucial for the
ITO biofunctionalization and the final detection of pathogens. For the fiber
sample a decrease of anodic and cathodic peak currents that indicate
successful silanization of the surface but also a partial limitation of its
electrochemical activity (Fig. 9(a)). It must be noted that the applied surface
modification offers important advantages — it is an easy, one-step reaction,
thus does not need any additional activation. However, the shortage of the
reaction time (4 h), thus, control over the thickness of the silane layer, is
always at the expense of its quality and stability. Therefore, it is recommended
to carry out the reaction for 4 h [52].
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Fig. 9. EC and optical responses of ITO-LMR sensors recorded after each
incubation step during process of Borrelia burgdorferi receptor-target
interactions, (a) shows CV recorded at scan rate 20 mV/s in
1,1-Ferrocenedimethanol and (b) optical spectra acquired in PBS.

Fig. 9(b) shows, in turn, the evolution of the optical spectra at each step of the
experiment. The shift towards longer wavelengths (indicated by the black
arrow) corresponds to an increase of the thickness of the biological layer on
the functionalized ITO-LMR’s surface, additionally confirming the
electrochemical results. Next, both optical and EC responses followed the
antibody-antibody interaction. When target antibody concentration increases,
a decrease in current and increase in LMR wavelength shift were recorded in
the EC and optical domain, respectively, proving binding of the antibodies to
the sensor’s surface. It can be also noted that measurements in the EC domain
are effective when interactions at the sensor surface take place, while optical
measurements may deliver information about events taking place slightly
away from the surface. Notwithstanding, the changes after further steps of the
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experiment, such as increasing AE, are still clear and indicate binding of the
receptor and different concentrations of the target. It is worth to mention that
the difference between the initial AE described in the paper and here is a result
of lower scan rate (20 vs. 100 mV/s). The rate has to be reduced due to time
required for simultaneous acquisition of the optical data.
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Fig. 10. (a) Sensogram for the ITO-LMR biosensing experiment and (b)
comparison of ITO-LMR wavelength and AE shift at each step of Borrelia
burgdorferi receptor-target interaction experiment. Oscillations seen in (a)

correspond to the cycling potential.

Fig. 10(a) presents the evolution of Auvmr during the whole experiment.
Oscillations observed in PBS and 1,1-Ferrocenedimethanol at the stages
corresponding to CV measurements are low in magnitude when compared to
reported previously in [34]. The limited influence of the applied E corresponds
to higher doping of ITO investigated in this work. When the material is highly
doped, a shallow charge accumulation layer is formed, and the modulation of
the RI of ITO is low comparing to materials with low carriers concentration
[29]. Moreover, a clear shift of the LMR wavelength towards longer
wavelengths at the incubation stages and for an increase in target
concentration can be seen. It can be seen in Fig. 10(b) that the trend for both
electrochemical and optical measurements is very similar, thus we cross-
verify the biosensing experiments. This is evidence that the tuning of the
properties makes the verification possible.

In general, dual-domain sensing designs allow to increase the reliability of the
measurements or/and extend the measurement range, as revealed in other
works reporting protein detection achieved by means of electrochemical
surface plasmon resonance [74], electrochemical optical waveguide [75], or
electrophotonic silicon biosensing [76]. None of these dual-domain sensors
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have used the same receptor-target scheme, which is an immunoassay
sandwich for antibody-antibody interactions detection. Thus, the direct
comparison of these detection approaches is limited. Moreover, it must be
emphasized that both high-performance EC [29] along with LMR [34]
responses have not been achieved for non-optimized/un-doped ITO-based
structures. Presented here results prove that crucial role of tailoring ITO
properties for simultaneous optical and EC biosensing.

4. CONCLUSION

In this work, we have shown a comprehensive study on ITO film properties
crucial for their application in combined optical and electrochemical sensing
systems. For ITO deposition, we used high power pulse magnetron sputtering
(HIPIMS) where high-quality films can be deposited in a single-step process.
The applied approach does not require any post-processing, such as high-
temperature annealing, which is typically needed when other deposition
techniques are used. Application of other deposition methods requiring post-
processing would possibly make it difficult to draw direct conclusions on the
relation between deposition process parameters and properties of the films.
Our experiments have shown that by tuning gas composition in the sputtering
chamber it is possible to control the preferred crystal orientation of the films
and both their electrical and optical properties. We have found that it is
necessary to slightly enrich the deposition atmosphere by oxygen to reach
fully oxidized and stoichiometric ITO. Moreover, on top of ITO resistivity,
crystallinity mainly influences the electrochemical activity of ITO. We have
observed that well-crystalline films exhibit excellent electrochemical
properties. The optical properties of ITO are highly influenced by gas
composition too. Low concentration of oxygen or nitrogen results in receiving
films showing high refractive index and extinction coefficient in the visible
and near-infrared spectral range. Both the parameters decrease with the
concentration of the gases (investigated up to 10 % and 40 % for oxygen and
nitrogen, respectively), where for the concentration of oxygen reaching 4%
the extinction coefficient is low as it is expected by the majority of optical
applications. Later, we have shown one of the applications - a lossy-mode
resonance (LMR) obtained using the ITO-coated optical fibers. The most
suitable LMR conditions were found for the relatively low extinction
coefficient where the resonances are well-defined as expected for sensing
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applications of the device. The refractive index sensitivity, which is crucial for
chemical and biochemical label-free sensing applications of the sensors,
increases with the concentration of the two gases, but the application of
oxygen was found to be more effective than nitrogen.

To summarize, both electrochemical and optical interrogations of ITO-coated
sensors can be simultaneously achieved when HiPIMS deposition is applied.
Highly crystalline films are expected for electrochemical applications, and
those can be obtained at low concentrations (below 5 %) of oxygen or nitrogen
in the sputtering atmosphere. However, properties expected for optical
applications get more attractive with an increase in the concentration of the
gasses. For these conditions optical absorption of the films decreases,
especially in the case of oxygen admixtures, when the structure becomes
amorphous. Thus, as identified in this work there is a narrow range of ITO
film properties, where the films can be simultaneously applied in a wide
selection of combined label-free optical and electrochemical sensors,
including biosensors with enhanced functionalities.
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B1. Optical monitoring of electrochemical processes with ITO-
coated long-period fiber grating

Marta Janczuk-Richter, Monika Piestrzynska, Dariusz Burnat, Katarzyna
Szot-Karpinska, Petr Sezemsky, Vitezslav Stranak, Wojtek J. Bock, Robert
Bogdanowicz, Joanna Niedziotka-JOnsson, and Mateusz Smietana, Optical
monitoring of electrochemical processes with ITO-coated long-period fiber
grating, 26th International Conference on Optical Fiber Sensors, September
24-28 2018, Lausanne, Switzerland, OSA Technical Digest (Optical Society
of America, 2018), paper ThE54.

Abstract

Indium-tin-oxide-coated long-period fiber grating was used simultaneously as
a working electrode and an optical probe sensitive to refractive index changes
in combined optoelectrochemical setup. The optical response of the sensor
was strongly dependent on the applied potential.
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1.  INTRODUCTION

In recent years, the development of chemical and biological sensors is one of
the most active areas of research. Among the sensing strategies,
electrochemical sensors are the most popular on the market and new
technological solution for them are still under development. Conventional
electrochemistry (EC) provides methods for fast and reliable analysis of
chemical reactions, typically oxidation and reduction that take place at the
electrode surface. However, received data is often insufficient to provide
complete information about reaction mechanisms or undergoing biomolecular
interactions. For this reason, dual-mode techniques that can monitor reactions
in two measurement domains and give more information about the studied
system, are becoming popular these days. EC has already been combined with
a number of different techniques, e.g., optical waveguide lightmode
spectroscopy [1], quartz crystal microbalance [2], and surface plasmon
resonance (SPR) [3-6]. Recently, EC techniques were also combined with
SPR-based or lossy-mode resonance-based optical fiber sensors [7, 8].
Application of fibers have some advantages over use of planar substrates, e.g.,
possibility of miniaturization and remote control, lack of bulky prism
configuration, and capability of conducting measurements in hardly
accessible places.

Among optical fiber sensors and biosensors, those based on long-period
gratings (LPGs) are gaining particular attention because of their high
refractive index (RI) sensitivity and thus capability for label-free biosensing
applications. LPG is a periodic modulation of the RI of the core of a single-
mode optical fiber with a period in the order of hundreds of micrometers [9].
Under certain conditions the modulation induces coupling of the fundamental
core mode with cladding modes resulting in appearance of series of
resonances in the LPG transmission spectrum. Since the LPG couples light
into the cladding, the resonance wavelength depends on the RI of external
medium [10], as well as the optical properties of the coating formed on the
LPG surface. Thus, LPGs were applied for physical parameters sensing [11]
and as biosensors capable for detection of bacteria [12], viruses [13],
proteins [14], and DNA [15]. The sensitivity of the LPG sensors can be
improved by wet or dry etching of the fiber cladding [16, 17] or deposition of
thin high-R1 coatings [18, 19]. Out of the coatings for possible dual-mode
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applications, indium tin oxide (ITO) is a preferred choice, due to high RI, low
electrical resistivity, and EC activity of these films. Therefore, ITO can be
used as an electrode material and sensitivity enhancing coating in combined
opto-EC technique.

In this work ITO-coated LPG was used for simultaneous optical and
electrochemical measurements performed in combined setup containing
supercontinuum white light laser source, optical spectrum analyzer, and
potentiostat (three-electrode electrochemical setup with ITO-coated LPG as a
working electrode). This configuration enabled monitoring of the optical and
EC properties at the ITO/electrolyte interface under potential modulation.

2. MATERIALS AND METHODS
2.1. LPG fabrication

The LPGs were written in hydrogen-loaded Corning SMF28 fiber using a
Pulse Master 840 high-power KrF excimer laser (4 =248 nm) from Light
Machinery. The UV exposure was performed through a chromium amplitude
mask (4 = 226.8 um) for a couple of minutes. The LPGs were monitored in
the spectral range from 1100 to 1700 nm, and had a single resonance at about
A =1245 nm. Yokogawa AQ6370B spectrum analyzer and a Leukos SM30
supercontinuum white light laser source were used in the experiments.

2.2. 1TO deposition on LPG

ITO films were deposited directly on the surface of the LPG using reactive
magnetron sputtering method. The process was conducted in a vacuum
chamber equipped with sputtering gun using 3-inch ITO target (the
composition of In203:Sn0O, was 9:1 by weight). The COMET Cito1310 RF
source was applied, with power of 150 W at frequency 13.56 MHz, under a
pressure of 0.1 Pa and 100 sccm Ar flow. The samples placed in the holder
were rotated during the deposition to provide homogeneity of the thin film.
Based on the test processes, the ITO deposition time was adjusted to obtain
60 to 80 nm film in thickness.

2.3. Optical and electrochemical measurements

The sensitivity of the LPG to changes in external RI (nex)) was measured by
immersing the fiber structures in air and glycerol/water solutions with RIs in

214



Bl

the range np = 1.333-1.443 RIU. The RI of the solutions was determined using
a Rudolph J57 automatic refractometer.

All the measurements were conducted in a dedicated setup containing
customized cell, optical spectrum analyzer and light source (mentioned
above), and Autolab 302N potentiostat. ITO-coated LPG, platinum net and
Ag|AgCI|0.1 M NaCl were used as working (WE), counter (CE) and reference
(RE) electrodes, respectively (Fig. 1A). Cycling voltammetry (CV)
measurements were conducted in solution consisting of 1 mM
ferrrocenedimethanol (Sigma Aldrich, Fc(OH)2) in phosphate buffer saline
(PBS) or solely in PBS. PBS (Sigma Aldrich, pH 7.4 at 25 °C) consists of
0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium
chloride. Potential 0 V— 1V — -1 V — 0 V was applied, and 3 cycles were
measured at a scan rate of 10 mVs ™. Simultaneously with EC measurements,
optical transmission of the ITO-coated LPG was monitored.

3. RESULTS AND DISCUSSION

After deposition a series of optical measurements was done for various nex: to
verify the RI sensitivity of the obtained sensor (Fig. 1B). As can be seen, the
resonance shifted towards shorter wavelengths with increasing nex: reaching
over 1500 nm/RIU for next > 1.41.
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Fig. 1. (A) Scheme of used combined opto-EC setup. The electrodes were
described as WE, CE and RE for working, counter and reference electrodes,
respectively. (B) Optical response of the ITO-coated LPG to changes in Nex:.

Next, to check the influence of the applied potential on the optical response
of ITO-coated LPG, the sensing structure was placed in customized EC cell
serving as a working electrode in the three-electrode EC setup (Fig. 1A). CV
technique was used to apply potential to the ITO surface and the optical
transmission spectra were recorded in real time. The potential was changing
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from 0 V to 1 V then to -1 V and back to 0 V. The measurements were
conducted in PBS with 1 mM Fc(OH)2 (redox probe) or solely in PBS. Due
to relatively high resistivity of thin ITO layer no oxidation or reduction of
redox probe was observed in voltammogram (results not shown). In the
optical response we observed the changes in the transmission of the resonance
peak depending on the applied potential. The same dependence was observed
for measurements made in PBS with redox probe and PBS only (Fig. 2A &
2B). We were tracing the changes in transmission at 2 = 1262 nm (located at
the slope of the resonance) for three CV scans (Fig. 2C & 2D). For both the
studied solutions significant changes were observed for negative potential,
while for positive potentials the change was smaller.
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Fig. 2. Optical response of ITO-coated LPG during applied potential
sweeping (3 CV scans). Transmission spectra is shown for selected
potentials from first scan in PBS with 1 mM Fc(OH). (A) and PBS only (B),
as well as transmission at 2 = 1262 nm versus potential applied in PBS with
1 mM Fc(OH): (C) and PBS only (D).

The possible explanation of the changes observed in optical response can
be induced by two factors. First, during potential modulation the optical
properties of the ITO layer can be altered. According to the Drude model, the
real part of Rl of metal (or semiconductor) depends on the concentration of
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free carriers in the material [20]. For ITO, which is an n-type semiconductor,
electrons are majority carriers. For negative potentials the number of electrons
near the ITO surface is higher which causes that the real part of RI is
decreased. Second, the changes in the applied potential influences also the
properties of the electrolyte in the vicinity of electrode due to the Helmholtz
double layer formation and rearrangements [21]. Charged electrode immersed
in the electrolyte repels co-ions and attract counterions present in the solution.
That causes changes in ion concentrations near the electrode surface that
modifies local next and thus has an influence on optical response of the sensor.
For positive potentials the changes were smaller, because two given above
factors, i.e., changes in real part of ITO’s RI and local changes in Nex Of
electrolyte, may have smaller total influence on the optical response. For
negative potentials one factor enhances the other causing significant changes
in the optical response. In the studied case the addition of the redox probe to
the electrolyte solution had no effect on the response. The changes in optical
response during potential modulations were also demonstrated previously for
SPR-based and lossy-mode resonance-based sensors [7, 8, 22], but in our
approach thanks to application of LPG the sensitivity to RI changes caused by
electrochemical processes could be better.

4.  CONCLUSIONS

We have demonstrated novel dual-mode sensing technique with the ITO-
coated LPG serving as a working electrode and optical structure sensitive to
refractive index changes in combined opto-EC setup. The results for
simultaneous optical and electrochemical measurements showed that the
optical response of presented device is strongly dependent on the potential
applied. Changes observed in optical transmission spectra are much higher for
negative potentials and may be a result of alterations in optical properties of
ITO and electrolyte in the vicinity of the electrode-electrolyte interface. ITO-
coated LPG structures can be further used for sensing and biosensing
experiments with enhanced data received from measurements.
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Abstract

The growing needs for fast and reliable sensing devices stimulate development
of new technological solutions. In this work a new multi-domain sensing
method is demonstrated where optical sensing device has been applied to
enhance amount of data received during electrochemical analysis. Thin,
optically transparent, high-refractive-index, and electrically conductive
indium tin oxide (ITO) film was deposited using magnetron sputtering on the
surface of the long-period gratings (LPG) induced in optical fiber. ITO serves
as working electrode in electrochemical setup and as a coating that enhances
sensitivity of a LPG to changes of external refractive index. All the
measurements were conducted in a combined optical and electrochemical
setup. Obtained results show capability of this approach for optical monitoring
of both electrochemical processes and changes in optical properties at the ITO
surface. The optical response of the sensor was strongly dependent on
the voltage applied to the ITO-LPG working electrode and on composition of
the electrolyte. Changes observed in optical spectra may be attributed to the
alterations in optical properties of both ITO layer (refractive index changes)
and electrolyte in the vicinity of electrode (double layer formation). The
developed structures can be further used as a fiber-based sensors and
biosensors with integrated opto-electrochemical readout.
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1.  INTRODUCTION

Electrochemistry (EC) is a scientific discipline that covers e.g., conversion
and storage of energy, electrosynthesis, and corrosion research. Moreover,
conventional EC provides methods for quantitative measurements that find
applications in e.g., commonly used glucose sensing. EC techniques have
demonstrated capability for fast and reliable analysis of chemical reactions,
typically oxidation or reduction, taking place at the sensor surface. However,
the data gathered from these measurements alone are often not sufficient to
give complete information about investigated compounds or species and
details on undergoing molecular and biomolecular processes. For that reason,
techniques that can monitor such events in more than one measurement
domain (multi-domain or dual-mode techniques) gain attention of scientific
community [1]. EC techniques have already been combined with e.g., quartz
crystal microgravimetry [2] and optical waveguide lightmode
spectroscopy [3]. However, one of the most developed multi-domain
techniques is a combination of surface plasmon resonance (SPR) and EC
analysis. SPR is stimulated by incident light resonant oscillation
of delocalized electrons (plasmon) along a metal-dielectric interface.
Resonance conditions are dependent on optical properties at the metal-
external medium interface, thus SPR makes possible label-free and real-time
monitoring of sensor surface properties that include selective biomolecules
binding process. Changes in the refractive index (RI) in the vicinity of the
surface that correspond to biomolecule binding are measured by tracing the
shift of the resonance. SPR evolved significantly since it was first applied and
became one of the most commonly used techniques to monitor binding events
at the solid/liquid interface [4]. Since the SPR substrates are usually made of
thin gold deposited on glass, they can be also used as electrodes in EC setups.
EC-SPR can provide simultaneous information about EC and optical
properties of films formed on the sensor surface and makes possible deeper
insights into the studied chemical or biological system. EC-SPR has been used
for characterization of various conducting and electroactive polymer films [5,
6], evaluation of live cancer cells behavior [7], studying DNA
hybridization [8], or enzyme activity [9, 10]. However, traditional SPR (and
EC-SPR) requires complex prism-coupling instrumentation, which make the
system difficult to miniaturize. Therefore, a new solution was recently
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demonstrated by Yuan etal. [11] where EC-SPR sensor for monitoring of
electroactive biofilms was based on optical fiber. Such a sensor shows some
advantages over planar solution, i.e., small size, lack of bulky prism system,
possibility for remote control and capability for measurements in readily
available places. These advantages caused that different configurations
of optical fiber sensors have been also intensively investigated for physical
parameters sensing, as well as chemical and biochemical sensing [12, 13].

Optical fiber sensors based on gratings have been recently widely under
development. Long-period grating (LPG) induced in optical fibers has in
particular attracted attention due to their high R1 sensitivity that can be applied
for label-free biosensing. LPG is a periodic modulation (period in the order of
hundreds of micrometers) of the RI of the core of single-mode optical fiber
[14]. The modulation induces coupling of the fundamental core mode and
forward propagating cladding modes resulting in series of resonances centered
at discrete wavelengths appearing in the LPG transmission spectrum. Since
the LPG makes possible light guiding in fiber cladding, the coupling
conditions corresponding to resonance wavelengths are highly dependent on
the external R1 [15], as well as the properties of a coating formed on the LPG
surface. Therefore, LPGs has already been applied as a label-free biosensors
for detection of bacteria [16, 17], viruses [18], proteins [19, 20], or DNA [21,
22]. It must be noted that the RI sensitivity may be highly improved by tuning
the working conditions of the device towards dispersion turning point (DTP)
of the cladding modes. The tuning is possible by wet or dry etching of the fiber
cladding [23, 24] and/or deposition of thin and high-RI coatings [25-28].
Application of the coatings of certain thickness makes possible modes
transitions in the cladding, what on top of DTP allows for boosting the RI
sensitivity [28]. Out of the coating materials for possible multi-domain
applications, ITO is an interesting choice, since beside high RI it also shows
high optical transparency, low electrical resistivity, and EC activity. Thus, it
can be than used as both RI sensitivity enhancing coating and an electrode
material for multi-domain opto-EC technique. Thanks to application of the
LPG both properties of the external medium and the coating can be monitored
with a great sensitivity [29].

Although opto-EC techniques are gaining attention, the studied solutions
are still less advanced than in case of singe-domain methods. In this work we
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show a new multi-domain configuration for simultaneous measurements of
optical and EC properties at the ITO coating/electrolyte interface. The optical
response of the ITO-LPG sensor during EC measurements was investigated
for various electrolytes.

2. MATERIALS AND METHODS
2.1. Chemicals and materials

Acetone, ethanol, methanol, and phosphate buffered saline (PBS) tablets were
purchased from Sigma Aldrich. PBS (pH 7.4 at 25 °C) consists of 0.01 M
phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride.
Potassium  hexacyanoferrate(lll) and potassium hexacyanoferrate(ll)
trihydrate were purchased from Sigma Aldrich and POCH (Poland),
respectively.

2.2. LPG fabrication

The long-period gratings were written in hydrogen-loaded Corning SMF28
fiber using a Pulse Master 840 high-power KrF excimer laser (1 = 248 nm)
from Light Machinery. The UV exposure was done on the 5-cm-long fiber
section through a chromium amplitude mask (4 = 226.8 um) for about 7 min.
The LPGs fabricated this way were monitored in the spectral range from 1100
to 1700 nm, and had a single resonance at . = 1245 nm. We used a Yokogawa
AQ6370B spectrum analyzer and a Leukos SM30 supercontinuum white light
laser source. Before ITO deposition gratings were etched in HF acid towards
DTP observed for LPG immersed in deionized water.

2.3. ITO deposition on LPG

Thin, optically transparent, high-RI, and electrically conductive ITO films
were deposited directly on the surface of the LPG using magnetron sputtering
method. The LPG samples were 5 cm in length and 125 pm in diameter. The
only difference between the samples was slightly different working conditions
resulted from etching process preceding the deposition. According to our
previous work [24], the difference in diameter may reach up to 500 nm.
The deposition process was conducted in a UHV chamber with the sputtering
gun equipped with 3-inch ITO target (the composition of In.03:SnO2 was 9:1
by weight). The COMET Cito1310 RF source was applied, with power of
150 W at frequency 13.56 MHz, under a pressure of 1 Pa and 100 sccm Ar
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flow. The LPGs were exposed to sputtering guns for 11 min. The samples
placed in the holder were rotated during the deposition to provide homogeneity
of the thin film. SEM images of the ITO films were obtained using FEI Nova
NanoSEM 450 with Through the Lens Detector and Circular Backscatter
Detector.

2.4. 1TO-LPG optical and electrochemical measurements

The sensitivity of the LPG to changes in external RI (next) that also corresponds
to its label-free sensing capability, was measured by immersing the fiber
structures in  glycerol/water solutions with RIs in the range
np = 1.333-1.423 RIU. The RI of the solutions was determined using a
Rudolph J57 automatic refractometer.
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combined opto-electrochemical
measurements
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Fig. 1. Schematic representation of the combined setup used for
simultaneous optical and EC measurements, where the electrodes were
marked as WE, RE and CE for working, reference and counter electrodes,
respectively. Additionally, a cross section of the working electrode was
shown.

All the measurements were conducted in a dedicated setup containing
specially designed cell allowing for maintaining LPG strain, mentioned above
optical spectrum analyzer and light source, as well as Autolab
302 N potentiostat. ITO-LPG, platinum net and Ag/AgCl|0.1 M NaCl were
used as working (WE), counter (CE), and reference (RE) electrodes,
respectively (Fig. 1). Electrical contact with WE was achieved by attaching
copper tape directly to the ITO-coated cladding away from the LPG section
and outside the measurement cell. Cycling voltammetry (CV) measurements
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were carried out in aqueous media consisting of 5 mM K3[Fe(CN)e] and 5 mM
Ka[Fe(CN)s] in PBS or solely in PBS at a scan rate of 10 mVs ™. Potential
OV—->-1V—>1V—->0V was applied, and 3 continuous cycles were
measured. Chronoamperometry measurements were also done in 5 mM
Ks[Fe(CN)s] and 5 mM Ka[Fe(CN)s] in PBS, where the each potential (0 V,
-1V, 0V, 1V, and 0V) was applied for 60s. Simultaneously with EC
measurements, optical transmission of the ITO-LPG was monitored.
Wavelength range and sensitivity were chosen according to dynamics of
changes observed each time in the spectrum.

3. RESULTS AND DISCUSSION
3.1. Characterization of ITO-coated LPGs

LPGs are sensitive to nex:, as well as optical properties and thickness of the
overlay formed on their surface. Any changes at the surface manifest
themselves as a shift of the resonance wavelength observed in the transmission
spectrum. To reach the highest sensitivity it is required to optimize of the LPG
working point towards DTP where dual resonance regime is observed and the
resonances shift into opposite directions. However, when thin film is deposited
on LPG it shifts the working point away from DTP, and even very thin films
can induce decrease of the RI sensitivity [27]. Thus, to observe the resonances
after deposition it is required to over-etch the fiber cladding [25]. To check the
influence of the ITO deposition on the RI sensitivity, a series of optical
measurements was conducted for various nex:. In particular, two samples were
chosen and called as Sample_A and Sample_B. They differ only in the HF
etching time (longer for Sample_ A than for Sample_B) before the ITO
deposition, while the deposition parameters were the same for both the
samples. Based on trial processes, the deposition conditions were adjusted to
get about 40 nm of the ITO coating. It can be seen in Fig. 2 that Sample_A
operates in close proximity of the DTP and the resonances separate for
next~ 1.36 RIU, while for Sample_B the resonance are already separated and
shifted away from the DTP for all the applied nex. In case of Sample_A the
resonance first gets dipper with the increase of RI and then it splits into pair
of resonances. The highest sensitivity can be obtained there, but the resonance
wavelength for lower nex cannot be determined. For nex in range 1.36 to
1.39 RIU the sensitivity exceeds 5000 nm/RIU. When Sample B is concerned
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blue-shifting (left) resonance is clearly visible during all the measurements
and it shifts towards shorter wavelengths with RI. In this case the RI sensitivity
can be determined almost in whole nex: range and reaches about 2200 nm/RIU
for next > 1.341 RIU. Sensitivities obtained for ITO-LPGs are comparable with
fiber-optic SPR sensors that reach up to a few thousands nm/RIU [30]. For
example, it was shown that fiber-optic SPR sensor coated with Au metal film
(39 nm) reached the sensitivity of about 4000 nm/RIU [31].
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Fig. 2. Spectral response of the ITO-LPG to changes in nex for Sample_A
(A) and Sample_B (B). Arrows show the direction of changes for increasing
Next. INsets show dependence of resonance wavelength on nex for each
sample. For Sample_A it was impossible to determine resonance wavelength
for most ney, due to vicinity of the DTP.
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Additionally, SEM images were done to verify thickness of the ITO film and
its uniformity on the fiber (Fig. 3). The images were done with two detectors
involved, i.e., Through the Lens and Circular Backscatter, and merged
together in Fig. 3A. Analyzes of the ITO thickness were done on series of
SEM images showing different fragments of the fiber cross-section and
measured thickness was 74.6+2.6nm as marked in Fig. 3B. Thickness
observed in the images was higher than this measured on reference Si samples
used for trial processes (40 nm), the most probably due to different geometrical
configuration of these samples. Moreover, the ITO surface was found to be
smooth and homogeneous (Fig. 3C).

Fig. 3. SEM images of the cross section of the fiber in lower magnification
(A) and in higher magnification with indicated ITO thickness (B), and ITO
surface (C).

3.2. Simultaneous EC and optical measurements

The experimental validation of the possibility to perform simultaneous EC and
optical measurements was conducted with ITO-LPG serving as both working
electrode and a structure optically sensitive to phenomena taking place on the
ITO surface. Cyclic voltammetry was used to apply the potential to the ITO
surface. In this configuration the potential was sweeping between 0 Vto —1 V
then to 1 V and back to 0 V with the scanning rate of 10 mV/s. The rate enabled
gathering between 60 to 80 spectra per CV cycle depending on the chosen
wavelength range. PBS solution containing 5 mM K3[Fe(CN)s] and 5 mM
K4[Fe(CN)e] was used first to check both the EC and optical response. No EC
reaction related to oxidation and reduction of the redox probes was observed
in the voltammogram, probably due to very low thickness of ITO and thus
relatively high resistivity [32] (Fig. 4A). As well as current, also transmission
spectra recorded during the experiment changed significantly when the
potential was applied. Decrease and increase in potential induces shift of the
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resonances towards and away
from  DTP,  respectively.
Because the working point of
Sample_A was optimized to
DTP, it was impossible for most

of the applied negative
potentials to determine the
resonance wavelength.

Therefore, we were tracing
changes in transmission at fixed
wavelength (4 = 1530 nm that
is on the left slope of the
resonance) and summarized the
results in Fig. 4B. As can be
seen, significant  changes
reaching up to 9dBm/V were
observed for negative
potentials, while for positive
potentials almost no changes in
optical response were recorded.
Moreover, there is a hysteresis
observed for negative
potentials. High resistivity of
the ITO film may cause the
potential distribution generated
on the surface along the fiber.
However, if the differences in
potential in different fragments

of the fiber were large, the optical response would be influenced and
generation of characteristic fringes in the transmission spectra would be
observed as demonstrated in [33]. This effect did not happen in studied case.

Next, we investigated the optical response time to the applied potential. The
potential has been changed stepwise (rather than gradually as applied earlier)
in the following order: 0V, -1V, 0V, 1V, 0 V. It was kept at each state for
one minute. As can be seen in Fig. 5, after rapid change from 0 V to —1 V the
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Changes in optical response, especially those observed for negative potentials
in the experiments (sweeping and switching of the potential), correspond to
changes in external RI and can be attributed to two factors, i.e., changes in
optical properties of ITO overlay and external medium, especially in close
vicinity of the electrode surface. ITO is a n-type semiconductor, what means
that electrons are majority carriers. According to the Drude-Lorentz model real
part of RI (n) of a metal or semiconductor is dependent on the number of free
carriers in the material [34]. Thus, changes in electron density induced by
applied potential affect the optical properties of ITO. In negative potentials
concentration of charge carriers (electrons) is higher near the surface, so
its n is decreased [35]. For thin ITO films it was also shown that the changes
with potential modulation may be followed by changes of the imaginary part
of ITO’s RI (k) [36]. These carrier-density-dependent changes in optical
properties of ITO, especially at surface-electrolyte interface, induce evolution
of LPG optical response, in similar way as shown for external Rl — when
increased the resonances shift apart. The optical properties of the external
medium (electrolyte) in the vicinity of the electrode are in turn affected by the
formation and rearrangements in the Helmholtz double layer [37]. This layer
is formed when a charged electrode is immersed in electrolyte, what is
followed by attraction of counterions to the surface and repelling of co-ions.
The layer can be modeled as a capacitor where potential change is followed
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by a change in charge, i.e., concentration and type of ions. The alteration in
double layer properties has an impact on external RI in vicinity of ITO surface
what is observed in optical response of the LPG in a way as shown in Fig. 2.
Changes in the layer properties are likely responsible for presence of a
hysteresis in the optical response (Fig. 4B) and limitation in optical response
dynamics (Fig. 5). The similar changes in the optical response during potential
modulations were previously shown in case of SPR-based measurements on
gold [11, 38, 39] and ITO-based lossy-mode resonance sensor [40].

It was also shown previously in case of the SPR effect that the changes of the
optical response with the applied potential depend on the composition of the
solution (electrolyte) that stays in contact with the electrode [38]. Optical
response to applied potential of Sample_B solely in PBS and in PBS with
redox probes (SmM Ks[Fe(CN)s] and 5mM Kis[Fe(CN)s]) added were
compared in Fig. 6. During three consecutive CV scans (each the scan
followed the scheme 0 V——-1V — 1V — 0V with scan rate 10 mV/s) the
optical response was analyzed this time by tracing shift of the resonance
wavelength (Fig. 6C & D). Response in solution with the redox probe is
similar to the one shown for Sample_A, i.e., significant and small changes
observed for negative and positive potentials, respectively (Fig. 6A & C).
Interestingly, when there was no redox probe in the solution the observed
shifts were over 3 times higher. Moreover, in the absence of the redox probes
resonance wavelength shift was also observed for positive potentials, but it
was still less significant than for negative potentials (Fig. 6B & D). Current
response for those experiments was similar to that measured for Sample_A
(Fig. 4A).

The difference in optical response between electrolytes with and without redox
probe on top of Helmholtz double layer formation can be attributed to presence
of big negatively charged ions [Fe(CN)s]*7 (redox couple) [41]. The
decrease in the wavelength shift when the probe was added may be caused by
the interactions of [Fe(CN)s]* 7~ ions with the ITO surface. The accumulation
of these ions near the surface causes that the migration of other ions present in
the electrolyte under the influence of applied potential are less visible in the
optical response. It is also worth noticing that the optical response observed in
PBS without redox probe in negative potentials for this sample corresponds to
external RI change between water and air (Fig. 2B). In addition to the double
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layer formation and the RI changes, this response may be influenced by
hydrogen evolution that occurs for negative potentials [42] and formation of a
gas-like external RI at the ITO surface.
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Fig. 6. Optical response of Sample_B during EC stimulation (three CV
scans) in different electrolytes, where transmission spectra for selected
potentials are shown for first scan in PBS with redox probe (A) and in PBS
only (B), and corresponding resonance wavelength vs. potential applied
during measurements PBS with redox probe (C) and in PBS only (D). For
some measurements performed in PBS only it was impossible to determine
resonance wavelength, due to vicinity of the DTP.

4.  CONCLUSIONS

The possibility of performing simultaneous electrochemical and optical
measurements with 1TO-coated LPG serving as both working electrode in
electrochemical setup and as highly sensitive to refractive index optical sensor
was reported. The optical response of the device is strongly dependent on the
applied potential, especially for negative potentials. Changes observed
in optical spectra during cycling or switching of the potential may be attributed
to the alterations in optical properties of both ITO overlay and the electrolyte
in the vicinity of electrode surface (double layer formation). Combined optical
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and electrochemical measurements allow for gathering significantly more
information on the investigated medium than the methods applied separately.
Further investigations of the combined approach based on ITO-coated LPG,
due to high surface sensitivity of the device, will allow for performing label-
free biosensing experiments with enhanced data received. It must be noted that
not only multi-domain measurements are possible with the proposed approach,
but it also gives a capability to initiate a specific process in one domain and
monitor its progress in other domain (e.g. measure sub-nanometer changes in
the layer deposited by electropolymerization). The developed ITO-LPG
structures can be further used as fiber-based sensors and biosensors with
integrated opto-electrochemical readout.
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B3. Optical Monitoring of Electrochemical Processes with 1TO-
Based Lossy-Mode Resonance Optical Fiber Sensor Applied as
an Electrode

Mateusz Smietana, Michal Sobaszek, Bartosz Michalak, Pawel
Niedziatkowski, Wioleta Biatobrzeska, Marcin Koba, Petr Sezemsky,
Vitezslav  Stranak, Jakub Karczewski, Tadeusz Ossowski, Robert
Bogdanowicz, Optical Monitoring of Electrochemical Processes With ITO-
Based Lossy-Mode Resonance Optical Fiber Sensor Applied as an Electrode,
Journal of Lightwave Technology 36, (2018), 954-960.

Abstract

In this paper, we discuss the application of optical fiber sensors based on
lossy-mode resonance (LMR) phenomenon for real-time optical monitoring
of electrochemical processes. The sensors were obtained by a reactive high
power impulse magnetron sputtering of indium tin oxide (ITO) on a 2.5 cm
long core of polymer-clad silica fibers. The LMR effect made monitoring of
changes in optical properties of both ITO and its surrounding medium
possible. Moreover, since ITO is electrically conductive and
electrochemically active, it was used as a working electrode in a three-
electrode cyclic voltammetry setup. The investigations have shown that the
sensor’s optical response strongly depends on the potential applied to the
sensor, as well as on electrochemical modification of its surface. The obtained
LMR effect can be applied in parallel to electrochemical measurements for
real-time optical monitoring of the electrode conditions and properties of the
surrounding medium.
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1.  INTRODUCTION

Multi-domain sensing, which includes a combination of optical, electrical or
mechanical effects, can offer the capability for simultaneous investigation of
optical, electrical or mechanical properties of analyte in proximity of the
sensor surface [1]. Moreover, the approach allows for the initiation of a
specific process in one domain and at the same time monitoring of the process
progress using the other domain.

Electrochemical (EC) processes are widely applied for electrical detection of
a variety of organic compounds and heavy metals, as well as electrode surface
treatment [2-4]. It has already been shown that EC processes can be
simultaneously monitored optically using gold-coated glass electrodes. In such
a configuration for the optimized gold film thickness, an optical effect, namely
surface plasmon resonance (SPR), can also be obtained [5]. The SPR effect
depends on the optical properties of a medium at the gold surface, and
therefore makes real-time optical monitoring of the various biochemical
processes taking place at the EC sensing electrode possible. These processes
include thin biological film growth. The method was used to investigate
electrical switching of DNA monolayers at the gold electrode [6]. The
potential applied to the gold film attracted the intrinsically negatively charged
DNA, which was either driven away from, or pulled towards the gold surface.
SPR was also used for the real-time evaluation of live cancer cells in the EC
setup [7]. Since SPR phenomenon employs light polarized in the plane of the
surface, interrogation setups require light polarization control and mature EC-
SPR setups are typically based on planar Kretschmann configuration, where
gold-coated glass slides are used [8].Few configurations have been reported
where the sensor/electrode is based on an optical fiber, which offers a probe-
like shape as is often expected [9]. Moreover, when biosensing applications of
the gold-coated sensor are foreseen, its surface needs to be functionalized,
which in the case of a gold surface is more complex than for, e.g., metal or
semiconductor oxides [10]. Gold has no chemically reactive groups on its
surface, which are required for attachment of organic compounds. Therefore,
a specific gold surface modification is needed to form organic bridges that
make interaction between the electrode and detected organic compound in the
analyte possible [11]. Gold easily ties with sulfur and form one, two, or triple
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bonds between them. However, this phenomenon significantly affects charge
transfer between modified electrode and the analyte [12].

Since gold is not a perfect EC electrode material, other materials are
intensively investigated for this purpose. When semiconductors are concerned,
for an effective EC process the EC potential of reaction is expected to be
between their conduction and valence band [13]. However, semiconductors
barely satisfy the SPR conditions and thus other materials and sensing
phenomena need to be sought for a multi-domain sensing application. It has
been shown that simultaneous application of optical absorption measurements
and EC methods make collection of enhanced data possible on, e.g., chemical
reaction kinetics and dynamic concentration of a specific compound [14].
Since optical absorption is mainly analyzed via the analyte and the electrode,
an optically transparent electrode material such as indium tin oxide (ITO) [15]
or boron-doped diamond [16] is required.

ITO is known for its high optical transparency and low electrical
resistivity [17]. Moreover, thanks to its band-gap, it is a good candidate for an
EC electrode, as well as enabling it to be used for optical measurements. That
is why ITO often substitutes gold electrodes wherever optical absorption at the
electrode surface needs to be monitored during the EC process [15]. In
contradiction to other transparent EC electrode materials, such as boron-doped
diamond, thin ITO films can be deposited at relatively low temperatures on
various substrates and shapes [18]. Plasma assisted deposition is often used for
obtaining high quality ITO films [19]. The deposition process is typically
followed by thermal post-processing at temperatures of about a few hundred
degrees Celsius [20]. The main physical effect of the thermal annealing is to
deliver the energy required for a crystallization process and to attain a
favorable position of atoms forming the film. Also, another way of energy
transfer to the film is possible when deposition using direct current magnetron
sputtering at power range from 0.4 to 2.0 kW is applied. During such
deposition the high power load provides a similar effect to annealing at
temperatures of about 200 °C [21]. Ellmer et al. have attributed this behavior
to energetic ions which occur in plasma discharges [22]. Energetic ions can be
intensively generated during reactive high power impulse magnetron
sputtering (R-HiPIMS). A high degree of ionization [23], which is controlled
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by input plasma parameters, is one of the main benefits of HiPIMS discharges
that usually improves the film quality [24].

Lossy-mode resonance (LMR) is a thin-film-based optical effect, which takes
place when certain relations between electric permittivity of the film,
substrate, and external medium are fulfilled, namely the real part of the film’s
electric permittivity must be positive and higher in magnitude than both the
imaginary part of the thin film’s permittivity and the permittivity of the
analyte [25]. Any variation in optical properties (especially refractive index
(RI)) of the analyte, have an influence on resonance conditions and thus can
be detected. The effect has recently gained significant attention due to the
possible relatively simple sensor fabrication process, the wide selection of thin
film materials supporting the LMR and no need for the application of
expensive or complex optical devices, such as lasers or polarizers [26]. Since
in visible spectral range 1TO shows relatively high Rl (np ~ 2 RIU) and non-
zero extinction coefficient corresponding to optical absorption, it has already
been successfully applied for LMR-based sensing devices [27]. Applications
of other thin films supporting the LMR effect such as diamond-like
carbon [28], SiNx[29], TiO2[30], and polymers [31] have also been reported,
but among these materials only ITO offers low electrical resistivity and can be
applied as an electrode material. To date, both the electrical conductivity of
ITO and supported by its thin film LMR effect have been applied only for
monitoring high voltage change in properties of an electro-optic material
deposited on ITO surface [32] and for electro-polymerization of a chemical
compound on ITO surface [33].

In this work, we discuss ITO-coated LMR optical fiber sensor used as a
working electrode in cyclic voltammetry EC configuration. By adjusting the
ITO properties, the LMR effect could be obtained and applied for optical
monitoring of the EC processes.

2. EXPERIMENTAL DETAILS

The LMR structures were fabricated using approx. 15 cm long polymer-clad
silica (PCS) fiber samples of 400/840 um core/cladding diameter, where 2.5
length of polymer cladding was removed from the fiber central section [34].
Next, the electrically conductive and optically transparent ITO films were

241



Research Section: Achieving a simultaneous electrochemical and LMR activity

deposited by R-HiPIMS of two perpendicularly oriented ITO targets (In2Os-
SnO; - 90/10 wt% and purity of 99.99%). The magnetron, whose axis was
parallel to the substrate, was driven with dc-pulse modulated HiPIMS with the
repetition frequency f = 1 kHz, duty cycle 10 % and the pulse width 100 ps.
The mean discharge current was kept constant at 780 mA. The magnetron,
whose axis was perpendicular to the substrate, was supplied by a RF source
COMET Cito1310 (13.56 MHz, 300 W). The experiments were carried out at
pressure p = 1.0 Pa in reactive No/Ar atmosphere, gas flows were 15 and
0.5-1.0 sccm for Ar and N, respectively. The overlays were deposited on the
fiber structures in a 2-step process, where between the processes the samples
were flipped. Simultaneously, Si wafers were also coated with ITO for
reference. Optical properties, i.e., Rl (n) and extinction coefficient (k), as well
as the thickness of the films deposited on reference Si wafers were measured
with Jobin Yvon UVISEL spectroscopic ellipsometer, according to the
procedure described in [35]. Next, the ITO samples were annealed (200 °C in
air for 2 h) and both the fiber sample end-faces were mechanically polished
before further optical testing.

To determine RI sensitivity of the fabricated ITO-based devices they were
investigated in the air and mixtures of water/glycerin with RI from np = 1.33
to 1.43 RIU. The RI of the mixtures was measured using Rudolph J57AB
refractometer. The optical transmission of the ITO-LMR structure was
interrogated in range of 4 = 350-1050 nm using Ocean Optics HL-2000 white
light source and USB4000 spectrometer. The optical transmission (T) in the
specified spectral range was detected as counts in specified integration time
(up to 100 ms) and presented in relation to normalized transmission for the
setup with no sensing device installed (To). Numerical analysis of the ITO-
LMR structure was performed according to the procedure described in [28].

Scanning electron microscope (SEM) analysis was done using FEI Quanta
FEG 250 with beam accelerating voltage 15 kV and secondary electron
Everhart-Thornley detector (SE-ETD) working in high vacuum mode
(p = 107*Pa).

Cyclic voltammetry (CV) measurements were performed in a three-electrode
system where the ITO-LMR sensor, platinum wire and Ag/AgCl 0.1 M KCI
electrodes were used as working (WE), counter (CE) and reference (REF)
electrodes, respectively. The measurements were carried out in aqueous media
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consisting of 5 mM Ks[Fe(CN)g] and 0.5 M Na>SO4or in the 0.1 M phosphate
buffer (PBS, pH = 7.02) solutions. The state of the electrodes was controlled
by potentiostat galvanostat Autolab 204 N (Metrohm) supported by Nova 1.10
software. The cyclic voltammograms were recorded at a scan rate of 10 mVs™?
for ITO-LMR sensor and 100 mVs* for ITO films deposited on Si. Schematic
representation of the investigated setup is shown in Fig. 1.

Potentiostat & 5 \
WE o

CE REF
Spectrometer

= L
W

Tungsten
Halogen Source

ITO-LMR l

Ensorlem;@

Fig. 1.Scheme of the combined EC and optical setup used in this experiment.

3. RESULTS AND DISCUSSION

Before the EC measurements, the ITO-LMR samples were tested in the optical
setup to determine influence of the annealing process and external RI on their
spectral response. It can be seen in Fig. 2 that all the resonances observed in
the interrogated spectral range shift with external RI towards longer
wavelength. The shift increases with wavelength. The annealing process,
which is often applied to enhance or stabilize ITO properties, namely decrease
both optical absorption and electrical resistivity, typically strongly modifies
the properties of ITO, most likely due to the crystallization processes [35]. In
our experiment, as a result of the process, the pattern was only slightly shifted
towards shorter wavelengths. Moreover, the resonances shift less with RI than
for the sample before the annealing. The effects correspond to some changes
in optical properties of the ITO overlay with the annealing, namely a decrease
in thickness and RI of the ITO film [36]. Nevertheless, the response is clearly
visible for both annealed and non-annealed samples and the change in optical
properties of the external medium can be easily noticed.
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Fig. 2. Spectral response of the ITO-LMR sensor to changes in external RI
for as deposited (a) and annealed (b) sample.

The influence of external RI and changes in the properties of the overlay on
response of the ITO-LMR structure have been analysed numerically and the
results are shown in Fig. 3. For the sake of calculations, optical properties of
ITO received as a result of ellipsometric measurements of reference Si samples
(as shown in Fig. 3(b)) were used. To determine thickness of the ITO overlay
on fiber directly, we have made SEM analysis which results are shown in
Fig. 4. The SEM analysis of the ITO thickness were possible just on short
fragment of the cross-section (Fig. 4(c)) and the measured thickness (950 nm)
was used for calculations. It must be noted that the results obtained
numerically and experimentally correspond well qualitatively. Numerical
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analysis assume uniform and well defined thickness of the ITO film around
the fiber, where in reality it is not uniform, since the film was deposited with
no rotation during the process. Non-uniform ITO distribution around the fiber
may induce asymmetrical lossy mode coupling and thus less pronounced
resonances are observed in the transmission spectrum. When the sample is
annealed, the film properties change differently around the fiber, which on top
of the resonance wavelength shift, make the resonance pattern look slightly
different in selected spectral ranges. However, numerical analysis confirm that
for LMR effect resonances observed at higher wavelength shift more with
external RI than those at lower wavelength (Fig. 3(a)).
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Fig. 3. Numerical analysis of the ITO-LMR sample when (a) increase in
external Rl and (b) decrease in thickness by 50 nm for external Rl equal to 1
are considered. The n and k of ITO where assumed as shown in (b).
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Fig. 4. SEM images of (a) section of the fiber coated with ITO, (b) ITO
surface, and (c) fiber cross-section with indicated ITO overlay thickness.

Also a decrease in overlay thickness induces a shift of the spectrum towards
shorter wavelength (Fig. 3(b)). As shown earlier, such modification might take
place during the annealing [36]. The numerical results also here stays in
agreement with experimental results where annealing induced wavelength
shift towards the same direction.

The deposited ITO films are satisfactory for LMR effect, even with no
annealing post-processing. This result is attributed to the unique advantages of
R-HIiPIMS discharge application. The R-HiPIMS process enables ionization
of sputtered species on their passage from the target to the substrate. Our
previous investigations have clearly shown that at the deposition pressure
0.5 Pa < p < 1.0 Pa collisions of the sputtered particles may be optimized [37].
The ITO films were deposited at pressures below 1.0 Pa, which makes the
mean free path of particles in chamber comparable to the distance between
target and the substrate. Hence, the sputtered particles having a Thompson
energy distribution impinging the substrate without collision [37]. This results
in their energy depletion and formation of surfaces with enhanced epitaxial
crystallite growth. Here we observed the deposited crystalline ITO structure
with small roughness (Fig. 4(b)). The crystalline structure, film density and
surface roughness have an influence on optical, as well as electrical properties
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of the deposited ITO. Generally, the RI of about np = 2.2 RIU was measured
for crystalline films and a decrease was observed when the crystallinity was
reduced. A higher RI of the ITO films is attained by enhanced material density,
caused by the bombardment of energetic species during the deposition process.
Hence, it is clear that application of R-HIPIMS is advantageous and lets the
optical and electrical properties of deposited ITO films be tailored with no
additional post-deposition annealing as required for other deposition methods
[36].

Next, to estimate EC performance 80
of the obtained ITO-coated 7
electrodes, the reference samples "

|

were tested first in the CV setup. § 0 a

The ferrocyanide [Fe(CN)gl™* & = ﬁ /

(5mM) in 05M NaSOs and =

0.5 M Na2SO4were used here as a 40

reduction/oxidation (redox) 0] T Reponsetoredoxcouple
couple and working potential e e
window test solutions, Fig. 5. CV recorded with a scan rate
respectively. The measurements 100 mVs™ on the ITO-coated Si

of ITO-coated Si wafer reference reference wafer in 0.5 M NazSOs

water solution (black) and with added

electrode are shown in Fig. 5. For t0 it 5 MM [Fe(CN)e]*** (blue).

this electrode electrochemical

potential window ranges from —1 V to 1.75 V vs. Ag/AgCl 0.1 M KCI. This
range is ca. —0.9 V wider than the window reported for standard gold
electrodes thus enables enhanced EC detection of organic compounds [38].
The reduction/oxidation current peak separation in the potential domain
reaches AE = 0.196 V, which indicates a quasi-reversible character of the
reactions. For comparison, gold electrodes often show reduction and oxidation
peaks at 0.6 and 0.85 V, respectively [8]. The absence of any visible peak of
oxidation and reduction of the ITO electrode material in wide potential range
is a meaningful advantage of this material over the gold electrode. These redox
processes made on the gold electrode would have permanently modified it.
The results directly indicate that the obtained ITO film can play the role of the
EC active electrode.
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Fig. 6. Response of the ITO-LMR sensor to cycling potential between —1 and
1V with a scan rate 10 mVs?in 0.5 M Na.SOssolution containing 5 mM
[Fe(CN)s]*™ where (a) shows the sensor’s spectral response and (b)
compares corresponding transmission changes at 2 = 800 nm and
transmission maximum’s wavelength shift. Scan rate was set to 10 mV/s™. An
inset in (a) shows the investigated spectral range.

Combined EC and optical measurements using ITO-LMR electrode/sensor
were performed next. In Fig. 6 the spectral response of the annealed ITO-LMR
device to CV scanning potential in [Fe(CN)s]*’* redox complex is shown.
Within one cycle the potential was first decreased to —1 V, then increased to 1
V and returned back to 0 V at a scan rate of 10 mVs L. It can be seen in Fig. 6(a)
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that the resonances, especially at A ~580 nm and ~820 nm strongly shift with
the applied potential. The response, like in the case of RI variations, is greater
with the wavelength. The resonances at higher wavelength correspond to
higher order lossy modes [30]. What is more, referring to numerical analysis
these two resonances may correspond to symmetrical lossy modes.

To analyze the response quantitatively, two parameters in the spectrum were
taken into account, namely transmission at A =800 nm, which is on the
resonance slope, and the wavelength corresponding to the maximum
transmission in the spectrum (4 = 750 — 800 nm). Change of these parameters
with the potential is shown in Fig. 6(b). Both of them follow the changes in
the applied potential well. When the potential is negative, the resonances shift
towards shorter wavelengths, and when it is positive, a red-shift of the
resonance is observed. This red-shift of resonant wavelength corresponds to
an increase of external RI close to the electrode surface (Fig. 2). Localized
variation of solution density can be attributed to the relocations of negatively
charged [Fe(CN)e]*™* ions attracted towards the positively biased 1TO
electrode. The reverse effect is observed at the electrode surface when the
negative potential is applied, causing suppression of negative [Fe(CN)s]*"*
ions [8, 39]. The shift of 1 corresponding to the transmission maximum with
cycling potential is meaningful and reaches over —12.5 nm/V. It can be then
concluded that in these experimental conditions the potential applied to the
ITO-LMR sensor/electrode corresponds to the increase in external RI at its
surface. This effect is similar to that previously reported for SPR at gold
electrodes, but makes application of transparent ITO electrode possible [5, 39].

Next, the possibility of optical monitoring of the ITO modification in the LMR
setup was investigated. It is known that the presence of oxygen on the ITO
electrode can improve its EC response [40]. By applying a high potential (from
0.3 to 2.0 V) an oxidation process was induced at the ITO-LMR electrode
surface. In this case, a non-annealed ITO-LMR sample was used and its
response was examined during ten consecutive CV cycles recorded for 0.1 M
PBS solution (pH = 7.02) with the scan rate of 10 mVs™. In Fig. 7(a) the
influence of both surface modification and scanning potential are observed in
transmission response of the ITO-LMR sensor. As a result of subsequent CV
scans, a clear decrease in current is also observed for the ITO-LMR
electrode/sensor (Fig. 7(b)). This effect seems to result from the accumulation
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of charge on the electrode’s surface when it increases its resistivity. This
phenomenon, on top of the potential cycling effect, is visible in Fig. 7(a) as a
gradual build-up of the mean T-To along with number of scans.
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Fig. 7. The effect scanning process in 0.1 M PBS (pH = 7.02) where (a)
shows change in transmission at 2 = 800 nm acquired on average every 20 s
and (b) change of current peaks during the cyclic voltammetry scans from 1
to 10 scan. Scan rate 10 mVstand first measurement in (a) corresponds to

0.4V.

To verify the oxidation effect on
performance of the ITO-LMR
electrode/sensor its CV response
to [Fe(CN)e]*™* couple was
recorded and compared to the one
before the oxidation process. The
_ ) results shown in Fig. 8 indicate

| -~ atorscaming pocess (10" seam) | that the responses are different
Y e than for the typical redox
processes for this EC couple [41].
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Fig. 8. CV recorded with a scan rate

10 mVs!on the ITO-LMR on not However, there is a noticeable
annealed sample in 0.5 M Na.S0s difference in response before and

containing 5 mM [Fe(CN)s]*"" before s
(red) and after (dotted) oxidation after the 0_X|dat|on process. After
process. the oxidation process, the peak to

peak (reduction to oxidation)
separation is a bit narrower. This can be explained by an increase in
electroactivity as a result of modification of the 1TO surface and exposure of
Sn-rich surface sites [40]. It is proven that the modification process of the
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electrode can also be successfully monitored with the LMR approach. This
powerful tool makes observation of any surface modification possible.

4.  CONCLUSION

As aresult of this study we have developed optical fiber sensors based on LMR
effect supported by ITO thin overlay and used it for real-time optical
monitoring of electrochemical processes. The high electrochemical and optical
performance of ITO-LMR structure was achieved by its deposition with two
unique perpendicularly oriented sputtering magnetrons, i.e., HiPIMS and
continuous RF power guns, where no thermal post processing was required. A
developed, highly conductive ITO overlay was deposited on optical fiber core
and applied as a working electrode in cyclic voltammetry electrochemical
setup. We have found that a change in potential applied to the ITO surface
induces a significant change in the LMR response. The changes in optical
transmission for the ITO-LMR sensor follow the straight progress in the
electrochemical process. The sensor can then be optically interrogated by
tracing the resonant power as well as the wavelength changes. The proposed
novel sensing approach provides a promising strategy for both optical and
electrochemical detection of modifications of ITO or changes taking place at
its surface induced by various bio-compounds. Additionally, the monitoring
of the bio-compound concentration is also possible. Due to the high optical
transparency of ITO other techniques, such as absorption spectroscopy, can be
additionally combined in the proposed setup.
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Abstract

In this work an optical fiber sensor, where a lossy-mode resonance (LMR)
effect was obtained due to indium tin oxide (ITO) thin overlay, has been
simultaneously applied as a working electrode in a 3-electrode cyclic
voltammetry electrochemical setup. Since LMR conditions highly depend on
refractive index of a surrounding medium, an LMR-based sensor was applied
for optical investigations of electrolyte's properties at the ITO surface. We
have found that the optical response of the sensor highly depends on the
applied potential and its changes, as well as the properties of the investigated
electrolyte, 1. e., its composition and presence of a redox probe. Both optical
and electrochemical response of the ITO-LMR sensor to various
concentrations of phosphate-buffered saline (PBS), NaCl and Na>SOs, as well
as scan rate were investigated and discussed. We have found that the responses
in optical and electrical domains differ significantly and may deliver
supplementary information about the investigated analyte.
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1.  INTRODUCTION

Possibilities for multi-domain sensing, which may include simultaneous, e. g.,
optical, electrical or mechanical interrogation, has been intensively explored
in the last decade [1-3]. Study in additional domains may enhance information
about the investigated sample or provide confirmation of results received in
the other domain. The later advantage may help to reduce the amount of false
positive results. One of the domains may also be used to initiate certain
phenomenon, where the monitoring of effects is provided in the other domain.
As a successful multi-domain approach optical analysis using surface plasmon
resonance (SPR) effect combined with electrochemical (EC) measurements
can be pointed [4]. The EC-SPR systems typically employs a thin gold layer
deposited on a glass slide, where the metal supports SPR effect and
simultaneously plays a role of a working electrode in the EC setup. The EC-
SPR concept has also been applied using gold-coated tilted fiber Bragg
grating [5]. The application of optical fiber offers a probe-like sensor shape,
which e. g., allows for its application in widely available standard cuvette-
based EC setups or other sensing architectures [6].

Besides gold, there is a set of electrode materials that are used in EC analysis.
The most popular thin film materials are boron-doped diamond (BDD),
indium tin oxide (ITO), and fluorine-doped tin oxide (FTO), which in contrast
to gold, are also optically transparent. Since BDD requires high temperature
deposition, which may induce damage to temperature-sensitive substrate
materials [7], the doped tin oxides are considered as much less temperature
demanding. Furthermore, they are considered as universal materials for
transparent EC electrodes, where additionally to EC measurements also
optical  transmission through the sample may be monitored
(spectroelectrochemistry) and it can deliver additional information about the
EC process [8]. Thin ITO films have similarly been applied for combined
optical and EC analysis on planar and optical fiber sensing devices, but in this
case ITO was applied mainly in order to initialize EC-induced polymerization
of a compound necessary for further detection procedure [1]. Meanwhile, it
has been found that when the potential is applied to the electrode in opto-EC
setup and both optical and EC responses are investigated simultaneously,
significantly more information can be received about the investigated medium
than when the responses are studied separately [3, 9].
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In our previous work we proposed a simple optical-fiber-based device where
both optical and EC readouts are possible [10]. Such a sensor may be used for
optical monitoring of EC processes taking place on its surface [11]. Unlike in
other works employing ITO deposited on tip of optical fibers [1], here a
2-3 cm long cladding-striped side surface of a multimode fiber core was
coated. In such a structure at certain ITO thickness and with certain optical
properties a lossy-mode resonance (LMR) can be seen in fiber transmission
spectrum [12]. The LMR wavelength highly depends on the properties of ITO
and external medium, i. e., its refractive index (RI), as well as any thin film
formed on its surface. These advantages make application of the LMR-based
structure in label-free biosensing possible [13]. When the device is supported
by EC setup, it offers the capability of receiving enhanced information about
the investigated analyte compared to simple optical interrogation. The
analytes, when investigated in EC setups, are present in various electrolytes
which are used as the main source of electrically conducting ionic species. For
this purpose acids, bases, both organic and inorganic salts and buffered
solutions are commonly diluted by aqueous and non-aqueous solutions. The
concentration of these electrolytes is usually between 0.01 M and 1.0 M and
is higher than the one of the investigated analyte [14]. The main role of the
electrolyte is to lower the solution resistance between electrodes and to
eliminate migration of the analyte to the working electrode [15, 16].

In this work we focus on the influence of EC stimulation, i.e., potential
applied to the ITO-LMR sensor in 3-electrode cyclic voltammetry (CV) setup,
on optical and EC responses received from the sensor. We used electrolytes
containing several commonly applied inorganic salts to have a deeper
understanding of the origin of the changes observed in both readouts. This
work is of high importance when further dual-domain label-free biosensing
with ITO-LMR device is considered.

2. EXPERIMENTAL

The experimental setup for combined optical and EC measurements has been
reported in detail in [10]. The ITO-LMR sensors were based on approx.
15 cm-long polymer-clad silica fiber samples of 400/840 um core/cladding
diameter, where 2.5 cm long polymer cladding was removed from the fiber's
central section. Next, ITO overlays were deposited on the fibers using standard
planar magnetron with unbalanced magnetic field. The deposition system used
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sputtering gun running in continuous RF power mode only and equipped with
ITO target composed of 1n203—SnO2 90-10 wt% and with purity of 99.99 %
employing a similar concept as in our previous work [17]. In this experiment,
to increase RI sensitivity of the ITO-LMR sensor, the overlay thickness was
reduced to observe the lowest possible order of LMR resonances [12]. The
overlays were deposited in a 1 h-long process when the fiber samples were
continuously rotated in the chamber to obtain uniform ITO deposition around
the fiber. Next, both fiber end-faces were mechanically polished before optical
testing in mixtures of water/glycerin with Rl from np = 1.33 to 1.45 RIU. The
RI of the mixtures was measured using Rudolph J57 refractometer. The optical
transmission of the ITO-LMR sensor was observed in 4 = 350—-1050 nm using
Ocean Optics HL-2000 white light source and Ocean Optics USB4000
spectrometer supported by a software continuously acquiring optical data. The
optical power in the specified spectral range was detected as counts in 100 ms
of integration time and presented in relation to normalized power transmitted
in the system in which the fiber sensing device had no ITO overlay and the
measurement was performed in standard conditions.

CV measurements in a 3-electrode configuration were performed with a
Metrohm-Autolab PGSTAT 204 potentiostat-galvanostat supported by Nova
1.10 software. An ITO-LMR sensor was used as a working electrode, while
platinum wire and silver-silver chloride electrode Ag/AgCl (0.1 M KCI) were
used as auxiliary and reference electrodes, respectively. All potentials in the
range from -1.0 to +1.0 V at a scan rate of 100 mV s * were applied versus the
reference electrode at room temperature. A set of aqueous electrolytes was
applied, i.e., 0.1 M and 0.01 M phosphate-buffered saline (PBS, pH = 7.0),
0.5 M and 0.05 M NaCl, 0.5 M and 0.05 M Na>SO4. Measurements were also
performed in reduction/oxidation (redox) probe-containing solution, i.e., 5
mM Ks[Fe(CN)g] in 0.5 M Na2SO4 and additionally at scan rate 1 mV st for
PBS. The 0.1 M PBS was prepared according to the European Pharmacopoeia
5.0 by adding 35 g of NaoHPO4 to solution of 1.361 g of KH2PO4 and diluted
in 11 of deionized water. All chemicals used in the experiments were of
analytical grade and used without further purification.

259



Research Section: Achieving a simultaneous electrochemical and LMR activity

3. RESULTS AND DISCUSSION
3.1. RI Sensitivity of the ITO-LMR Sensor

The optical response of the ITO-LMR sensor to changes in external RI is
presented in Figure 1. Compared to previously reported results 10, due to
reduced thickness of ITO and more uniform deposition around the fiber
obtained by introduction of fiber rotation during the process, a single and well-
defined resonance was observed in the investigated spectral range. The RI
sensitivity has also been increased significantly to approx. 325 nm/RIU in RI
range np = 1.333to 1.382 RIU. Typically applied electrolytes have their Rl in
this range.

720

0

-10000 -
- 700

-20000
-30000

-40000 - 660

T [a.u.]

/o
Q
g/ - 680
/
/
a
°

hg [nm]

-50000
- 640

-60000

] - 620
-70000 -

-80000 +——1——— VY il S — 1)
400 500 600 700 800 900 1.0 11 12 13 14 15

A [nm] RI [RIU]

Figure 1. Optical response of the ITO-LMR sensor to changes in external RI,
where (A) shows spectra and (B) corresponding resonance wavelengths.

3.2. EC Response of the ITO-LMR Sensor to Applied Potential in
Various Electrolyte Solutions

CV response of the ITO-LMR sensors was studied in detail for applied
potential in the range of —1.0 to 1.0 V and the following electrolytes: 0.1 M
PBS, 0.5 M NaCl and 0.5 M Na>SO4. Next, the measurements were repeated
in the same electrolytes, but each with ten-fold lower concentration. The EC
responses for all the electrolytes are shown in Figure 2A to 2C. The CV when
the redox probe was added to Na>SO4 is shown for comparison in Figure 2D.
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Figure 2. CVs recorded with the ITO-LMR sensor as a working electrode in
various concentration of PBS (A), NaCl (B) and Na,SO, (C). CV for
electrolyte with redox probe is shown in (D), where different scale of current
was used. Scan rate was set to 100 mV s,

Upon positive potential change of the ITO-LMR sensor, its surface acquires
positive charges. Cations near the surface respond to this charge by migrating
away from the surface and anions migrate toward the electrode/electrolyte
interface. This migration occurs until the equilibrium is achieved between the
electrode’s positive surface charge and the negative charge of the solution near
the electrode. Because the movement of ions and electrons is
indistinguishable, the result corresponds to a small, short-lived, non-faradaic
current, called a charging current. When the electrode potential is changed, a
transient current flows. CV curves recorded in PBS exhibit a very similar
shape independently to its concentration (Figure 2A) and are similar to those
obtained for lower concentrations of NaCl and Na>SOs (Figure 2B and 2C).
The comparison of results for 0.5 M NaCl and 0.05 M NaCl in turn indicates
that the curves are very similar to these obtained in 0.05 M Na,SO4 and 0.5 M
Na>SOs, respectively. An increase in NaCl and NaSOs concentration is
followed by an increase in the current when a positive potential is applied. The
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explanation of this phenomenon is complex due to many factors affecting the
EC process. The capacitance of the electrode which depends on the electrolyte
properties, i.e., its pH, type of cation and anion species, and salt
concentrations, should be mainly taken into consideration [18-20]. The
electrolyte concentration has a significant influence on the mass transport of
the analyte according to the Nerst-Planck equation. Additionally, the cationic
mobility influence the ionic conductivity, efficient ion/charge
diffusion/exchange and relaxation time [21].

In order to determine the EC behavior of the ITO-LMR sensor, the CVs were
recorded in 0.5 M Na»SO; solution containing 5 mM KzsFe(CN)s as a redox
probe. When the probe was present in the electrolyte, the characteristic for
[Fe(CN)s]* " reversible peaks of the reduction and oxidation processes are
not observable within the potential range —1.0 to +1.0 V' vs. Ag/AgCI (0.1 M
KCI) [22] (Figure 2D). Such complete blocking behavior of obtained ITO-
LMR sensor can indicate that there is an inappropriate alignment of levels of
energy between ITO and feriicyanide redox couple [23], as will be discussed
later. According to Gerischer [24], as well as the Bard and Wrighton [25]
models, there are thermodynamic criteria for the stability of semiconducting
electrodes, based on the oxidative and reductive decomposition potentials and
quasi Fermi levels of negative and positive charges at the electrodes’ surfaces.
Following the model assumptions, when the electrode is immersed in
electrolyte containing redox species an electron transfer occurs from an
occupied state of the semiconductor to an empty state in the redox system. The
reverse process covering the injection of minority carriers from the redox
system into the semiconductor is only possible with redox species, where
standard potential is very close to the corresponding band of the
semiconductor [26], as it is schematically shown in Figure 3. This means that
the electron transfer is faster than any rearrangement of the solvent molecules
and the rate of such process depends on the density of energy states at the
electrode/electrolyte interface. Additionally, it should be noted that the
dissolution of the electrode material characteristic for n-type conductivity, as
itisin ITO-LMR sensor case, takes place when its formal oxidation potential
Edecomp IS lower than the edge of the valence band at the surface electrons. If
the redox couple is present in the electrolyte with the formal reversible
potential of the redox reaction (Erx), spontaneous oxidation of the
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semiconductor by the electrolyte solution is possible when
Edecomp < Erax. Those thermodynamic predictions, however, are limited
because the electrode reactions are controlled by kinetics and the detailed
relative position of energy states of both sides of the interface: electrode
material and redox formal potential. As was emphasized above, the most
efficient electron transfer is expected from the occupied states of the redox
system to the valence band of the semiconductor when these energy states
show good overlap. Thus, it is highly possible that the beneficial relation
between energy bands of ITO-LMR sensor and redox species does not occur,
thus no peak in CV curve is present, as happens in the plots shown in
Figure 2D.

EWF

Accumulation Flat bands Depletion Inversion

electrolyte

Figure 3. Band diagram at the electrode (ITO-LMR sensor) at different
stages of polarization, i. e. applied potential. Injection of minority carriers
(holes) from a redox system into the valence band of an n-type
semiconductor (ITO) electrode and their subsequent recombination upon the
anodic bias.

3.3. Optical Response of the ITO-LMR Sensor to Applied Potential in
Various Electrolyte Solutions

The previously reported ITO-LMR sensor with thicker ITO showed the
multiple resonances in the investigated spectral range [10]. Here, the probe
with thinner ITO cladding exhibits single traced resonance, where the
resonance wavelength clearly follows the changes in the applied potential.
Optical responses for the sensor at the lowest and (—1.0 V) the highest
(+1.0 V) applied potentials when Na2SO4 with Ks[Fe(CN)e] and PBS were
used as electrolytes are shown in Figure 4A and 4B, respectively. The
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responses for these two solutions were selected to show how much the
composition of the solution influences response of the ITO-LMR sensor to the
applied potential. For both measurements all other experimental conditions
were the same, i. e. the applied scan rate was 100 mV s~X. The maximum shift
in resonance wavelength induced by the applied potential for Na.SO4 with
Ka[Fe(CN)e] and PBS reaches 5 and 24 nm, respectively. Origins of the
observed differences are discussed later in this section.
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Figure 4. Optical spectrum of the ITO-LMR sensor at maximum (+1.0 V)
and minimum (—1.0 V) applied potential when investigated in (A) Na2SO4
with Ks[Fe(CN)s] redox probe and (B) PBS. Scan rate was set to
100 mV s™.

In Figure 5, the results of optical measurements (the trace of resonance
wavelength — Ar) are summarized for different potential and electrolytes. The
measurements were recorded at the same time instances as the EC ones shown
in Figure 2, but for optical measurements the results are more sparse due to
integration and data processing time required by the optical setup. The
character of both optical and EC results is very similar, i. e., the resonance
shifts more when negative potential is applied and for the positive one the
changes are less significant. The shift in resonance wavelength can be induced
by the change in both optical properties of ITO and external RI (electrolyte)
in proximity of ITO surface. Considering properties of ITO as an n-type
semiconductor, when negative potential is applied, the charges are delivered
to the film a decrease and increase of its real (n) and imaginary (k) RI part,
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respectively [27, 28]. A decrease in n is followed by a negative shift of the
resonance wavelength [29], as observed in Figure 5. Moreover, influence of
external R1 on the resonance wavelength may be taken into account. As shown
in Figure 1, an increase in external Rl is followed by a shift of the resonance
towards longer wavelength. According to the reference measurements, the Rl
of the electrolytes varies and is equal to 1.33308 and 1.34334 RIU for 0.01 M
PBS and 0.5 M Na»SOs, respectively. For applied initially +0.3 V potential
the resonance wavelength reached 671 and 662 nm for 0.01 M PBSand 0.5 M
Na>SO0s, respectively. The RI may change with applied potential, i.e., the
electrolyte may densify at the surface of the electrode what corresponds to the
increase of its RI in short distance from the ITO surface. The magnitude of the
changes correspond to the RI of the electrolyte, i. ¢., the range of wavelength
where the resonance shift decreases with RI from 24 to 18 nm for the
electrolyte with the lowest (Figure 5A) and the highest RI (Figure 5C),
respectively. The only exception from this trend is when the redox probe is
present in the electrolyte, as seen in Figure 5D. The possible reasons for this
exceptions will be discussed later in this section.
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Figure 5. Influence of changes in potential in range from —1.0 to 1.0V with
a scan rate of 100 mV s * on resonance wavelength for the ITO-LMR sensor
measured in various concentration of PBS (A), NaCl (B), and Na>SO4 (C).
Corresponding results for Na,SO. with a redox probe are shown in (D).
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Figure 6. Schematics models of electrical double-layer according to
Helmholtz (A), Gouy-Chapman (B), Stern (C), and Grahame (D).

The possible changes at the surface of the electrode can be explained by the
EC theory. The electrical double layer is formed on the surface of electrode in
consequence of interactions between positive and negative ions and the
electrode surface (Figure 6). [30]. The thin layer of charge on the electrode
surface is formed as a result of an excess or a deficiency of electrons [31]. The
charge separation between the electrode surface and solution is known as an
interfacial potential difference. This double-layer model has been described
previously by Helmholtz, Gouy-Chapman, Stern and Grahame [30].
Historically the first model described by Helmholtz considers presence of two
layers of opposite charge between the electrode surface and electrolyte
interface as a result of electrostatic interaction [32]. The second model of
electrical double-layer is the Gouy-Chapman model that includes the thermal
motion of cations and anions near the charged electrode surface and is a
consequences of diffusion and electrostatic forces [30]. Additionally, the
Gouy-Chapman model assumes that the double-layer is not rigid between the
electrode surface and electrolyte interface. The gradient concentration of ions
occurs from the electrode surface to the solution due to thermal
movement [30]. The third model, called as the Stern model, includes the

266



B4

concepts of Helmholtz and Gouy-Chapman models. In these models, along
with the distance from the electrode surface the electrical potential increases
up to the rigid layer (Gouy-Chapman layer) and then potential decreases
exponentially — so-called diffuse layer [30]. The last, Graham model of
double-layer includes two region: inner Helmholtz plane (IHP) where the
phenomena of absorption of ions occurs on the electrode surface and the outer
Helmholtz plane (OHP) (Figure 6) and the difusion region [33]. In this model
the absorbed anions on the electrode surface partially leave the suface. Such
anion behavior causes inversion of electrostatic potential between the OHP
and IHP [30].

Influence of the potential scan rate on both EC and optical response was
investigated next. The tests were performed in 0.1 M PBS at scan rates of 10
and 100 mV s (Figure 7). For a lower scan rate, the diffusion layer will grow
much further from the electrode in comparison to a fast scan approach [34]. In
the consequence of thicker diffusion layer, flux to the electrode is smaller at
10 mV st than in the case of 100 mV s (Figure 7A). Because the current is
proportional to the flux toward the electrode, at a higher scan rate an increased
charging current is observed compared to CV recorded at very slow scan rates.
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Figure 7. Electrochemical (A) and optical (B) response of the ITO-LMR
sensor when investigated in 0.1 M PBS with a scan rate of 10 and
100 mV s,
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Differences in optical and EC response discussed in this paper can be
explained considering described above models, i. e., changes of capacitance
dependent on the composition of the electrolyte. The areal capacitance is
calculated according to Equation 1, where C, is an areal capacitance (F/cm?),
| is a current density (A/cm?), v is a scan rate (A/s) and (V2—V1) is a potential
window [35-37].

f,21v)av

a T 1
Ca = v(V, — V1) .

Obtained calculation for the ITO-LMR sensor using CV indicate that in the
case of PBS solution the capacitance is higher for less concentrated electrolyte
(Table 1). In the case of the NaCl electrolytes the capacitances are very
similar, while for the Na»SOjs solutions the capacitance is lower in less
concentrated electrolyte. Moreover, the capacitance decreases with the scan
rate reaching for ITO-LMR sensor and 0.1 M PBS solution 6.58 mF/cm? and
2.25mF/cm?at scan rate 10mVstand 100 mV s, respectively. This
phenomenon results from the limited access of ions to the surface of the
electrode at higher scan rates [38]. At lower scan rates ions present in the
electrolyte had more time to easily access the electrode surface, than at a high
scan rate [39]. The effect is clearly seen in optical response, where for the
lower scan rate, the magnitude of changes is higher what corresponds to higher
ion fluctuations at the ITO surface (Figure 7B).

Table 1. The capacitance of ITO-LMR sensor in various electrolytes.

Supporting Areal Capacitance
electrolyte (mF/cm?)

0.1 M PBS 2.25
0.01 M PBS 2.57
0.5 M NaCl 2.98
0.05 M NacCl 2.93
0.5 M NazSO4 3.12
0.05 M Na,SO4 2.90

The difference of response of the ITO-LMR sensor in different electrolytes
seems to be also dependant on the size and concentration of cations and
hydrated ions present in the electrolyte. The shape of CV curves and
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capacitance is related to ionic mobility [38]. Due to the highest molar ionic
conductivity, the highest capacitance is observed for H>SOjs electrolyte
(Table 2). High ionic mobility and conductivity influence fast ion charge
transfer, while the smaller hydration sphere radius caused ion adsorption on
the electrode [21]. The biggest amount of ions in PBS, both cations - sodium
and potassium and dihydrogen phosphate and hydrogen phosphate anions,
reduces the value of capacitance. Additionally, the presence of these ions
contribute to the lower capacitance for 0.1 M PBS electrolyte in comparison
to 0.01 M PBS solution used as electrolyte.

Table 2. The properties of ions presence in supporting electrolytes based

on [16, 21].

o tomcadius [UGcteg  fomemobily (0° - iy

sphere (A) (mS m? mol™)
Na* 1.02 3.58 5.19 5.01
K* 1.38 3.31 7.62 7.35
Cl- 1.81 3.32 7.91 7.64
SO 2.30 3.79 8.29 16.00
H* 0.012 2.80 36.23 34.96

Influence of redox probe added to the electrolyte on the optical response must
be finally discussed. It has been shown that its presence in the electrolyte
highly increases the measured current (Figure 2D), where in turn it decreases
the magnitude of potential-induced changes in the resonance wavelength
(Figure 4A and 5D). When only the electrolyte is investigated, the character
of shift is very similar to the case in which the RI is increased, namely the
resonance shifts towards higher wavelengths and reduces its depth (Figure 1A
and 4B). When the redox probe was added, the shift was smaller and occurred
only in the resonance wavelength. It also needs to be noted that the resonance
shifts toward higher wavelengths when the probe is added (Figure 5D). It may
suggest that the probe molecules absorb to the surface of the electrode and
despite better charge transfer at the sensor/electrolyte interface it keeps the
ions away from the surface. Thus their fluctuations take place further from the
surface of ITO, what limits their interactions with evanescent wave of light
guided in the ITO-LMR sensor and results in low influence of the applied
potential on the resonance wavelength shift.
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4.  CONCLUSIONS

In this work we discussed simultaneously acquired optical and
electrochemical responses of ITO-coated optical fiber sensor. The working
principle of the sensor was based on the lossy-mode resonance effect. Due to
the tuning of ITO properties, the investigated ITO-LMR sensor offers a well-
defined resonant response in the visible spectral range and reasonably high
refractive index sensitivity reaching 325 nm/RIU in RI range typical for
electrolytes widely used in electrochemistry. The influence of electrolyte
composition, its concentration, and presence of redox probe, as well as
potential scan rate has been considered and discussed according to
electrochemical theory. We have shown that both electrochemical and optical
responses of the sensor to the applied potential are similar in character, but
optical readout may deliver supplementary information about the investigated
liquid, i. e., molecules absorbed to the surface of the electrode, as observed
when redox probe was applied, or clear response at low scan rate when the
recorded current tends to be low. When the electrochemical response depends
solely on the charge transfer at the ITO/electrolyte interface, optical response
on top of charge-induced changes in optical properties of ITO also depends on
composition of the electrolyte and its admixtures. We believe that the
presented sensing concept can be successfully applied for label-free
biosensing purposes where enhanced information about the analyte is
received, especially when the current measured in electrochemical setup is
low. What is more, optical response depends on properties of ITO, including
its thickness, what may be found as an useful source of information when
etching of the electrode is possible.
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Abstract

A sensor working in multiple domains may offer enhanced information about
the properties of an investigated analyte, including those containing biological
species. It has already been shown that a dual-domain sensing capability, i.e.,
in optical and electrochemical domains, can be offered by lossy-mode
resonance (LMR) sensors based on indium-tin-oxide (ITO) thin film. The
spectral response of the LMR sensors depends on the refractive index (RI) at
the ITO surface. In this work, we discuss a capability for enhancing the
electrochemical properties of these sensors by electrodeposition of poly(3,4-
ethylenedioxythiophene)—poly(4-styrenesulfonate) (PEDOT:PSS) on the ITO
surface. This conjugated polymer shows high electrical conductivity, high
optical transmittance, as well as good chemical stability, and thus can be used
as a transparent electrode. We have found that the PEDOT:PSS deposition
improves the reversibility of the electrochemical reduction/oxidation reactions
by 2.5 times with no negative impact on LMR-based measurements of the RI
of the analyte.
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1.  INTRODUCTION

In recent years, increasing demand for novel diagnostic and analytical
methods capable of investigating various biological targets at ultralow
quantities has been observed [1]. When the label-free sensing concept is
considered, where no fluorescent marker is applied and just binding
phenomena between a biological receptor and a target at the sensor surface are
monitored, the targets can be investigated in their natural state, and without a
requirement for their additional modification or amplification. In the case of
optical sensors, the label-free sensing concept relies on monitoring changes in
the refractive index (RI) in the vicinity of the sensor surface [2]. An increase
in RI corresponds to an increase in density that is induced by biological
binding events and can be monitored optically in real time [3].

Optical fiber sensors, due to their set of unique properties such as their small
size, immunity to electromagnetic interference, and capability of
multiparameter and remote sensing, have gathered significant attention of the
scientific community. A number of optical fiber sensors capable of
measurement of RI with high sensitivity have already been reported [4-6].
Due to their immunity to optical power fluctuations, sensors based on
resonance effects such as surface plasmon resonance or lossy-mode resonance
(LMR) [7-9] are desired. Among the advantages of LMR sensors is that many
materials, which include metal and semiconductor oxides or nitrides, some
carbon-based materials, as well as various polymers, can be used as thin films
supporting the LMR effect [7, 10, 11]. An indium tin oxide (ITO) thin film
deposited on fused silica glass may offer suitable properties for LMR
observations. ITO is also well known for its low electrical resistivity, and due
to its band-gap, it is often used as an electrochemical (EC) working
electrode [12]. For this reason, ITO-based electrodes typically substitute those
made of gold wherever optical absorption at the electrode surface needs to be
monitored during the EC process [13]. In contrast to other transparent
electrode materials, such as boron-doped diamond, thin ITO films can be
deposited at a relatively low temperature on various substrates and
shapes [14]. When ITO is used as an LMR-supporting thin film, a combined
optical and EC analysis can be performed to deliver an enhanced set of data
about the investigated analytes [3, 15, 16]. EC-enhanced optical
measurements open up the possibility for detection of a variety of organic
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compounds and heavy metals, but also allow for sensor surface treatment in
the EC domain, followed by optical detection. It is worth noting that tuning
the properties of ITO to allow both high-quality LMR and EC response to be
achieved is still challenging. The most recent reports of the EC response to the
presence of a reduction/oxidation (redox) probe in a solution are
unsatisfactory, i.e., weakly defined reduction (lred) and oxidation (lox) current
peaks were recorded using an ITO-LMR sensor [3, 15, 16]. Moreover, the
difference in potentials corresponding to these peaks (AE) is significantly
higher than observed for other commercially available electrodes, including
those based on ITO. These parameters, namely lreq, lox and AE are crucial
when label-free sensing applications in the EC domain are considered [17].

In this work, we propose electropolymerization of a conducting polymer on
the ITO-coated optical fiber. The approach makes it possible to improve the
EC properties of the device when the LMR effect has already been achieved.
Poly(3,4-ethylenedioxythiophene)—poly(4-styrenesulfonate) (PEDOT:PSS)
was chosen for electropolymerization by means of chronoamperometry (CA),
and its further investigations were done with cyclic voltammetry (CV).
PEDOT:PSS is a conjugated polymer showing high electrical conductivity (up
to 550 S cm™t) and good chemical stability in a doped state [18]. When
polymerized as a thin film, PEDOT:PSS can be used as a transparent electrode
with optical transmittance reaching up to 80% [19]. What is more,
PEDOT:PSS is often used in various EC biosensors targeted towards e.g.,
pesticides [20], glucose [21], ascorbic acid [22] and dopamine [23]. In this
work, we particularly focus on the influence of PEDOT:PSS
electropolymerization on optical and EC properties of the ITO-LMR optical
fiber sensor.

2. EXPERIMENTAL
2.1. ITO-LMR sensor fabrication and optical testing

The LMR structures were fabricated using approx. 15 cm-long 400/840 pm
core/cladding diameter polymer-clad silica fiber samples, where 2.5 cm of
polymer cladding was removed from the fiber central section [15]. Next, the
electrically conductive and optically transparent ITO films were deposited by
reactive magnetron sputtering of the ITO target (In.O3-SnO>—90/10 wt % and
a purity of 99.99%). The magnetron, whose axis was perpendicular to the
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substrate, was supplied by a Cito1310 (13.56 MHz, 300 W) RF source (Comet
AG, Flamatt, Switzerland). The experiments were carried out at
pressure p = 0.1 Pa in an argon atmosphere. The fibers were rotated in the
chamber during the process to uniformly cover with ITO the exposed fiber
core section.

To determine the RI sensitivity of the fabricated ITO-LMR devices, they were
investigated in mixtures of water/glycerine with different proportions of these
components resulting in np = 1.33-1.45 RIU. Before immersing the sensors
in subsequent mixtures their Rl was measured using an AR200 automatic
digital refractometer (Reichert Inc., Buffalo, NY, USA). The RI sensing
studies were conducted without any applied bias potential. The optical
transmission of the ITO-LMR structure was interrogated in the range
A = 350-1050 nm using a HL-2000 white light source and a USB4000
spectrometer (Ocean Optics, USA). The optical transmission (Ti) in the
specified spectral range was measured as counts in the specified integration
time (up to 100 ms) and referred to the transmission of the fiber without the
ITO coating (To). The results were normalized and presented as T = Ti-To.
The temperature of the solutions was stabilized at 25 °C.

For the combined optical and EC analysis, the ITO-LMR sensor was installed
in the measurement setup to record the T;during each stage of the EC
processing [15]. The Tiwas monitored and the data were acquired approx.
every 2 s. For comparison of the results, the following parameters were
selected: (1) LMR wavelength (/r), and (2) T at the slope of the resonance at
the arbitrary chosen 4 = 700 nm (T700).

2.2. Electropolymerisation and EC setup

The CA processing and CV measurements were performed with a Palmsens
Emstat 3+ potentiostat/galvanostat controlled by the PSTrace 5 software. We
used the ITO-LMR sensor, a platinum wire, and Ag/AgCIl/0.1 M KCI as the
working (WE), counter (CE), and reference (REF) electrodes, respectively.
The electropolymerization on ITO-LMR sensor was conducted by
chronoamperometry by treated at constant potential 1.25 V vs. REF for 120 s
in 0.1 M NaSO;4 containing 15 mM EDOT and 0.1 M PSS. The procedure
allowed for electropolymerization of EDOT with a PSS counterion at the
surface of the ITO-LMR sensor. The obtained at these conditions PEDOT:PSS
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film thickness may reach up to 800 nm [24, 25]. The EC property, i.e.,
response to redox probes, before and after the electropolymerization was
verified in 1 mM ferrocenedimethanol in 0.5 M Na>SO4 solution at a scan rate
of 50 mV-s™1. The measurement cell used for the optical-EC investigation of
the optical fiber sensor is shown schematically in Fig. 1.

PEDOT-PSS

ITO (WE) Ag/AgCI (CE)
Optical Fiber Core Pt (RE)
Potentiostat
EDOT PSS N

Light Source -
(350 27058 Optical Spectrum
Analyzer

Fig. 1. Schematically shown experimental setup used for EDOT-PSS
electropolymerization with optical monitoring of the ITO-LMR device.

The EC impedance spectroscopy (EIS) measurements were carried out to
investigate process changes in space charge capacitance and resistance of
charge transfer between the electrode and the electrolyte, whose detection is
crucial. EIS is known for high precision and is frequently used to evaluate
heterogeneous charge-transfer parameters and a double-layer structure [1].
During an EIS analysis, the impedance at a certain frequency (Z;) is measured.
When the WE is immersed in the electrolyte containing redox probe, it
polarizes at the formal potential (Er) of a particular redox reaction. The Es, also
known as the mid-peak potential, is defined as a half of the sum of the
oxidation and reduction potential. For a reversible and diffusion-controlled
redox reaction, at Er the reduced and oxidized species diffuse at equal rates.
Following that, EIS measurements were performed for ITO-coated and
PEDOT:PSS-ITO-coated optical fiber structures at a determined Er of
ferrocenedimethanol redox reaction. The spectra were recorded in the
frequency range 20 kHz — 0.1 Hz and with a 10 mV amplitude. The measured
impedances were analyzed with an EIS Analyzer using an electric equivalent
circuit (EEQC). The EEQC consists of different components, such as resistors,
capacitors, a coil or Warburg elements of features that correspond to the real
processes occurring at the electrode/electrolyte interface. In other words, the
EEQC shows the same electrical response as the WE. A modified Powell
algorithm [26] was used with an amplitude weightingraas in Eqg. 1,
where N is the number of points, M is the number of parameters, @ is the
angular frequency, and P1...Pm are model parameters. The r¢ is defined as in
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Eq. 2, where i corresponds to the measured values of impedance, and icaic iS
attributed to the calculated values.

Ta = (0, Py ... Py) = TCZ/(N—M) 1)

)

zi* -z *?

lcalc

2 N (Zl, B Zi’calc)z + (Zl” B Zl{;alc)z
e = E
i=1

3. RESULT AND DISCUSSION

Before the EDOT-PSS electropolymerization, the response of the ITO-LMR
sensor to the applied potential was verified. The attenuation band in the
monitored spectrum is originated by a resonance effect. The LMR is
dependent on the thin film thickness since the thickness determines
propagation conditions for the lossy modes [27]. It can be seen in Fig. 2 that
during CV measurements, the optical spectrum did not experience any
significant alterations. The corresponding CV curve is shown in Fig. 4A. For
a better insight, in Fig.2C both the Arand T7o0 were plotted vs. the
measurement number that corresponds to the applied potential. During the
measurements, Ar stayed almost constant, which means that there was no
influence of the potential on the LMR. For the previously investigated ITO-
LMR sensors [12-14], where ITO was deposited at a higher pressure, it was
shown that the changes in applied potential had a significant impact on the
LMR. The negligible influence observed here corresponds to the properties of
the ITO coating deposited at a lower pressure, i.e., the ITO layer contains more
crystalline forms, so its bandgap is different than for ITO deposited at a higher
pressure [28]. Moreover, the lack of potential influence can be explained by a
mismatch between energy levels for ITO and the ferrocenedimethanol redox
probe [16]. The simultaneously recorded EC response for one of the cycles is
shown in Fig. 4, and it will be discussed later together with the results obtained
after the electropolymerization.
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Fig. 2. Optical response of the ITO-LMR sensor to potential scanning (4
scans) with scan rate 50 mV/s in 1 mM ferrocenedimethanol in 0.1 M KClI,
where (A) shows spectrum presented as T = T;-To, where T; and T are the
optical transmissions of the ITO coated and uncoated fiber respectively, (B)

magnification of selected part of the spectrum with shown evolution of
T700 and A, and (C) resonance wavelength and T at 2 = 700 nm for all the
measurements.

Next, electropolymerization of EDOT was performed on the ITO-LMR
sensor. Its optical response during the process is shown in Fig. 3. Significant
alteration of the spectrum can be observed. The Ar, initially at 578.56 nm,
gradually shifts within 60 s (approx. 30 initial measurements) towards longer
wavelengths reaching 594.73 nm (AAr = 16.17 nm). The Tzoo follows the
trend for Ar. After the initial 60 s, a significantly lower influence of the process
on the Tz00 Was observed too (Fig. 3(C)). The results confirm the PEDOT:PSS
film deposition on the ITO-LMR sensors, i.e., a direction of the shift
corresponds to an increase in RI at the ITO surface, which is followed by
deposition of the film [3]. It must be noted that mainly the right slope of the
resonance is influenced by the deposition. The effect may be caused by non-
uniform polymer deposition around the fiber, possibly induced by some
distribution in the ITO resistivity. Non-uniform coating distribution around
the fiber may induce asymmetrical mode coupling and thus less pronounced
resonances are observed in the transmission spectrum [29].
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Fig. 3. Optical response of the ITO-LMR sensor to EDOT
electropolymerization in 0.5 Na,SO4 at 1.25 V during a 120 s long process,
where (A) shows the evolution of the spectrum, (B) magnification of selected
part of the spectrum with shown evolution of Tz and 2z, and (C) the shift of

the resonance wavelength and T at 2 = 700 nm.

-6000C0 4

-70000 4

‘.\
-70000 4

A)

-80000

CV is an EC technique often used for verification of changes at an electrode
surface. PEDOT:PSS electrode typically exhibits wide potential range of c.a.
1-1.5V, but it concerns the full range when this electrode works in a buffer
solution. In the case of the electrode immersed in an electrolyte containing
ferrocyanide redox probe, the difference between oxidation and reduction
peaks reaches 450 mV or even 200 mV [30]. Low AE is attributed to improved
conductivity and mass transfer between redox species and surface of the
polymer electrode [31, 32]. Hence, the EC properties of the ITO-LMR sensor
before and after electropolymerization were compared (Fig. 4(A)). For the
sensor, prior to the electropolymerization, reversible reduction and oxidation
peaks corresponding to one electron process are not well-defined, and
AE = 510 mV. As a result of the electropolymerization process, AE has been
reduced by factor of 2.4, reaching AE = 210 mV. A similar AE value is often
achieved for glassy carbon, boron-doped diamond or gold electrodes [12, 33].
For commercially available ITO films deposited on glass slides, AE is close
to 100 mV. It must also be emphasized that the polymer deposition resulted in
better definition of both lox and Ireq, Which are higher for the sensor coated
with PEDOT:PSS. The absolute values of the currents are nearly equal, which
indicates a high reversibility of the redox reaction. The key EC parameters
received from the CV curves are summarized in Table 1.

281



Research Section: Achieving a simultaneous electrochemical and LMR activity

8
A) w— with PEDOT:PSS 935 B) without PEDOT:PSS
0.02 | —— without PEDOT:PSS, . © experimental
0.51 - ° fitted
= 1010 64 " ©  with PEDOT:PSS
0.014 » 2 o experimental
* ° fitted
< 0wsE G ¢ °
£ E x o2 o
= 0.00 e T 8 o °
N ° ” %
0.00 b . B 3 f
-0.01- » '3 20° ‘Q‘
H £ 4
-0.05 H # f"o
-0.02 4 0.21 %’ 94 06 08 10 12 14
T T T T T T T T T — -0.10 0 T T T T
-08 -06 -04 -02 0.0 02 04 06 08 10 1.2 0 5 10 15 20 25
E/V vs. Ag/AgCl/0.1M KCI Z' | kQ

Fig. 4. (A) CV recorded in 1 mM ferrocenedimethanol in 0.1 M KCI with the
ITO-LMR sensor before and after PEDOT:PSS deposition. The potential and
currents corresponding to redox peaks are indicated in Table 1. (B) EIS
response recorded at the redox formal potential for ITO-LMR sensor with
and without PEDOT:PSS coating. The inset in (B) is a close-up of the initial
part of the figure.

Additionally, at the Efof the redox reaction, EIS was also recorded and
presented in Fig. 4(B). When bare ITO was interfacing the electrolyte
containing the redox probe, a semicircle initially with a 45° slope was
observed. After deposition of the PEDOT:PSS, the response changed
significantly and the overall impedance decreased. As already mentioned in
the experimental section, to better understand the impedance data, EIS
modelling was performed. The EEQC proposed for both cases is presented in
Fig. 5. According to the applied EEQC including both of the electrode
materials, goodness was at the level of 107°, whereas the error at each element
value did not exceed several %, which is proof of the correctness of the
designed circuit.

Table 1. Oxidation and reduction potentials and currents obtained for CV
recorded in 1 mM ferrocenedimethanol in 0.1 M KCI with the ITO-LMR
sensor before and after PEDOT:PSS deposition.

Sample Eox [V] Ered [V] AE = Eox — Ered [V] lox [IJA] Ired [IJA]
ITO-LMR 0.485 -0.025 0.51 20 16
PEDOT:PSS/ITO-LMR 0.311 0.101 0.21 73 71
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ITO without PEDOT:PSS
CPE
R.
Rerf—| W

ITO with PEDOT:PSS

W, CPE

— IQe
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Fig. 5. The EEQC used for fitting of the EIS data received with and without
PEDOT:PSS film.

The designed EEQC consists of the following components: i) resistances: Re —
attributed to the electrolyte resistance, Rp — the polymer resistance itself, Rct —
charge transfer resistance, ii) constant phase element (CPE) that models the
behavior of a double layer, and iii) two Warburg-like components, which will
be discussed later. Independently on the investigated working electrode, the
electrolyte resistance is at the same level, and equals to 590 Q and 667 Q for
ITO and ITO/PEDOT:PSS, respectively. The difference may result from some
slight changes in the geometric arrangement of electrodes for both the cases,
but it does not impact on the overall impedance value.

The CPE is attributed to the space charge capacitance, and its impedance is
described by Z = Q '(iw)™, whereQis a CPE parameter, mis
exponential and in both cases reaches c.a. 0.9. According to Bard et al. [34],
form = 1, it stands for an ideal capacitance, while form = 0.5 indicates
highly dispersed capacitance that is typical for porous electrodes. The
Warburg component labelled as W represents the impedance of semi-infinite
diffusion to/from a flat electrode. This component contributes equally to the
real (RezZ) and imaginary (ImZ) parts of the impedance: ReZ(w) = Aw/
w®® and ImZ(w) = — Ayw/w®>, where Aw is the Warburg coefficient.

In comparison to the bare ITO, for a PEDOT:PSS-coated substrate, the EEQC
includes an additional section consisting of W, and Rp, where they represent
finite length diffusion at a reflective boundary and wor stands for the Warburg
coefficient, whereas Wy = d/D%>. The impedance of the W, component is
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given by Eq. 3. Ws is typically applied for modelling of diffusion processes
occurring in a polymer matrix and sometimes is termed subdiffusion
impedance [35].
Zy (@) = % (1= j) coth(Wocy/jw) 3)

The difference between both of the electrode materials can be seen when the
EEQC segment attributed to the charge transfer is considered. The values for
those elements are listed in Table 2. The ITO/PEDOT:PSS electrode exhibits
much higher capacitance and lower charge transfer resistance, while the
Warburg diffusion is 2.6 times lower for the electrode coated with ITO only.
The PEDOT:PSS film enhances the transfer of electric charges between the
electrolyte and ITO. Therefore, the presence of PEDOT:PSS significantly
enhances the EC response.

Table 2. The values of EEQC parameters responsible for charge transfer
and diffusion.

Element / Unit ITO ITO/PEDOT:PSS
CPE/ Q%" 1.76x10°% (m = 0.86) 5x104(m = 0.91)
Ri/Q 2608.2 15
W/ Qs?05 2399.8 912.7

The PEDOT:PSS/ITO-LMR sensor, simultaneously to EC interrogation, was
again tested optically (Fig. 6). Afterwards, the film deposition alterations in
the spectrum are more intense when compared to those before the deposition.
Both the Jr and T7oo respond to the applied potential. The Ar reaches its
maximum and minimum for 0.1 V and 0.3 V applied potential, respectively,
while the relation for T7oo is inverted due to its location on the right slope of
the resonance. This phenomenon can be explained by modulation of the RI of
the ITO, which is an n-type semiconductor when charges are delivered, and
changes in RI of the solution at the sensor surface when ions from the
electrolyte are attracted or pushed away from the sensor surface [16]. After
the PEDOT:PSS deposition, the charge transfers because of substantial
resistances R and W decrease, as indicated in Table 2.

284



0 —== -35000 600 v 50000
\ / ] A
100004 | : -40000+ 598 ft A A 50500
\ e s o
i 596 - A ]
4 4 [ o] I
20000+ 45000 | | | A | [ [-5100
wl\ S LAY
% SO 0 % Wt K It
-50000 & fl \,si' \ VY y s
-30000 f = v \ okl Y -51500 £
& / I si21 Wit Yy | { ] i =
= / -55000 1 speciums E | 2 ) B 1, R LY. 3
& 40000 T Ss0 L (MY MY M fs2000 B
5 -60000 & i Ul AT P
ot 588 - 1 | | 1| S
= -50000 = i | ‘I | \i |4 ) =
650004 § % 1 | | |
L—"1 % 58614 \ | V== o
-60000 Y ‘. ¥ by
-70000 . \1
584 l"
70000+ 750004 OBEW 53500
—T
-80000 580 4000

-80000 — 58! -5
400 500 BO0 700 800 900 1000 550 600 850 700 750 0 10 20 30 40 50 60 70

A/ nm Measurement No.

Fig. 6. Optical response of the PEDOT:PSS/ITO-LMR sensor to potential
scanning (4 scans) at a rate of 50 mV/s in 1 mM ferrocenedimethanol in
0.1 M KClI, where (A) shows the evolution of the spectrum, (B) magnification
of selected part of the spectrum with shown evolution of Tz and A, and (C)
the shift of resonance wavelength and T at 2 = 700 nm.

Finally, the optical response to RI changes at the PEDOT:PSS/ITO-LMR
sensor has been verified. For any label-free sensing applications, the sensor
must be sensitive to RI changes at its surface. As shown in [15-16], ITO-
LMR optical fiber sensors without additional coatings are suitable for this
application. To preserve the possibility of multiple domain detection the
optical response of the PEDOT:PSS/ITO-LMR sensor must not be disturbed.
In Fig. 7(A), a well-defined LMR can be seen. It experiences a shift towards
higher wavelengths when the RI increases. Referring to spectra presented
above, measured in the electrolytes with redox probes or EDOT and PSS, the
resonance is initially shifted towards shorter wavelengths due to the lower RI
of the external medium. The significant response to RI after the
electropolymerization proves that the PEDOT:PSS does not disturb the optical
sensing effect, i.e., the surface is not blocked by the polymer films and does
not prevent interactions with an external medium.
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Fig. 7. Optical response of the PEDOT:PSS/ITO-LMR sensor to external RI
(n), where (A) shows evolution of the spectrum, and (B) shift in the
resonance wavelength.

4.  CONCLUSION

We investigated the possibility to enhance the sensing properties of an ITO-
LMR sensor by electropolymerization of PEDOT:PSS on ITO surface. As a
result of the process the reduction-oxidation peak-to-peak separation was
significantly reduced, and the current peaks became more pronounced. Most
importantly, after the PEDOT:PSS deposition, the sensor still stayed sensitive
to external refractive index. This fact allows such an approach to be considered
as suitable for improving the properties of opto-electrochemical label-free
sensors. The deposition of a conducting polymer like PEDOT:PSS is a low-
cost solution to enhance the electrochemical properties of the ITO-LMR
devices.
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Abstract

This work discusses optical fiber sensors based on lossy-mode resonance
(LMR) effect and their potential for simultaneous sensing in multiple
domains, i.e.,, optical and electrochemical. As electrically conductive
materials able to guide lossy modes, two doped tin oxides, i.e., fluorine doped
tin oxide (FTO) and indium tin oxide (ITO) thin films were employed. Since
the ITO-LMR sensor has already been discussed broader, this work focuses
on properties of the FTO— LMR sensor and brief comparison of devices based
on the two materials. In optical domain the sensitivity to surrounding medium
refractive index was determined by immersing the sensors in solutions of
different refractive index. Both the sensors showed sensitivity of 300 nm/RIU
in a refractive index range of approx. 1.33-1.39 RIU. Electrochemical
measurements were performed in 0.01 M phosphate-buffered saline (PBS,
pH 7.0) to identify the influence of the applied potential on the optical
response of both sensors. In applied potential from -1.0 V to 1.0 V the FTO-
LMR sensor reached LMR shift of 31.3 nm compared to 23.8 nm of the ITO-
LMR one.
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1.  INTRODUCTION

The fast developing area of sensors requires them to be reliable, have a long
operating time, and above all, offer high sensitivity. The sensitivity and trust
in results can be enhanced if acquired results are confirmed by simultaneous,
independent, and made in the same place and time measurement based on
different physical mechanism. Thus, multi- domain sensing techniques
becoming more popular in recent years, especially in the biosensing areal=,
This work is focused on optical fiber sensor which can be applied on top of
optical interrogation also as a working electrode in electrochemical
measurements.

The considered sensors for detection in optical domain employ lossy-mode
resonance (LMR) effect. The main advantage of this type of sensor is its
relatively uncomplicated, several-stage fabrication process* °. An inherent
element of the LMR sensor is an optical transparent thin film coating and the
capability of this film for guiding lossy modes. The LMR occurs when there
is a coupling between lossy mode and waveguide modes®. The following
materials were primarily used as thin films up to the present moment: titanium
oxide®, indium tin oxide (ITO)®, indium oxide* and different polymers®. In
terms of electrochemical domain the applied thin film material must be
conductive. Thus, for simultaneous interrogation the optical fibers were
coated with fluorine doped tin oxide (FTO) and ITO.
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Figure 1. Schematic representation of the setup used for simultaneous
optical and electrochemical measurements.
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The ITO-LMR sensor was previously applied as a working electrode’ 8. The
aim of this work is to show possibility of employing the FTO-LMR sensor
and compare properties of ITO- and FTO-based devices in terms of optical
and electrochemical response. Comparing to ITO, FTO is less expensive and
also more mechanically and chemically durable®, therefore it offers
advantages highly desirable in sensing applications.

2. EXPERIMENTAL DETAILS
2.1. Thin films deposition

Investigated sensors were based on 400 um core diameter polymer-clad silica
optical fiber, where polymer cladding in the 2.5 cm-long central section of
sample was mechanically removed and coated by FTO or ITO thin film. The
thin films were deposited by magnetron sputtering method. The fiber samples
placed in the ultra-high vacuum chamber were rotated during the process and
exposed to sputter beam generated by RF driven sputtering gun equipped with
3in. FTO (90:10 wt% SnO2:SnF>) or ITO (90:10 wt% In203:Sn0>) target.
Deposition times were adjusted to obtain possibly the lowest order of
resonance in the visible range and thus higher sensitivity®. The thickness and
optical properties of thin films were measured using HORIBA Jobin Yvon
UVISEL spectroscopic ellipsometer based on reference silicon wafers.

2.2. Optical measurements

After the deposition the FTO/ITO samples were tested in water/glycerin
solutions to determine their sensitivity to external refractive index (RI)
changes. The RIs of the solutions were measured by Rudolph J57AB
refractometer. The samples were placed in the setup consisting of Ocean
Optics HL-2000 white light source and Ocean Optics USB4000 spectrometer,
and immersed in consecutive solutions. Recorded optical spectrum were
presented in relation to the spectrum of the sample before FTO/ITO deposition
(T-To).

2.3. Electrochemical measurements

The prepared FTO/ITO-LMR sensors were applied as a working electrode in
3-electrode cyclic voltammetry setup, where as an auxiliary and a reference

electrode platinum wire and silver-silver chloride electrode Ag/AgCl (0.1 M
KCI) were used, respectively. Electrochemical response of the sensors was
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monitored using PalmSens EmStat3+ potentiostat in 0.01 M phosphate-
buffered saline (PBS, pH =7.0) and presented as cyclic voltammogram.
Applied potentials changed in range from -1.0 V to 1.0 V with a scan rate of
100 mV/s.

3. RESULTS AND DISCUSSION
3.1. Refractive index sensitivity

The optical response of the FTO-LMR and ITO-LMR sensors in RI varying
solution are presented in Figure 2. According to spectroscopic ellipsometry
results the thickness of the FTO equals to 60 nm while the ITO thin film is
much thicker and reaches 260 nm. In both cases well-defined peak can be
observed, it indicates the LMR presence. In deionized water (1.333 RIU)
minima were registered at 687.2 nm and 646.9 nm for the FTO-LMR and
ITO-LMR sensors, respectively. With increasing R of surrounding medium
the resonance shifts toward longer wavelengths. The sensitivity increases with
RI and is comparable for both sensors, reaching on average 275 nm/RIU (RI
range: 1.333 — 1.391) and 325 nm/RIU (RI range: 1.333 — 1.382) for the FTO-
LMR and ITO-LMR sensors, respectively.

3.2. Electrochemical results

Next, the response of the FTO-LMR sensor in electrochemical setup was
considered. Increasing of the potential (Figure 3) leads to anions transfer
toward the working electrode and thus build of double layer at FTO/PBS
interface what is noticed as increase of capacitive current'®. Due to
electroactive species absence in the electrolyte no redox reaction was
observed. Further potential changes towards negative values cause anions
depletion in vicinity of the FTO-LMR sensor and current decrement. In
comparison to the ITO-LMR sensor’s response in the same conditions, i.e.,
the same electrolyte, its concentration, potentials applied, scan rate, and
distance between electrodes, the magnitude of the capacitive current changes
is less noticeable. This is a result of different materials — ITO and FTO —
deposited on the fiber’s core and their properties such as thickness?, electrical
conductivity, microstructure, electron-transfer kinetics'?. Nevertheless, both
sensors show capability for working as electrodes in electrochemical systems.
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Figure 2. Optical spectra of the FTO-LMR (A) and ITO-LMR (B) sensors in
surrounding media of different RI. The thickness of FTO and ITO thin films
reached 60 nm and 250 nm, respectively.
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Figure 3. Cyclic Figure 4. Evolution of LMR
voltammograms for FTO-LMR wavelength for the FTO-LMR
and ITO-LMR sensors as and ITO-LMR sensors as a
working electrodes. function of applied potential.

The influence of applied potential on the optical response of the sensors has
also been investigated in parallel. The evolution of LMR wavelength with the
potential is shown in Figure 4. The resonances appear at slightly different
wavelengths, what is induced by different refractive indices and thicknesses
of ITO and FTO. When the potential is applied, change in distribution of
carriers in the film affects its refractive index, both its real and imagine part,
hence the conditions for lossy modes guiding follow®. However, the formation
of double layer in the sensors’ vicinity is more evident. One can see that the
LMRs’ evolution in Figure 4 is very similar to the capacitive current evolution
in Figure 3. As the FTO-LMR and ITO-LMR sensors are sensitive to RI the
ions’ transfer leads to changes of RI in the vicinity of the sensor®. Migration
of anions causes the LMR shift toward longer wavelength, opposite to cations.
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For the FTO-LMR sensor the LMR changes its wavelength from 673.3 nm to
704.5 nm which results in a 31.3 nm difference at a 132.9 pA change in the
capacitive current. In the case of the ITO-LMR sensors the resonance
wavelength difference is at 23.8 nm when the current change is lower and
reaches 39.5 pA. Such limitation of LMR shift with simultaneous clear growth
of capacitive current may occur due to blocking the sensor’s surface by
migrating ions and progressive increase of the ions does not change LMR
conditions distinctly after a certain point.

4. CONCLUSIONS

In this work, we discussed dual domain, i.e., optical and electrochemical,
performance of lossy-mode resonance optical fiber sensor supported by FTO
thin film. The properties of the FTO—LMR sensor were compared to these of
an ITO- LMR sensor offering similar optical response. The sensitivity to
external medium refractive index was similar and reaches 300 nm/RIU (in RI
range of approx.: 1.33-1.39 RIU). However, in case of the FTO the effect has
been achieved for significantly thinner film and was sufficient for achieving
well—defined resonance in the visible range. The sensors based on both tin
oxide doped films are also applicable as an electrode in combined
electrochemical measurements and allow for dual-domain sensing. The
influence of changes in the potential on the LMR conditions was investigated.
In comparison to the ITO-LMR sensor, in presented case, the FTO-LMR
offered higher shift in LMR wavelength in the same range of applied
potentials. The optical response of both FTO-LMR and ITO-LMR sensors
corresponds primarily to the formation of a double layer at thin
film/electrolyte interface.
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C1. Optical monitoring of thin film electro-polymerization on
surface of ITO-coated lossy-mode resonance sensor

Michat Sobaszek, Magdalena Dominik, Dariusz Burnat, Robert Bogdanowicz,
Vitezslav Stranak, Petr Sezemsky, Mateusz Smietana, Optical monitoring of
thin film electro-polymerization on surface of ITO-coated lossy-mode
resonance sensor, 2017 25TH INTERNATIONAL CONFERENCE ON
OPTICAL FIBER SENSORS (OFS), Proceedings of SPIE 10323, (2017),
UNSP 103234W.

Abstract

This work presents an optical fiber sensors based on lossy—mode resonance
(LMR) phenomenon supported by indium tin oxide (ITO) thin overlay for
investigation of electro-polymerization effect on ITO’s surface. The ITO
overlays were deposited on core of polymer-clad silica (PCS) fibers using
reactive magnetron sputtering (RMS) method. Since ITO is electrically
conductive and electrochemically active it can be used as a working electrode
in 3-electrode cyclic voltammetry setup. For fixed potential applied to the
electrode current flow decrease with time what corresponds to polymer layer
formation on the ITO surface. Since LMR phenomenon depends on optical
properties in proximity of the ITO surface, polymer layer formation can be
monitored optically in real time. The electrodeposition process has been
performed with Isatin which is a strong endogenous neurochemical regulator
in humans as it is a metabolic derivative of adrenaline. It was found that optical
detection of Isatin is possible in the proposed configuration.
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1.  INTRODUCTION

There are numbers of optical fiber sensors already developed for refractive
index (RI) measurements'. Recently, Rl sensors based on electromagnetic
resonance effect known as lossy-mode resonance (LMR) are extensively
investigated® >, These sensors often employ a multimode optical fiber, where
cladding on its short length is replaced with a thin film®. The optical properties
of the film must fulfill specific conditions to guide lossy modes, i.e., the real
part of the film electric permittivity must be positive and higher in magnitude
than both its own imaginary part and the permittivity of the external medium?°.
The advantage of LMR sensors include, e.g., no need of complex optical
devices, such as lasers or polarizers, as well as a relatively simple design and
capability for high RI sensitivity. In addition, many different materials such
as metal or semiconductor oxides and nitrides or polymers can be used as thin
films supporting the LMR phenomenon® " 11, One of the thin film material
that satisfy conditions for LMR is indium tin oxide (ITO) deposited on fused
silica glass. ITO film can be deposited with reactive magnetron sputtering
(RMS) method'?. The RMS, which belongs to group of physical vapor
deposition method, gives precise control over the thin films properties, is
highly repeatable and can be used for deposition of a wide selection of metal
alloy or compound with excellent adhesion and uniformity. Moreover,
properties of ITO can be easy modified by changing flow rates of O2 or Ar
during sputtering, thus ITO films can be used as an effective and useful coating
for optical fiber sensors, where its optical properties as well as thickness are
crucial parameters for sensor performance 2 °,

In this work we investigate possibility for optical Isatin detection when it
electro-polymerizes on ITO surface. Isatin (1H-indole-2,3-dione) is a versatile
heterocyclic compound and it is well known as one of the most important
indole present in mammalian tissues and brain?3. Isatin is a strong endogenous
neurochemical regulator in humans as it is a metabolic derivative of
adrenaline'®. Control of the Isatin level in humans and rats urine can be used
as marker for Parkinson’s disease®® 8. Furthermore, Isatin and its derivatives
like Schiff and Mannich bases are widely used as antibacterial, antifungal and
anti-HIV component!’. That is why there is a high demand for its detection.
In the measurement configuration, the ITO-based LMR sensor has been used
as a working electrode in cyclic voltammetry (CV) 3-electrode configuration
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_ (Fig.1). When constant potential is
N applied to the ITO-LMR sensor, the
electropolymerization takes place and

the effect can be monitored by
®) | C§ observation of changes in the sensor
EE optical ~ transmission  spectrum.

\ fiber with ITO coating .
According to our best knowledge,
Prire elestrolte ITO-LMR  sensor applied in
electrochemical setup is shown for a

Fig. 1. Schematically shown cell
allowing for combined
electrochemical and optical
measurements.

first time.

2. EXPERIMENTAL DETAILS
2.1. Sensor fabrication

The LMR structures were fabricated using PCS fiber of 400/840 pm
core/cladding diameter, where polymer cladding was removed on 2.5 cm
length in the fiber central section. Next, ITO films were deposited using
standard planar magnetrons with unbalanced magnetic field. The deposition
system, arranged for deposition on fibers combined two perpendicularly
oriented sputtering guns, i.e., one operating in mode of high power impulse
(HIPIMS) and the second running in continuous RF power mode. Both the
magnetron cathodes were equipped with ITO targets with composition 1n20sz-
SnO2 90-10 wt% and 99.99% purity. Next, the ITO samples were annealed
(200 °C) in air for 2 h.

2.2. Electrochemical measurements and electro-polymerization

Test CV measurement was carried out at a scan rate of 50 mVs ™ in aqueous
media consisting of 5 mM Ks[Fe(CN)s] and 0.5 M K3SOs. Next,
chronoamperometry (CA) experiment was carried out at applied potential
1.2V for 600 sec. in aqueous media consisting of 50 mM Isatin diluted in
0.1 M pH 7.0 phosphate buffer. Electrochemical cell used in the experiment
consisted three electrode system, i.e., ITO-coated fiber, platinum wire and
Ag/AgCI/0.1 KCI used as working, counter and reference electrodes,
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respectively  (Fig. 1). Moreover, we used Autolab 204N
potentiostat/galvanostat and Nova 2.0 software for signal acquisition and
processing, respectively.

2.3. Optical measurements

To determine RI sensitivity of the ITO-based devices the structures were
investigated in air and in mixtures of water/glycerine with RI from np = 1.33
to 1.45 RI units (RIU). The RI of the mixtures was measured using Rudolph
J57AB refractometer. The optical transmission of the LMR-ITO structure was
observed in range of 1 =340-1040 nm using Ocean Optics HL-2000 white
light source and Ocean Optics USB4000 spectrometer. The optical power (T)
in the specified spectral range was detected as counts in 100 ms integration
time and presented in relation to the power transmitted in the fiber structure
for ITO thin film sample surrounded by air (T-To)/To.

3.  RESULTS & DISCUSSION

In Fig. 2 spectral response of the LMR-ITO sensor is shown when it was
immersed in various RI. It can be seen that the set of resonances shift with R
towards longer wavelengths (Fig. 2a) as it takes place in case of the LMR
phenomenon?. The sensitivity to RI increases rapidly when external RI
exceeds ~1.45 RIU. When the results are referred to the spectrum recorded in
air, not only spectral shift can be monitored by also a change in transmission
at a certain wavelength.
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Fig. 2. Transmission changes induced by increase in external Rl (Nexx =1 —
1.461 RIU), where (a) shows spectra directly acquired from the
spectrometer and (b) transmission changes referred to spectrum acquired
for Nex = 1.
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CV is considered a very useful and easy method for investigating
electrochemical properties of materials at interface being in contact with an
electrolyte. Typically applied as a reference Fe(CN)s>7* redox system is
sensitive to surface properties, such as density of electronic states near the
formal potential. In Fig. 3a is shown electrochemical cycle recorded for LMR-
ITO sensor investigated in 5 mM KsFe(CN)s/0.5 M NaSO4vs. Ag/AgCI/0.1 M
KCI. The result proves that the ITO film deposited on optical sensor responds
correctly in CV configuration. The recorded value of AE = 0.42 V is relatively
small, what is a very good result, especially taking into consideration fact that
the deposition on substrate of cylindrical shape is challenging. Moreover, the
ITO active surface on fiber is small comparing to widely used flat ITO samples
deposited on glass plates. It is also worth noting that electrical parameters of
ITO are strongly influenced by annealing temperature!8: 29,
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Fig. 3. Electrochemical measurements for (a) reference CV cycle and (b)
chronoamperometry cycle resulting in Isatin electro-polymerization.

The electro-polymerization effect monitored electrically is shown in Fig. 3b.
The chronoamperometry was carried out towards oxidation of Isatin what is
effective at 1.2 V?°. Two cycles were performed where each took 600 sec. The
difference in current decreasing in time is clearly seen between the first (F)
and the second (S) cycle. During the first cycle a thin film formation process
took place resulting in deposition of Isatin oxidation product at surface of the
ITO electrode. The faster drop in current for the second cycle can be explain
by already smaller active surface than for the first cycle. Furthermore, the
effect of electro-polymerization can also be seen by changes in relative
transmission (RT) (Fig. 4a). When RT values for selected wavelengths are
discussed, it can be clearly seen that the LMR-ITO sensor also responds to
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polymer layer formation on its surface (Fig. 4b). In optical response the
biggest difference can be seen at initial stage of the process, where the RT
drops rapidly as for measurements in high RI (Fig. 2b). The result proves that
formation of thin polymer film on ITO surface takes place. When the electro-
polymerization process continues, the spectrum also changes and the trend can
be clearly seen at each stage of the process (Fig. 4b).
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~—
&

Fig. 4. Effect of the thin film electro-polymerization process on transmission
of the sensor, where (a) shows transmission referred to response in air at
different stage of the experiment and process time, and (b) shows changes at
a selected wavelength.

4.  CONCLUSIONS

As a result of this study we developed an optical fiber sensors based on LMR
effect supported by ITO thin overlay for detection of Isatin, which is a strong
endogenous neurochemical regulator in humans as well as a metabolic
derivative of adrenaline. The high electrochemical and optical performance of
ITO-based structure was achieved by its deposition with unique two
perpendicularly oriented sputtering magnetrons, i.e., HiPIMS and continuous
RF power guns. Since the highly conductive ITO overlay enables for effective
electro-polymerization of Isatin with chronoamperometric method at the
optical fibre surface, the significant change in lossy-mode resonance response
has been recorded. The changes in relative transmission of LMR sensor follow
straightly progress in polymer layer formation at the ITO surface. The
proposed novel sensing approach provides a promising strategy for both
optical and electrochemical detection of various bio-compounds and
monitoring of their concentration.
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C2. Optical Detection of Ketoprofen by Its Electropolymerization
on an Indium Tin Oxide-Coated Optical Fiber Probe
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Burnat, Wioleta Biatobrzeska, Zofia Cebula, Petr Sezemsky, Marcin Koba,
Vitezslav Stranak, Tadeusz Ossowski, Mateusz Smietana, Optical Detection of
Ketoprofen by Its Electropolymerization on an Indium Tin Oxide-Coated
Optical Fiber Probe, Sensors (Basel) 18(5), (2018), pii: E1361.

Abstract

In this work an application of optical fiber sensors for real-time optical
monitoring of electrochemical deposition of ketoprofen during its anodic
oxidation is discussed. The sensors were fabricated by reactive magnetron
sputtering of indium tin oxide (ITO) on a 2.5 cm-long core of polymer-clad
silica fibers. ITO tuned in optical properties and thickness allows for achieving
a lossy-mode resonance (LMR) phenomenon and it can be simultaneously
applied as an electrode in an electrochemical setup. The ITO-LMR electrode
allows for optical monitoring of changes occurring at the electrode during
electrochemical processing. The studies have shown that the ITO-LMR
sensor’s spectral response strongly depends on electrochemical modification
of its surface by ketoprofen. The effect can be applied for real-time detection
of ketoprofen. The obtained sensitivities reached over 1400 nm/M
(nm-mgt-L) and 16,400 a.u./M (a.u.-mg*-L) for resonance wavelength and
transmission shifts, respectively. The proposed method is a valuable
alternative for the analysis of ketoprofen within the concentration range of
0.25-250 ug mL™%, and allows for its determination at therapeutic and toxic
levels. The proposed novel sensing approach provides a promising strategy
for both optical and electrochemical detection of electrochemical
modifications of ITO or its surface by various compounds.
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1.  INTRODUCTION

Demand for nonprescription drugs, such as 2-(3-benzoylphenyl)-propanoic
acid (ketoprofen, KP) is expected to increase in the near future. KP is a
nonsteroidal anti-inflammatory drug, widely used for the treatment of various
kinds of pains, rheumatoid arthritis and osteoarthritis [1]. KP exhibits
analgesic and antipyretic activity, which is mainly caused by the inhibition of
prostaglandin synthesis by inhibiting cyclooxygenase [2]. The widespread and
growing volume of human and veterinary prescriptions needs to be followed
by the development of analytical techniques allowing for detection of KP
traces in various biofluids or sludge water.

Several methods have already been reported for quantitative determination of
KP, including liquid chromatography-mass spectrometry [3], UV-
fluorescence [4], ion chromatography [5], flow injection with
chemiluminescence [6], or electrochemical detection [7]. Both
chromatographic and non-chromatographic techniques usually require
rigorous sample preparation and expensive extraction methods (including
solid-phase extraction) when real samples are considered. Mass spectrometry
in turn requires analyte signal suppression or enhancement during electrospray
ionization, especially for analysis of multi-compound samples. Application of
all these methods is time-consuming and requires expensive and highly
specialized setups which are only available in well-equipped research
laboratories. Among other techniques, fluorescence at porous
SnO2 nanoparticles was applied for KP detection using combined ion
chromatography with photodetection. The limit of detection (LOD) in human
serum, urine, and canal water samples was 0.1 pg/kg, 0.5 pg/kg, and
0.39 pg/kg, respectively [5]. However, photometric UV and fluorescence-
based methods commonly suffer from low sensitivity and selectivity, while
the latter require specific chemicals or compounds (e.g., nanoparticles) in the
detection procedure.

Electrochemical studies of KP have already been performed using the
polarographic method [8, 9] or simultaneously cyclic voltammetry and
coulometry techniques at the mercury dropping electrode surface [8, 10].
Kormosh et al. [11] developed ion-selective electrodes for potentiometric
analysis of KP in piroxicam based on Rhodamine 6G in a membrane
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plasticizer. The measurements of KP using direct current stripping
voltammetry as well as spectrophotometric methods were also reported by
Emara et al. [9]. With dropping mercury electrode and using different
supporting electrolytes at different pH values it was possible to reach a LOD
as low as 5.08 x 10 ng mL%. A similar electrode was utilized by Ghoneim
and Tawfik [10], and in a Britton-Robinson buffer (pH 2.0) the LOD was
0.10 ng mL%. Next, a setup containing glassy carbon (GC) electrode with
multiwalled carbon nanotubes/ionic liquid/chitosan composite for covalent
immobilization of the ibuprofen by specific aptamer was proposed [7].

It can be concluded that the electrochemical methods offer reliability and
accuracy, enabling development of simple, rapid, and cost-effective
approaches for the detection of electroactive compounds. However, electrodes
for KP detection usually need complex pre-treatment in order to reach high
repeatability and environmental stability. Furthermore, KP shows poor
solubility in water, a tendency to adsorb and block electrodes, and a rapid
metabolization to by-products [12]. Thus, conventional electrochemical assay
procedures are not well-suited for this specific application.

To overcome the limitations listed above, we propose a novel approach for KP
detection, where together with an electrochemical method an indium tin oxide
(ITO)-coated optical fiber sensor is used. ITO is known for its high optical
transparency and low electrical resistivity. Moreover, thanks to its band-gap,
it is a good candidate for an electrochemical electrode, and it can be used for
optical measurements as well. Contrary to other transparent electrode
materials, such as boron-doped diamond, thin ITO films can be deposited at a
relatively low temperature on various substrates and shapes [13]. Plasma-
assisted deposition is often used for obtaining high quality ITO films. An ITO
overlay was applied as a standard working electrode, where KP was
electropolymerized with the cyclic voltammetry technique. Thanks to the
adjustment of both ITO’s electrochemical and optical properties, lossy-mode
resonance (LMR) effect in optical fiber sensor can also be applied for KP
detection. LMR is a thin-film-based optical effect, which takes place when a
certain relation between electric permittivity of the film, substrate, and
external medium is fulfilled, namely the real part of the film’s electric
permittivity must be positive and higher in magnitude than both the thin film’s
permittivity imaginary part and the permittivity of the analyte [14]. Any
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variation in optical properties of the analyte, especially its refractive index
(R1), has an influence on resonance conditions and can thus be detected. Since
in visible spectral range ITO shows relatively high RI (np ~ 2 RIU) and non-
zero extinction coefficient (corresponding to optical absorption), it has already
been successfully applied in LMR-based sensing devices [15]. There have
been reported applications of other thin films supporting the LMR effect such
as diamond-like carbon [16] , SiNx [17], TiO2 [18], and polymers [19], but
among these materials only ITO offers low electrical resistivity and can be
applied as an electrode material. Until now both the electrical conductivity of
ITO and supported by its thin film LMR effect have been applied only with
the purpose of inducing a high voltage change in properties of an electro-optic
material deposited on ITO surface [20], and for electropolymerization of a
chemical compound on the ITO surface [21]. As an alternative to the
conventional assay procedures, the developed opto-electrochemical probe can
offer a KP detection method free from pre-treatment of the electrode’s surface,
as well as prolonged analysis time and sophisticated experimental setup.

The application of opto-electrochemical probes is a novel approach. To the
best of our knowledge, in this paper we discuss for the first time the
application of LMR phenomenon at the ITO-coated optical fiber for
electrochemically-induced KP detection. The developed opto-electrochemical
probe offers capability for label-free KP detection with no need of the
electrode’s surface pre-treatment. Additionally, the GC electrode has been
modified by KP for reference.

2.  MATERIALS AND METHODS

KP (2-(3-benzoylphenyl) propionic acid) of purity greater than 98% was
obtained from Cayman Company (Ann Arbor, MI, USA) and used without
any further purification. A KP solution with a concentration of 2 mM was
prepared in a 0.1 M phosphate buffer saline (pH =7.0). Na>SO4and
Ks[Fe(CN)e] were purchased from POCh (Gliwice, Poland).

2.1. ITO Optical Probe Fabrication and Testing

The LMR structures were fabricated using approx. 15 cm-long polymer-clad
silica fiber samples of 400/840 pum core/cladding diameter, where 2.5 cm of
polymer cladding was removed in the fiber central section [22]. Next, the
electrically conductive and optically transparent ITO films were deposited by
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reactive magnetron sputtering of ITO target (In203-SnO>—90/10 wt % and
purity of 99.99%). The magnetron, whose axis was perpendicular to the
substrate, was supplied by a Cit01310 (13.56 MHz, 300 W) RF source (Comet
AG, Flamatt, Switzerland). The experiments were carried out at
pressure p = 1.0 Pa in a reactive No/Ar atmosphere, gas flows were 15 and
0.5-1.0 sccm for Ar and N, respectively. The overlays were deposited on
fibers rotated in the chamber during the process. Simultaneously, Si wafers
and glass slides were also coated for reference. Both of the end-faces of the
fiber sample were mechanically polished before the optical testing.

To determine RI sensitivity of the fabricated ITO-LMR devices, they were
investigated in the air and mixtures of water/glycerin  with
np = 1.33-1.45 RIU. The RI of the mixtures was measured using an AR200
automatic digital refractometer (Reichert Inc., Buffalo, NY, USA). The optical
transmission of the ITO-LMR structure was interrogated in the range of
2 =350-1050 nm using an HL-2000 white light source (Ocean Optics Inc.,
Largo, FL, USA) and an Ocean Optics USB4000 spectrometer. The optical
transmission (T) in the specified spectral range was detected as counts in
specified integration time (up to 100 ms). The temperature of the solutions
was stabilized at 25 °C to avoid thermal shift of the RI.

2.2. Electrochemical Setup and Electropolymerization of KP

Cyclic voltammetry measurements were performed with a PGSTAT204
potentiostat/galvanostat (Metrohm, Herisau, Switzerland) controlled by
Nova 1.1 software, and using the ITO-LMR probe as a working electrode
(WE), a platinum wire as counter electrode (CE), and an Ag/AgCl1/0.1 M KCI
as a reference electrode (REF). The ITO-LMR working electrode was
electrochemically processed in 0.1 M phosphate buffer saline containing from
1x10°to 1 x 1072 M of KP at scan rate 50 mV-s™* for 6 cycles. The process
allowed for anodic electrooxidation of KP in the potential ranging from 0.3 to
2.0V vs. Ag/AgCI/0.1 M KCl electrode. The reference GC and ITO electrodes
were processed under the same conditions as the ITO-LMR electrode, but for
the GC electrode the modification took 10 cycles. Next, the electrodes were
washed in water and methanol, and dried under a stream of air. The electrode
examinations before and after modification with cyclic voltammetry were
performed in 5 mM of Kz[Fe(CN)s] in 0.5 M Na>SOas solution at scan rate of
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100 mV-s. The setup used in this experiment is schematically shown
in Figure 1.

ITO (WE) — Ag/AgCI (CE)

Optical Fiber Core *\\\\ Pt (RE)
\\ \ — Potentiostat
w°{ 9 Hgw

¢ "™  Ketoprofen
o

Light Source e ! ] :
[350 - 108 \ [LMR Optical Spectrum
I 7 Analyzer

e Nl b W, 0 HoH "
Wk o o HIH O o W

Figure 1. The schematic representation of the experimental setup with ITO-
LMR probe used for combined optical and electrochemical KP detection.
The electrodes were denoted as working (WE), reference (RE), and counter
(CE).

2.3. X-ray Photoelectron Spectroscopy Surface Studies

X-ray Photoelectron Spectroscopy (XPS) studies were carried out using an
ESCA300 XPS setup (Scienta Omicron GmbH, Taunusstein, Germany) with
a high resolution spectrometer equipped with a monochromatic Ka source.
Measurements were done at 10 eV pass energy and 0.05 eV energy step size.
A flood gun was used for charge compensation purpose. Finally, the
calibration of XPS spectra was performed for carbon peak C1s at 284.6 eV
[23, 24].

3. RESULTS AND DISCUSSION
3.1. The RI Sensitivity of the ITO-LMR Probe

First, the optical probes were studied in an optical setup only. This part of the
experiment was done in order to estimate the sensitivity of the device to
changes of optical properties at the ITO surface. The probes were installed in
a setup allowing one to record the transmission spectra, while the sensor was
consecutively immersed in different RI solutions. In Figure 2 a well-defined
resonance can be seen that experiences a shift towards higher wavelengths
when the external Rl increases. It is worth noting that the applied ITO coatings
provide relatively narrow resonance. The full width at half maximum
(FWHM) obtained for the resonances is approx. 110 nm. When the probe is
immersed in the higher RI, the FWHM of the resonance slightly increases.
Based on the obtained results, two ways of sensor interrogation can be
selected, namely tracking of resonance wavelength (1r) or monitoring
transmission at discrete wavelength, the most effectively chosen at the
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resonance slope. In the case of this experiment, the transmission was
monitored at 2 = 600 nm (Teo0). Both the Ar and Teoo Were plotted vs. Rl in the
inset of Figure 2. The shift is positive for both of the interrogation schema, but
for tracking Ar the dependence is less linear (the sensitivity increases with RI)
than for the Teoo.

Air
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Figure 2. Spectral response of ITO-LMR probe to changes in external RI (n).

The changes of resonance wavelength (Zr) and transmission (T) at
/=600 nm are shown in the inset.

The measurements of reference Si samples allowed to estimate the thickness
of the coating to 260 nm. According to theoretical studies [25], a low order
LMR may be observed for such thickness of ITO. It is known that low order
LMRs offer the highest sensitivity to changes in external RI [14], as well as
changes in properties of a layer formed on the ITO surface [26].

The standard commercial ITO electrodes undergo thermal annealing to
decrease both optical absorption and electrical resistivity, most likely due to
the crystallization processes [27]. The LMR-satisfying properties of non-
annealed, as fabricated ITO films are attributed to unique advantages of the
applied discharge during deposition process. Our previous research clearly
showed that optimization of the deposition pressure 0.5 Pa < p < 1.0 Pa
induces collisions of the sputtered particles [28, 29]. The application of
magnetron sputtering is advantageous and allows to tailor the optical and
electrical properties of the deposited ITO films with no additional post-
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deposition annealing as it is often required in case of other deposition methods
[30].

3.2. Electrodeposition of KP on GC, ITO and ITO-LMR Electrodes

The electrochemical deposition of KP on GC, ITO and ITO-LMR electrodes
was made by anodic oxidation. The redox behavior of KP molecule at the GC
and ITO electrode has not been reported yet. However, the anodic oxidation
of KP was observed at the boron doped diamond electrode. The current peak
measured for this electrode during the electrodeposition processes is
associated with the oxidation of carboxyl group in KP [31]. Moreover, the
mechanism of the electrochemical reduction of KP have been until now
examined only at the mercury electrode and requires transfer of two electrons.
This reduction leads to formation of 2-(3-benzhydrolyl)-propionic acid [8]
(Scheme 1). The mechanism of reduction of KP—benzophenone-3 has been
described elsewhere [32].

o H CHs H, CH3
g OH
+2H", +2e
o]
(ketoprofen)
2-(3-benzoylphenyl)propanoic acid -(3-benzhydrolyl)-propionic acid

Scheme 1. Chemical structure of KP and mechanism of its electrochemical
reduction.

Anodic oxidation by electron transfer leads to deactivation of electrode
surface and its modification by adsorption of oxidized polymeric products of
the reaction. This effect has been used in this work for modification of
different types of electrodes, i.e., GC, ITO, and ITO-LMR. It must be
emphasized that only ITO-LMR electrode allows for simultaneous optical and
electrochemical monitoring of the modification processes by KP.

The cyclic voltammetry is a very valuable and convenient tool to monitor the
electrode surface properties before and after each step of modification [33].
The electrochemical responses of the bare GC, ITO and ITO-LMR electrodes
were investigated in a solution of 0.5 M Na»SO4containing 5 mM
[Fe(CN)s]* . The comparison of cyclic voltammograms of modified and
bare electrodes is presented in Figure 3. For the bare GC electrode, well-
defined reversible redox peaks corresponding to one-electron reversible
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reaction and the peak to peak separation value of 95 mV were reported [34].
This redox reaction of KP completely blocked the GC electrode after 10 scans.
The current peak observed in the first scan (Figure 3a) can be attributed to the
oxidation of carboxyl group of the KP [35]. The absence of any current for the
GC electrode cycled in presence of KP suggests that KP-based layer was
formed on the GC surface (Figure 3b). Polymerized KP film the most likely
prevents from the penetration of the electroactive substance towards the
electrode surface [36]. This phenomenon has been commonly observed for a
series of compounds and different electrode material [37, 38].
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Figure 3. Cyclic voltammetry curves recorded for (a) GC electrode in 0.1 M
phosphate buffer saline containing 2 mM of KP for 10 cycles, scan rate of
50 mV-s?; and (b) bare GC and GC/KP electrode in 0.5 M Na,SO4
containing of 5 mM [Fe(CN)s]°7#". The scan rate was set to 100 mV-s™.

Next, a reference ITO electrode deposited on a glass slide underwent a similar
modification procedure. In Figure 4a the cyclic voltammetry curves recorded
for ITO electrode in 0.1 M phosphate buffer saline containing 2 mM of KP in
10 cycles are shown. For the bare ITO electrode a redox response with peak
to peak potential separation reached 245 mV. Significant differences between
the electrochemical response for bare and modified electrodes recorded in
0.5 M NazSOs solution containing 5 mM [Fe(CN)s]>* were observed. The
decrease in peak current and increase in peak to peak potential separation of
up to 511 mV, indicate that the modification of the electrode surface by KP
was effective (Figure 4b). This phenomenon also suggests that the surface of
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the ITO electrode was blocked by KP, which is observed in the disappearance
of the anodic and cathodic peak [39].
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Figure 4. Cyclic voltammetry curves recorded for (a) ITO electrode in 0.1 M
phosphate buffer saline containing 2 mM of KP (10 cycles, scan rate of

50 mV-s 1) and (b) ITO and ITO/KP electrode in 0.5 M Na,SO4 containing
5mM [Fe(CN)s]* ", scan rate 100 mV-s™,
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Figure 5. Cyclic voltammetry curves recorded for (a) ITO-LMR electrode in
0.1 M phosphate buffer saline containing 2 mM of KP for 6 cycles at scan
rate of 50 mV-s*; and (b) bare for and KP-modified ITO-LMR in 0.5 M
Na,SO; containing 5 mM [Fe(CN)s]*7#", scan rate 100 mV-s™.

The ITO-LMR probe was coated with KP during only six anodic oxidation
cycles in the potential range from 0.3 to 2.0 V and with a scan rate of
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50 mV-s ! (Figure 5a). After this process, the electrode was extensively
washed with water and methanol. It is worth noting that for the modification
by KP of GC and ITO electrodes, 10 cycles were applied. In the case of ITO-
LMR electrode, six cycles were enough to completely cover the electrode.
In Figure 5b the cyclic voltammetry response to 0.5 M Na>SO4 containing
5 mM [Fe(CN)s]* ™ is shown for bare and KP-modified ITO-LMR electrode.
Bare and modified ITO-LMR electrodes show redox responses with peak to
peak potential separation reaching 419 mV and 628 mV, respectively.
Moreover, for the KP-modified ITO-LMR electrode the redox current peaks
significantly increased. This effect suggests that the electrode has a more
developed active surface area than the one before modification [40]. This was
only observed for anodic oxidation of KP on the ITO-LMR electrode. In the
other cases, namely reference ITO and GC electrodes, the current peaks for
redox couple decreased significantly as a result of modification by KP,

In Table 1 are summarized the electrochemical results obtained for the
samples before and after KP modification. The peak splitting difference
between bare ITO and ITO-LMR electrodes, i.c., AE reaching 245 mV and
419 mV, respectively, can originate from two effects. First, the ITO deposition
on cylindrical shape, such as optical fiber, is more challenging than on a flat
surface and has an impact on size, crystallinity and morphology of the
electrode active surface. Second, the KP modifies the shape of the cyclic
voltammetry curves and the peak to peak separations AE from 511 to 628 mV
for ITO and ITO-LMR electrode, respectively. The diffusion of electrons
through the KP is disturbed, revealing slightly reduced electrocatalytic
activities, which can be attributed to its structural features and electrochemical
properties.

Table 1. Electrochemical parameters of the reactions for [Fe(CN)s]* ™ on
the surface of bare and KP modified ITO electrodes.

Sample Erea (MV)  Ex(MV) AE(MV) Ep (MV)
Bare ITO electrode —24 221 245 123
KP/ITO electrode —230 281 511 230
Bare ITO-LMR electrode  —165 254 419 210
KP/ITO-LMR electrode —285 343 628 314
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3.3. XPS Studies of KP-Modified ITO Surface

High-resolution XPS spectra, analyzed within the energy range of C1s and
O1s peaks, make it possible to verify successful KP modification of ITO
surface at the level of 102 M. Survey of the XPS spectrum presented in Figure
6 reveals significant contribution from ITO background seen as tin, indium,
and oxygen peaks, and smaller contribution from electropolymerized thin KP
layer on ITO surface. The high-resolution XPS spectra were also acquired, in
the energy range characteristic for C1s and O1s peaks. The high-resolution
analysis allows for verification of successful KP modification of ITO surface
at the level of 10~ M. Recorded spectra with their deconvolution are shown
in the inset of Figure 6 and extracted data are summarized in Table 2.

3lcts O1s
;. C=C Ono
= ketoprofen Oiro crystalline
2 amorphous 5
s c=0
£ ketoprofen
8 c-C
— ketoprofen* N
§ C=0 \\
§ ketoprofen
2 N
290 288 286 284 282 536 534 532 $30 528
Binding Energy / eV Binding Energy / eV
. In3d
snad |
O1s
|
C1s l
T l T I T
1200 800 400 0

Binding Energy / eV

Figure 6. XPS survey spectrum and high-resolution XPS spectra registered
for C1ls and O1s energy range. Peaks underwent spectral deconvolution are
superimposed with colors depending on their origination (blue for KP and
green for ITO). The KP concentration was 1 x 10 M.
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Table 2. Comparison of chemical composition of bare ITO and ITO/KP

electrode.
. o o
XPS Chemical Binding Chemical Composition (at.%o)
Photopeak State Energy (eV) Bare ITO ITO/KP
Electrode Electrode
c=cC 284.2 - 27.8
Cls C-C* 285.2 - 9.9
C=0 287.7 - 43
ITOcryst 5307 405 136
Ols ITOamorph 531.7 12.8 55
CcC=0 533.1 - 17.3
ITOcryst 444.1 29.8 9.8
In
ITOamorph 4451 118 92
ITOcryst 486.1 3.7 1.4
Sn
ITOamorph 4870 14 12

* Indicates the influence of adventitious carbon in total chemical composition of C-C
chemical state.

The C1s spectrum was deconvoluted with three peaks, each denoting a
different chemical state of carbon. The primary component is located at
+284.2 eV and is characteristic for aromatic C = C bonds in KP. The second
and third type of interaction can be associated with aliphatic C-C and C = O
bonds. Their energy shift versus the primary spectral component is +1.0 for
C—C and +3.5 eV for C = O type of bonds and highly correlates with other
results found in the literature [41-43]. Furthermore, the XPS analysis carried
out within the O1s energy region confirmed the pronounced presence of peak
located at 533.1 eV, which is characteristic for carbonyl bonds. Finally, the
acquired C = C:C-C:C = Orratio of 6.5:2.8:1 corresponds to the known for KP
6:1:1. A slight excess of C-C contribution can be explained by the presence
of adventitious carbon coming from sample storage in atmospheric conditions.
The amount of adventitious carbon found at bare ITO electrode did not exceed
5 at.% and was excluded from further analysis.

We have also performed detailed XPS analysis of peaks located in In3d5 and
Sn3d5 energy range. The results of the analysis were also summarized
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in Table 2. According to literature survey, ITO analysis are typically based on
spectral deconvolution using two sub-peaks—often ascribed to be
contribution from crystalline and amorphous ITO. The observed peak shift
between crystalline and amorphous phases—1.0 eV for In and 0.9 eV for Sn
peaks—was found to stay in agreement with literature survey [44-46].

3.4. ITO-LMR-Based KP Electropolymerization Monitoring

The electrochemically-induced polymerization of KP was monitored optically
using ITO-LMR probe. As shown in Figure 7, there were changes in the
spectral response during cyclic voltammetry electropolymerization of KP for
its two concentrations in the solution, i.e., the lowest and the highest.
Obviously, for high KP concentration (1 x 10°M) results in
electropolymerization of denser film which is followed by more pronounced
changes in the optical spectrum (Figure 7B). Nevertheless, as low KP
concentration as 1 x 10 M can be observed in optical response (Figure 7A).
For all the applied concentrations, the most noticeable changes in the spectrum
can be observed for the resonance at approx. Ar ~650 nm, where a shift
towards longer wavelengths takes place with the process progress. On top of
tracking the resonant wavelength shift, in the discussed case also changes
in T can be monitored at specific wavelength. For these resonance conditions,
as previously when response to RI has been analyzed, we picked 4 = 600 nm
that is in the middle of the resonance slope. Due to the limited resolution of
the spectrometer, T monitoring may deliver more accurate data than Ar.

The saturation of KP polymerization process was noticed for the ITO-LMR
probe during the second CV cycle. The scan rate was set to 100 mV-s in the
range 0-2 V what resulted in 40 s per one cycle. The full range optical
transmission was recorded with integration time up to 100 ms for 3500 data
set. Thus, the entire optical analysis took 6 minutes. However, the wavelength
range could be limited to e.g., 50 nm (approx. 250 data points) resulting in
25 seconds-long analysis. Summarizing, the result of KP determination was
achieved with response time below 1 minute with no additional pretreatment,
labeling, or incubation required.
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Figure 7. Changes in optical response of the ITO-LMR probe recorded

during electropolymerization of KP on ITO surface for two KP
concentrations, namely (A) 1 x 10°°M and (B) 1 x 10°° M.

Variations of the two parameters, namely Ar and T versus progress in the
electrodeposition process are shown for all the KP concentrations in Figure 8.
As in the case of an increase in external RI, both of them increase with
progress of the electrodeposition process. The effect can be explained as a
mass transfer of KP, i.e., densification of the medium at the ITO surface,
resulting in the growth of the KP polymer film. A similar shift has already
been reported for aptamer immobilization or swelling of poly-acrylic acid
(PAA) and polyallylamine hydrochloride (PAH) polymeric coatings on ITO
deposited on a fiber [26, 47]. The increase in both parameters depends on the
concentration of KP and surely has an impact on the thickness of the
electrodeposited film. The effect of KP deposition on the electrode was
revealed earlier by XPS studies (Figure 6) and recognized by a shift of peaks
characteristic for aromatic C = C and aliphatic C—C and C = O bonds existing
in this compound.
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Figure 8. Change in resonance wavelengths (7r) {*} and transmission (T) at
600 nm {o} with progress of KP electropolymerization process on ITO-LMR
probe for KP concentration (A) 1 x 10° M; (B) 1 x 10™° M;
(C)1x10*M;and (D)1 x 103 M.

The relative changes of ArandTat A=600 nm are summarized
in Table 3 using data shown in Figure 8. The final values of the achieved
parameters after 80 measurements (approx. 120 s) were plotted versus the KP
concentration. It must be noted that both the parameters linearly depend on the
concentration with an average correlation coefficient R? higher than 0.93. The
sensitivities have been considered as ratios of the slopes reaching
1400.86 nm/M (nm-mg~-L) and 16,422.46 a.u./M (a.u-mg*-L) for resonance
wavelengths (/r) and T, respectively. The calculated LOD of KP is 0.536 or
0.575 mM using Arand T, respectively. The application of enhanced
resolution equipment and standardized solutions at lower concentration would
allow us to enhance this value as well as the LOD. The KP detection
experiments were performed three times using separately deposited ITO-LMR
probes. They were used to determine 1 mM KP solution with an average RSD
value 8.5%, which indicates the satisfactory reproducibility and repeatability

of the approach.
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Table 3. The relative changes of Az and T at 600 nm of ITO-LMR probe
recorded vs. KP concentration.

KP Concentration AT (a.u.) A4 (nm)
1x10°M 255.2 1.98
1x10*M 123.2 0.99
1x10°M 113.9 0.6
1x10°%M 60.4 0.4

Analytical capability for KP determination with bare ITO-LMR electrode and
other previously used nanomaterials is compared in Table 4. It can be
concluded that the measurements with the ITO-LMR probe offer competitive
sensitivity mainly when higher KP concentrations are considered. At these
conditions standard electrochemical sensors are not effective due to
adsorption at the electrode surface. The sensing concept can be further
developed towards detection of other polymerizing agents. Fabrication of such
sensors can be easily scaled-up keeping physical homogeneity and
electrochemical performance. Summarizing, the application of the ITO-LMR
probe offers competitive response toward KP detection mainly when larger
concentrations are considered and standard electrochemical sensors are
oversaturated by adsorption. The sensing concept can be further developed for
future studies of other polymerizing agents.
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Table 4. Comparison of KP linear measurement range and LOD achieved
with different methods.

Technique

Adsorptive
Stripping Square
Wave

LC-APCI-MS

IC-FLD

Differential Pulse
Voltammetry

Potentiometry

Microdialisys

Flow injection
High-Performance
Liquid
Chromatography

Rp-HPLC

Differential Pulse
Polarography

Polarography

Stripping
voltammetry

ITO-LMR probe

Details

Mercury electrode
Single lon
Monitoring mode
(SIM)

SnO; nanoparticles

Aptamer and glassy
carbon electrode

PVC electrode

Short polymeric
columns (SPE)

Flow injection with
chemiluminescence

Single-pass intestinal
perfusion method

PDA detector

Dropping-mercury
electrode

Dropping-mercury
electrode

Mercury electrode

ITO electrode

Linear
Range

1x108-3x
10’ M

100-500
ng/mL

0.1 pg/kg

70 pM—-6
UM

0.0001-0.05
mol/L

25-5000
ng/mL

5.0 x 1078
3.0x
10-¢ mol/L

12.5-200
ng/mL

872.5 nM

1x1075-5x
10% M

108-10°M

1x108-1x
107 M

1x105-1x
103 M

Limit of
Detection

0.1 ng
mL™?

1.0 ng/mL

0.2-15
mg/kg

20 pM

6.3 x
107° mol/L

3 ng/mL

2.0 x
1078 mol/L

0.05 ng/mL

4.85-9.7 x
10°

9.8 x
107 mol/L

2.0 x
107° mol/L

2.0 x
107° mol/L

0.5 x
102 mol/L

Reference

[10]

(3]

[5]

[7]

[11]

[48]

(6]

[49]

[7]

(8]

(8]

(9]

This work
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4.  CONCLUSIONS

In this study we have developed an optical fiber sensor based on the LMR
effect supported by a thin ITO overlay and used it for real-time optical
monitoring of electrochemical deposition of KP. The developed highly
conductive ITO overlay was deposited on an optical fiber core and applied as
a working electrode in cyclic voltammetry electrochemical setup. We have
found that electrodeposition of KP on the ITO surface induces a significant
change in the LMR response. The variation in optical transmission for the
ITO-LMR sensor gradually follows the progress in the electrochemical
deposition process. The sensor can be interrogated by tracing transmission at
discrete wavelength as well as resonant wavelength shifts. Optical setup
enables LMR monitoring of the KP concentration down to 1 x 10°° M. Thus,
the proposed method is a valuable alternative for the analysis of KP within the
concentration range of 0.25-250 pg mL?, allowing its determination at
therapeutic and toxic levels. The sensing concept can be applied for detection
of various other pharmaceuticals, as well as organics or biocompounds that
are capable for electropolymerization at ITO surface. It is worth noting that
this effect was obtained at bare ITO electrodes fabricated by magnetron
sputtering. This deposition method is known for scalability and thus is widely
applied as an industrial technology for a wide range of applications. The
obtained devices are cheap in large-scale production, disposable, and can be
applied in low-power, portable point-of-care devices or microchips.
Moreover, the probes can be interrogated with simplified and limited in
wavelength range systems based on LED source and Si photodiode with a
bandpass filter.
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Abstract

This work discuses indium tin oxide (ITO) coated optical fiber lossy-mode
resonance (LMR) sensor working in an electrochemical setup for monitoring
of protein binding to the sensor’s surface. The binding mechanism has been
observed simultaneously in optical and electrochemical domain. The
combined measurement was enabled by the electrically conductive ITO
overlay. In the experiment, biotin molecules have been used to test the
collective optical and electrochemical setup and to illustrate the binding effect.
It has been shown that the effect is observed in the investigated domains at
applied potential, and the qualitative comparison shows high resemblance of
the outcome.
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1.  INTRODUCTION

Recent years have opened many bio-oriented research programs especially in
waste disposal and energy harvesting fields. There is a demand for emerging
techniques which could give better understanding of the phenomena taking
place in the investigated medium, and among them these employing multiple
domains seem very promising. The techniques may combine voltammetry
with optical measurements. The optical analyses are performed in ultraviolet,
visible, and infrared light using various spectroscopic effects and procedures,
e.g., Raman, absorption, or surface plasmon resonance (SPR). They all seem
to be good candidates for supplementing electrochemistry (EC), and thus such
opto-EC analysis gives two separate insights (in two different domains) into
one phenomenon at the time. For example, SPR combined with EC (EC-SPR)
was used to study conformational and electronic changes of purified c-Cyts
protein® or to probe EC properties of polymer thin films2. Nevertheless, given
examples and most of the listed techniques are not well conditioned for EC
measurements, especially when they require bulky optics and are not easily
introduced into real-live environments and in situ measurement. Fiber-based
SPR setups might be found as an exception from the mentioned drawbacks, as
they are also well known for in situ measurements of various chemical and
biological compounds, e.g., in the studies of EC properties of a living biofilm
accompanied by in-situ redox transformation®. However, it must be mentioned
that the presented structure, although compact, is technologically demanding
and expensive. It requires fabrication of tilted fiber Bragg gratings and costly
deposition of gold nanolayer.

In this work we investigate a fiber-based setup which takes advantage of the
lossy-mode resonance (LMR) effect* °. The LMR based sensors consist of a
light guiding structure and thin film deposited on it. For the sensor to work,
the overlay should satisfy certain conditions, i.e., the real part of its electrical
permittivity must be positive and higher than the imaginary part of the film’s
permittivity and at the same time higher than the permittivity of the analyte
and optical waveguide®. Such structure exhibits a resonance in wavelength
domain and can echo variations in optical properties (particularly the
refractive index (RI1)) of the analyte by power and wavelength changes of this
resonance. The proposed LMR based structure, first introduced in an EC setup
in 7, is simple and inexpensive, its fabrication is generally based on a single
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deposition process of a thin indium tin oxide (ITO) film. Some other thin films
support the LMR effect, e.g., diamond-like carbon® and polymers®, but among
them only ITO exhibits low electrical resistivity and can be successfully used
as a working electrode in an EC measurement, which has been shown in e.g.,
1011 "In 10 it has been shown that the optical response of the sensor highly
depends on the applied potential and its changes, and on the properties of the
investigated electrolyte. While in !, an enhancement of EC response is
induced by electrodeposition of PEDOT:PSS. The purpose of this paper is to
present the possibility of using combined optical and EC analysis for
monitoring of biomolecule (biotin) binding.

2. EXPERIMENTAL DETAILS

The experimental setup for combined optical and EC measurements has been
reported in detail in 7, and its schematic is shown in Figure 1.

Potentiostat

CE REF WE _|

PC

=2

Electrolyte I

Tungsten Halogen e
Light Source Spectrometer

Figure 1. Scheme of an experimental setup. (CE — counter electrode, REF —
reference electrode, WE — working electrode, PC — personal computer)

The ITO-LMR probes were based on approx. 15 cm-long polymer-clad silica
(PCS) fiber samples of 400/840 um core/cladding diameter, where 2.5 cm
section of polymer cladding was removed from the central part of the fiber.
Next, ITO films were deposited using standard planar magnetrons with
unbalanced magnetic field. The deposition system used sputtering gun running
in continuous RF power mode and equipped with ITO targets with
composition In203-SnO2 9010 wt% and 99.99% purity. The overlays were
deposited at 0.5 Pa pressure in 1h-long process, where PCS samples were
continuously rotated in the chamber to obtain uniform ITO deposition around
the fiber. Next, both the fiber sample endfaces were mechanically polished
before optical testing in mixtures of water/glycerin with refractive index (RI)
from np =1.33 to 1.43 RIU. The RI of the mixtures was measured using

332



C3

Rudolph J57AB refractometer. The optical transmission of the ITO-LMR
structure was observed in range of 4 = 350-1050 nm using Ocean Optics HL-
2000 white light source and Ocean Optics USB4000 spectrometer. The optical
power (T) in the specified spectral range was detected as counts acquired
during certain integration time slots and presented in relation to normalized
power transmitted in the system for the fiber sensing device with no film at
normal conditions (To).

EC cyclic voltammetry (CV) measurements in a 3-electrode configuration
were performed in a custom-made cell with the PalmSens Emstat3+
potentiostat supported by PSTrace 5.4 software. ITO-LMR was used as
working electrode (WE), while platinum wire and silver-silver chloride
electrode Ag/AgCl (0.1 M KCI) were used as counter (CE) and reference
(REF) electrodes, respectively. All the potentials in range from E =-1.0 to
+ 1.5V at a scan rate of 20 mV-s* were applied versus the reference electrode
at room temperature. A common phosphate-buffered saline (PBS, pH = 7.4)
was used as an aqueous electrolyte. The experiment started with ITO surface
silanization using 3-aminopropyltriethoxysilane (APTES) according to
procedure given in 12, After surface silanization, the reference measurement
was performed in the PBS. Next, biotin (1 mg/mL in PBS) solution containing
N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide (4 mg/ml in PBS) was
added and the final measurement was again conducted in the PBS solution.
The differential measurements, i.e., the ones in PBS before and after
incubation in biotin, were considered. The chemical compounds used in the
experiments were of analytical grade and used without any further
purification.

3. RESULTS

Optical response of the LMR based optical sensor to variation of external RI
is depicted in Fig 2(A). As expected in case of LMR sensors a separate
minimum is evident and its corresponding wavelength exhibit redshift with
increasing value of external RI. The change of RI was attained by diverse
solutions of glycerin. For RI close to the water (1.333-1.356 RIU) the sensor
exhibits sensitivity reaching ~320 nm/RIU, while in higher RI range
(1.427-1.448 RIV) it increases up to ~820 nm/RIU.
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After the solely optical characterization the sensor was integrated in EC setup,
where it became a WE. Selected optical responses of the sensor in PBS to
potential from 1.5 V to -1 V are shown in Figure 2(B). In this case the resonant
minimum shifts towards shorter wavelength with decreasing potential. The
spectrum, especially the resonance wavelength, experiences significant
changes in potential range -1 V t0 0.5 V and 1 V to -1 V for increasing and
decreasing potential, respectively (Fig. 3(B)).
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Figure 2. Optical response of the ITO-LMR probe to changes in external RI
(A) and to potential applied to it in range 1.5 V to -1 V (B). In (B) the
spectra correspond to selected measurements of section 2. in Fig. 3(B). The
spectrum corresponding to E = 0 V is marked in red.

In Fig. 3(A), CV curves recorded in EC domain are shown before (orange
curve) and after (blue curve) incubation in biotin. The potential during the
experiment changes from 0 to 1.5 V (section 1), then from 1.5 V to -1 V
(section 2) and finally from -1 V to 0 V (section 3). The curves exhibit slight
changes induced by incubation in the protein-containing solution, especially
observed at high positive and low negative potential range. The lower current
values after biotin immobilization may be attributed to the blocking of the
electrode’s surface by formation of additional thin protein layer. The
additional overlay acts as a charge barrier and causes lower charge exchange
efficiency. Thus the differences of the curves before and after biotin
immobilization.

Very similar behavior in optical domain has been recorded in parallel to the
EC response (Fig.3(B)). Here, a shift of the resonant wavelength
corresponding to current change in CV is observed. When the potential
increases, the optical response quickly saturates at about 0.5 V (before and
after biotin immobilization) and stays roughly the same till 1.5 V. It responds
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swiftly to potential direction change and leaves the saturated state just at
ca. 1.25 V. As a result of processing with the protein the curve is shifted
towards lower wavelengths. Since the saturation state values are stable they
seem meaningful and noteworthy. In the high and low potential points the
curves split. In optical domain by ca. 4.1 nm, and in electrical domain by
ca. 1.1 pA. During the potential change the sensor experiences carrier
fluctuations in the ITO layer. This is an origin of the resonance curve behavior
in optical domain (Fig.3(B)) and the direct resemblance to the CV
characteristics (Fig. 3(A)). The flat sections for E>0.5 V (Fig. 3(B))
correspond to carrier saturation in thin overlay and establishment of
equilibrium of refractive index of ITO at this specific potential. The origin of
the difference between before and after biotin immobilization comes from the
fact that a thin biotin layer is formed on the ITO surface, and a compound
ITO-biotin overlay is formed. The biotin modification changes the LMR
conditions by influencing the thickness and the real and imaginary parts of the
averaged RI of the overlay and consequently alters the overall sensor’s
response.
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Figure 3. (A) CVs recorded with the ITO-LMR sensor as a working electrode
in PBS before and after incubation in biotin, and (B) corresponding results
showing the influence of potential cycling between 1.5 and -1 V at a scan
rate of 20 mVs* on resonance wavelength of the ITO-LMR. Potential

cycling direction has been marked.

4.  CONCLUSIONS

In this work we analyzed a protein binding with an LMR-based optical fiber
sensor with ITO overlay working as an electrode. We investigated and
analyzed the sensor’s behavior before and after biotin incubation. We found
that both optical and electrochemical responses reflect the fact of the
molecules bonding. This is manifested by the change of current by 1 pA and
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wavelength by 4 nm. The presented sensor in the proposed setup has never
been used before for investigation of biomolecule binding mechanism, and
although it is still under development it appears to be very promising for
acquiring data of biological effects in the two domains.
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Abstract

In this work we discuss a new label-free biosensing device based on indium
tin oxide (ITO) overlaid section of a multimode optical fiber fused silica core.
The sensor has been used to optical measurements also simultaneously
interrogated electrochemically (EC). Due to optimized thickness and optical
properties of ITO film, a lossy-mode resonance (LMR) could be observed in
the optical domain, where electrical properties of the film allowed for
application of the sensor as a working electrode in an EC setup. It has been
confirmed that the LMR response depends on optical properties of the external
medium, as well as potential applied to the electrode during cyclic
voltammetry. After the ITO surface functionalization with amine groups and
covalently attached biotin, the device has been applied for label-free
biosensing of avidin in both the domains simultaneously. On the example of
biotin-avidin detection system it was demonstrated that when avidin
concentration increases a decrease in current and increase in LMR wavelength
shift were recorded in EC and optical domain, respectively. Both optical and
EC responses follow the protein interaction process, and thus can be used as
cross-verification of the readouts. Moreover, an extended information has
been achieved comparing to solely EC interrogation, i.e., the grafting process
of biotin and avidin was directly monitored optically displaying individual
steps of an incubation procedure.
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1.  INTRODUCTION

Various biosensing instrumentations and procedures have been under
intensive development in the recent years (Banica, 2012,). Combined efforts
of both scientific and industrial communities are focused on improving
functional properties of biosensors, mainly such as sensitivity, specificity,
detection time, and cross-sensitivity, as well as reduction of sensor fabrication
costs (Wongkaew et al., 2019). When high sensitivity is expected, the sensing
instrumentation is often quite sophisticated and exceeds requirements as these
for a simple strip test (Khoshbin et al., 2018). When detection time is crucial,
such biological procedures as florescent labeling or biomaterial amplification
can be pointed out as the most time-consuming (Truong et al.,
2018; Kaczmarski et al., 2019; Zhurauski et al., 2018). That is why there is a
significant interest in developing label-free biosensing methods where
biological target is selectively recognized by receptor usually immobilized to
the sensor's surface, and changes in density/mass at the surface are detected
(Citartan et al., 2013).

The biosensors may be interrogated in many domains, which mainly include
optical, electrical and mechanical (Juan-Colas, 2017). There are advantages of
each of the interrogation schemes, e.g., when optical interrogation is
employed, the biosensing procedure can be often monitored in a real time,
when in turn electrochemical (EC) procedures are applied, a high sensitivity
can be expected (Hill et al., 2013). For only a few sensors the interrogation in
more than one domain is possible at the same time (Juan-Colas et al., 2017).
The multi-domain sensing concept may allow for cross-verification of the
readouts and reduce a number of false-positive results, enhance detection
range or deliver more information about the analyzed biological target than
when interrogated in a single domain. An example of successful multi-domain
sensing includes readouts coming from surface plasmon resonance (SPR)
effect together with EC response (EC-SPR). For this purposes gold-coated
glass slides (Wu et al., 2015; Chiu et al., 2018) or fused silica-based optical
fiber structures (Caucheteur et al., 2015) are typically used as sensors. While
SPR empowers monitoring of changes of optical properties in proximity of the
gold surface, the same gold film is used as an electrode, and thus it can be EC-
modified or interrogated. The advantage of using optical fiber sensor over a
glass slide include even more compact sensor size, more flexibility in the
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electrode positioning in the tested solution, as well as immunity to
electromagnetic interference, which may disturb the readout. Other multi-
domain sensing concepts employs also EC-active, but optically transparent
thin films. The requirements for such applications can be fulfilled, e.g., by
some doped tin oxides, such as indium tin oxide (ITO) (Branch et al., 2017)
or conductive carbon-based films, such as boron-doped diamond (Stotter
et al., 2005). Due to the transparency, the electrode can also be interrogated
optically in a broad spectral range. This makes it possible to gain more
information about the investigated solution in comparison to single-domain
analysis (Okazaki et al., 2018). In this case, EC is the most often applied
method for sensor surface functionalization or modification, e.g., by
electropolymerization (Eltzov et al., 2011; Konry et al., 2003). Both the
combined sensing concepts, namely EC-SPR and spectroelectrochemistry are
widely explored. Some other reported multi-domain label-free biosensing
architectures combine EC with optical ring resonators (Juan-Colas et al.,
2016), optical waveguides (Ghithan et al., 2017), localized SPR (Sannomiya
et al., 2010), as well as micro-cantilever resonators with Raman spectroscopy
(Park et al., 2014).

In this work we discuss the use of ITO-coated optical fibers for label-free opto-
EC biosensing. Optical fiber sensors usually offer low limit of detection along
with capability to investigate low volumes of analytes and needle-like shape
of the sensor. On the other hand, the EC interrogation of the electrode at the
sensor surface allows for reaching deeper insight into biochemical reactivity
of target medium by investigating EC processes. EC additionally offers in
parallel wide range of spatially localized electrografting reactions enabling
site-selective control of the surface chemistry (e.g. antibody grafting, click-
chemistry) for selective recognition of biocompounds. The optical biosensors
offer capability for high-sensitivity analysis and scalable, low-cost
manufacturing. Nevertheless, they offer limited ability to determine a single
target without separation of possible interfering agents or additional
information about its activity and interactions. Combining both optical and EC
studies let to deliver additional quantitative information and unique insight
into biochemical activity what is unreachable with optical detection alone. In
this work optical properties and thickness of ITO film deposited on a short
section of a multimode fused silica optical fiber core made appearing a lossy-
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mode resonance (LMR) possible (Del Villar et al., 2012). The properties of
the resonance observed in the fiber transmission spectrum depends on optical
properties that include refractive index (RI) of medium surrounding the ITO
film. The resonant effect obtained here for sensing purposes thanks to the ITO
overlay, allows for focusing on resonance wavelength as a parameter, what
mitigates error coming from optical power fluctuations. This differs our
sensing concepts from many other concepts reported up to date employing
ITO-coated optical fiber, where due to lack of resonance effect just absorption
has been measured (Okazaki et al., 2018; Eltzov et al., 2011; Konry et al.,
2003; Imai et al., 2015; Beam et al., 2009). When electrical potential is applied
to the ITO film in EC setup, the properties of the resonance are influenced by
composition of the electrolyte surrounding the sensor (Smietana et al.,
2018a, 2018b). For the ITO-coated optical sensor, the impact of EC-
polymerized ketoprofen (Bogdanowicz et al., 2018) or PDOT:PSS (Sobaszek
et al., 2019) on the transmitted optical spectrum has been already reported. In
this work we discuss for the first time the results of dual-domain (optical and
EC) label-free biosensing experiment based on ITO-LMR sensor. Comparing
to other fiber-based sensor interrogated in multiple domains, such as fiber-
grating-based devices (Caucheteur et al., 2015; Bogdanowicz et al.,
2015; Janczuk-Richter et al., 2019), the approach stands out with simple and
possible for mass production fabrication process.

2. EXPERIMENTAL DETAILS
2.1. Fabrication of the sensor

The sensor fabrication procedure has been described in details in
(Niedziatkowski et al., 2019). Shortly, a 2.5 cm-long section of polymer-clad
silica optical fiber core (400 um core diameter) has been coated with ITO
using RF magnetron sputtering. We used 3” ITO target (In203-SnO: -
90/10 wt% and purity of 99.99%) sputtered at 150 W in Ar atmosphere at
pressure of 0.5 Pa. The fibers were located 20 cm away from the target surface
and rotated during the deposition to maintain uniformity of the film around
the fiber. Before further processing and measurements of the ITO-LMR
sensors, the fiber end-faces were cleaved for efficient coupling with input and
output fibers. The ITO thickness reached 350 nm and facilitated appearance
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of the second order LMR in the investigated spectral range (Niedziatkowski
etal., 2019).

2.2. Optical and electrochemical measurements

The transmission (T) of the sensor has been optically interrogated using
USB4000 spectrometer and HL-2000 tungsten light source, both from Ocean
Optics. The optical data acquisition and processing has been controlled using
custom Matlab script allowing to save full available optical spectrum
(4 =350-1050 nm) approx. every 1.5s. The integration time was set to
100 ms. Optical response of the ITO-LMR sensor to external RI has been
investigated using water/glycerin solutions with RI varying from np = 1.3330
to 1.45 RIU. The RI of the solutions was each time verified using Reichert
AR200 automatic refractometer.

Combined optical and EC responses were acquired using a custom-made
measurement cell able to accommodate the ITO-LMR sensor that was
electrically connected via copper tape away from the core section and sealed
using two silicone gaskets (Niedziatkowski et al., 2019). The EC
measurements were performed in controlled environment (temperature:
22 °C, humidity 45%) using PalmSens Emstat3+ potentiostat supported by a
PSTrace 5.4 software and connected to three electrodes, namely the ITO-LMR
sensor, an Ag/AgCl 0.1 M NaCl and a platinum wire. They were submerged
in the measurement cell and used as a working (WE), reference (RE) and
counter electrode (CE), respectively. During the experiments the electrodes
were monitored for any contact between them. The cyclic voltammograms
(CV) were recorded at 20 mV/s scan rate in the potential (E) ranging from —1
to 1.5V. All the measurements were carried in phosphate buffered saline
(PBS, pH 7.4) as well as PBS containing 1 mM 1,1-ferrocenedimethanol
(Fc(CH20H),) as a redox probe. Both, scan rate and the range of E were
chosen as a result of our preliminary tests and found as the most suitable for
simultaneous EC and optical detection. We are aware that the response from
the redox probe used in this experiment can be also observed in a way
narrower E range. However, the wide E window (from —1 V to 1.5 V) was
intentionally applied to get more information from the experiment, such as
how the changes in the E influence the optical response. It must also be
mentioned that ITO electrodes are EC stable within the applied E range. PBS

342



C4

tablets were bought from BioShop®Canada Inc., and contained 137 mM
NaCl, 2.7 mM KCI, and 10 mM phosphate buffer, pH 7.4. Schematic
representation of the applied measurement setup is shown in Fig. 1.

CE RE

WE
ITO-LMR sensor

—— - Spectrometer

Measurement cell

Light source (s

Fig. 1. Schematic representation of combined optical and electrochemical
(EC) measurements performed with ITO-LMR sensor installed in a custom-
made measurement cell. Instalments of reference (RE), counter (CE) and
ITO-LMR sensor as a working electrode (WE) were marked. The sensor was
connected to the potentiostat via copper tape and submerged in the
electrolyte.

2.3. 1TO surface functionalization and biosensing procedure

For the biosensing experiment we followed the procedure as the one for
protein sensing described in detail in (Piestrzynska et al., 2019). Shortly, a
30 uL of a silane precursor (3-aminopropyltriethoxysilane, APTES) and a
10 pL of catalyst (triethylamine) were used for functionalization. The fiber
samples were exposed to the precursor and the catalyst vapors in a desiccator
at room temperature for 2 h under argon atmosphere, and later cured for 48 h
to form the amine layer (ITO-NH>).

Next, a receptor - biotin (1 mg/mL in PBS) was chemically bonded to ITO-
NHa, like in (Dominik et al., 2017). The carboxylic group of biotin was
activated in N-(3-dimethylaminopropyl)- N'-ethylcarbodiimide hydrochloride
(EDC, 4 mg/mL in PBS) for 15 min. Later, the fiber samples with ITO-
NH: on their surfaces were immersed in the solution of activated biotin and
left for 30 min at room temperature, then thoroughly washed with PBS. This
was followed by addition of target protein — avidin with different
concentrations, i.e., 0.1 pg/mL, 1 ug/mL, 10 pg/mL, and 100 pg/mL, all in
PBS. The biotin-terminated samples were immersed in solutions from the
lowest to the highest avidin concentration, left for 30 min, then extensively
washed with PBS, and finally measured in PBS.
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3. RESULTS
3.1. ITO-LMR sensor parametrization

The ITO-LMR sensors revealed to be sensitive to external RI (next) (Del Villar
et al., 2012; Kosiel et al., 2018). As a result of increase in nex: the resonance
shifts towards longer wavelengths (Fig. 2(A)). A set of parameters can be
investigated in the spectrum and used for quantitatively determining the RI
sensitivity, i.e., shift of the resonance wavelength (1r) or T changes at a
selected wavelength (Fig. 2(B)). In this work T at A = 630 nm (Te30) has been
chosen. Both parameters, namely Ar and Te3o changes significantly with nex:.
For the investigated case when the dAr/dnex: is considered, it increases from
about 320 nm/RIU to 800 nm/RIU at 1.34 and 1.43 RIU, respectively.
According to results of LMR-based biosensing experiment (Chiavaioli et al.,
2018), such sensitivity makes it possible to monitor bio-overlay growth on the
sensor's surface. When the precision in determination of Ar is limited, as it is
for simple spectrometers, the dTezo/dnext can be alternatively used. It offers
higher resolution in identification of changes taking place at the ITO surface.
One must be aware that when solely power-based interrogation is applied the
result may be highly influenced by e.g. light source power fluctuations. That
is why in this work, where possible, both parameters are discussed together. It
facilitates identification of sources of errors more feasible than in case of
single power interrogation. Moreover, as it will be shown in section 3.4, the
identification of surface changes can be enhanced when additionally EC
modulation is implemented.

Next, E has been applied to the ITO-LMR sensor when it was immersed in
PBS. As shown in Fig. 3, the changes in E are followed by both Ar and Teso.
The changes in the optical response while sweeping the E are caused by
variation in external Rl of both the ITO overlay and the electrolyte in the
closest vicinity of the ITO-LMR electrode. The applied E alternates the
number of free carriers in the ITO overlay, and in agreement with the Drude-
Lorentz model (Reed and Png, 2005) directly affects real part of RI (n), as
well as in the imaginary part of RI (k) of thin ITO film (Han and Mendes,
2016). Since ITO is a n-type semiconductor, increase in number of free
carriers takes place when negative E is applied, what decreases nand
increases k (Li et al., 2017). Also, the double-layer formed on ITO after
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immersion into the electrolyte will be rearranged by repelling and attracting
counterions with the sweeping potential (Grimnes and Martinsen, 2015), what
directly influences the external RI in the closest vicinity of ITO surface. Such
a behavior for multi-domain measurements using ITO-coated long-period
fiber grating (LPFG) was observed previously (Janczuk-Richter et al., 2019).
Contrary to LPFG device, for the ITO-LMR sensor, which is as a way simpler
device than ITO-LPFG, the optical changes are well visible both at the
negative and the positive E. Moreover, a hysteresis for both the selected
parameters can also be observed. In the applied E range, the /r alters by over
60 nm, what is comparable to the shift recorded during change in nex from
1.33 to 1.45 RIU. It can be clearly seen here that due to limited resolution of
the used spectrometer in wavelength domain and high sensitivity in
determining changes in T, tracing of Te3zo may offer more accurate readouts
(smoother curves) than when shift in Ar is analyzed.
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Fig. 2. Response of the ITO-LMR sensor to change in nex between 1 and
1.45 RIU, where (A) shows transmission (T) spectrum and (B)
corresponding shift in resonance wavelength (Jr) and transmission
at 2 =630 nm (Te3o) for measurements in various aqueous solutions.

60000 = 720 60000

50000 ::j 79 JedtizRSs 55000
09 700 | Sl 50000 ~—
o 40000 —07 - s )
a = £ 6% " . J 45000 €
c c iy W 3
3 30000 B = 680 B 40000 8
: 5n 2
O, s —00 < 670 P . 35000 g
= 20000 E —-0.2 ” & ©
—-04 660 ¥y B « wavelength 30000 F

-0.6 - — .
10000 —0.6 650 -t = T630 25000
0 =40 640 20000
A 400 500 600 700 800 900 1000 B 5 1 05 0 05 1 15 2
A [nm] E[V

Fig. 3. Response of the ITO-LMR sensor to applied potential (E) varying
between 1.5V — —1 V, where (A) shows transmission (T) spectrum and (B)
corresponding shift in resonance wavelength (Jr) and transmission
at 2 =630 nm (Te30). PBS was used as an electrolyte and the scan rate was
set to 20 mV/s.
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3.2.  Monitoring of biological binding events

Meaningful EC analysis done according to label-free biosensing concept is
limited to the steps of the procedure, which follow those aiming to remove
physically adsorbed biological material. When the results for these steps are
compared, the only parameter influencing the measurement should be related
to binding events on the sensor surface. At these steps PBS or more often other
buffer solution containing redox probes are used as an electrolyte, which allow
for comparing between the steps the current resulting from oxidation or
reduction reactions taking place at surface of the electrode. The advantage of
introducing optical domain in these measurements is capability for in-situ
monitoring of the sensor surface during every step of the biosensing
procedure, which also include incubation process.
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Fig. 4. Normalized initial (start) and final (stop) spectra acquired for
30 min-long incubation in 1 pg/mL (A) and 100 pg/mL (C) avidin solution.
Evolution of the selected spectral parameters during the incubation is shown
in (B) and (D) for 1 pg/mL and 100 pg/mL, respectively.

In Fig. 4, results of incubation monitoring at selected steps of the procedure
are shown. For clearer presentation of the results the Te3o has been normalized.
In Fig. 4(A) and (C) initial (start) and final (stop) spectra recorded for two
incubation steps (1 pg/mL and 100 pg/mL concentration of avidin,
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respectively) were shown. Both the considered parameters,
namely Ar and Te3zo/max(Te30) shift toward higher values with incubation time
(Fig. 4(B) and (D)), what correspond to the increase in nex, or in other words
densification of the medium in proximity of the sensor's surface. As well as in
the case of above investigated influences of E and nex:, changes in Te3o can be
better identified here. For incubation in the highest avidin concentration
(100 pg/mL), the Ar and Tezo/max(Teso) increase by about 0.5 nm and 2%,
respectively (Fig. 4(D)). It can be clearly seen that in case of 100 pug/mL
avidin, the increase in Ar and Te3o/max(Tes0) saturates after incubation time of
approx. 25 min. After extensive washing of the sensor in PBS the parameters,
I.e., the Ar and Tezo/max(Tes0), Were found to increase by about 1.4 nm and
1.7%. Drop in transmission indicate that an excess of avidin, which was only
physically adsorbed to the surface, has been successively removed.
Observation of only Ar shift in may be misleading due to limited resolution in
wavelength of the used spectrometer.

3.3. Detection in electrochemical domain

Fig. 5(A) depicts CV curves recorded in PBS and in presence of the redox
probe (Fc(CH20H),) after incubation in 1 pg/mL and 10 pg/mL of avidin
followed by extensive washing in PBS. In presence of Fc(CH20H)2, two
current peaks were recorded at E of about 0 V and 0.7 V that correspond to
reduction and oxidation processes, respectively. As a result of incubation in
the solutions containing biological compounds, a drop of current
atE>0.5V was observed. The drop was detected for both PBS and
Fc(CH20H)2. The CV curves recorded in PBS after sensor washing for all the
steps of the experiment have been shown in Fig. 5(B). The decrease in current
corresponds to elevated resistance of the interface, i.e., charge transfer
blocking by the biomolecules immobilized at the functionalized ITO surface
(Lietal., 2017).

ITO has been widely applied as an electrode material, especially when
together with EC also spectrometric measurements are performed (Branch
etal., 2017). In those measurements typically ITO-coated glass slides are
used, where ITO is thermally annealed as a part of post-deposition procedure
to improve electrical properties of the films (Del Villar et al., 2015). In case
of ITO-coated fibers with polymer cladding the high-temperature annealing is
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hardly possible due to low temperature resistance of the polymer. That is why
the investigated 1TO films may show slightly lower EC activity analyzed in
presence of Fc(CH>OH). than for commercially available ITO-coated glass
slides (Niedziatkowski et al., 2019).
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Fig. 5. CV curves recorded after incubation in solutions containing
biological compounds and washing in PBS, where (A) shows results
obtained in PBS and 1 mM Fc(CH2OH):/PBS (Ferr) for two selected avidin
concentrations and (B) shows results in PBS for all steps of the experiment.
Arrow at E = 1.5 V in (B) shows the drop in current (I). Scan rate was set to
20 mV/s.

3.4. Detection in optical domain

Simultaneously to interrogation in electrochemical domain, the ITO-LMR
sensor was interrogated optically. In contrast to CV measurements, the optical
spectrum has been acquired approx. every 1.5 s. In Fig. 6(A) the evolution in
time of Ar, as well as corresponding E is show for each step of the experiment.
The E-scan (from 1.5 V to —1 V and back to 1.5 V) took approx. 250 s and for
comparison purposes evolution of the 1r was shown in line for each step of
the experiment. Similarly to results shown inFig.3, the Ar changes
significantly with E, but here additionally the shift depends on the step of the
experiment, which in turn correspond to change in the bio-overlay properties
(Fig. 6(A)). In general, the Ar follows the E and its total shift, observed mainly
when for E<0.5V, increases from approx. 75nm to 90 nm for initial
measurement with no biotin attached and final step after incubation in
100 pg/mL avidin solution, respectively. Moreover, when more biological
film is grafted to the surface, the ir better follows the decrease in E. The
mentioned above differences are attributed to changes in optical properties of
ITO at the bio-overlay — ITO interface, as well as properties of the electrolyte
at the electrolyte — bio-overlay interface. Increase in thickness and density of
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the bio-overlay, where later corresponds to its RI, from electrical point of view
can be interpreted as appearance of an insulating layer. When negative E is
applied, the concentration of free charge carriers (electrons) in ITO increases,
what is followed by decrease and increase in its n and k, respectively (Ma
et al., 2015). These changes in optical properties of ITO make the LMR shift
towards shorter wavelength and increase in its depth (Del Villar et al., 2012).
When an insulating bio-overlay appears on the ITO surface, it increases
resistance of the interface, but also induces accumulation of electrons in ITO
at its interface with the bio-overlay. The accumulation additionally modifies
the optical properties of ITO and enhances shift of Ar at negative E. The
difference between the dAr/dE for decrease in E with grafting of the bio-
overlay may in turn correspond to reduced double-layer i.e., lower capacitance
of the electrolyte — bio-overlay interface, when biological film
reduces/suppress interactions between ions in the electrolyte and the ITO
surface. For quantitative determination of the sensor performance in optical
domain, the Arat E=-1V has been compared for different steps of the
experiment (Fig. 6(B)). At low E values, the Ar changes more and can be
better identified than for higher values of E, where the resonance becomes
shallow (Fig. 3(A)). It can be clearly seen that for the entire experiment, i.e.
from the reference step before incubation in biotin up to the one for 100 pg/mL
concentration of avidin, the Ar at E = —1 V decreases by over 17 nm, and its
decrease is higher for the avidin concentration up to 1 pg/mL than for its
concentrations above. It must be noted that the shift is significantly greater
than those measured during biosensing experiment based on LMR effect with
no E-scanning applied (not shown here), where for the entire experiment the
shift reached about 4 nm. When change in current at E = 1.5 V is compared to
change in Ar, the trends of readouts in optical and EC domains correspond to
each other (Fig. 6(B)). The total current decreases in the whole biosensing
experiment by 8 pA.

It must be noted that in this work we investigated response of the sensor to
relatively high concentrations of analytes. Our aim was to more to show a
novel sensing concept and its performance in broad range of analyte
concentrations, than to focus on the sensor optimization towards reaching low
limit of detection (LOD). It can be assumed that for the shown case the LOD
corresponds with the lowest measured avidin concentration (0.1 pg/mL).
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However, the LOD can be lowered when higher resolution in investigated
sensing parameters is investigated in narrow range of negative E.
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Fig. 6. (A) Influence of the E change on Ar at different steps of the
experiment performed in PBS. E-scan at each the experimental step took
approx. 250 s and was set in line with other steps as indicated at the bottom
of the plot. Optical (Ar at E = —1 V) and electrochemical (I at E = 1.5V)
readouts for each step of the experiment were compared in (B).

4.  CONCLUSION

In this paper we discuss for the first time the combined optical and
electrochemical label-free biosensing based on resonant effect achieved for
indium tin oxide thin film deposited on side surface of a multimode optical
fiber core. In the optical domain, the measurements were based on the lossy-
mode resonance effect. The electrical conductivity of the ITO overlay, in turn,
made simultaneous use of the sensor as an electrode along with
electrochemical investigation of its readout possible. In this work, the standard
biotin-avidin biological complex was applied to verify functional properties
of the sensor. While the sensor can be interrogated electrochemically only at
certain steps of the experiment, which exclude incubation in liquids containing
biological compounds, the LMR-based optical interrogation is possible in
real-time during the entire biosensing procedure. When selected parameters of
optical and electrochemical readouts are traced, the results of changes at the
sensor's surface in both the domains correspond well to each other. Thus, we
believe the second domain can be used to verify the results received in the first
one. What is more, it has been found that the applied potential significantly
enhances the optical readouts. The enhancement was achieved mainly at
negative potentials applied to the electrode and corresponds to
semiconducting character of the ITO film.
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Small size of the ITO-LMR device, needle-like shape, which is common for
electrochemical analysis, and capability for batch fabrication of the devices,
can be pointed out as advantages of the proposed approach. Comparing to
other opto-electrochemical sensing concepts, where metal film is used as an
electrode, due to high transparency of ITO, also other spectroelectrochemical
measurements can be additionally combined with the system and allow for
even more in-depth analysis of a wider selection of biocompounds.
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Abstract

In this work, we present a direct electrochemical biofunctionalization of an
indium-tin-oxide-coated lossy-mode resonance optical fiber sensor. The
functionalization using a biotin derivative was performed by cyclic
voltammetry in a 10 mM biotin hydrazide solution. All stages of the
experiment were simultaneously verified with optical and electrochemical
techniques. Performed measurements indicate the presence of a poly-biotin
layer on the sensor’s surface. Furthermore, dual-domain detection of 0.01 and
0.1 mg/mL of avidin confirms the sensor’s viability for label-free detection.
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1.  INTRODUCTION

The recent advances in nanotechnology and photonics have opened the
possibility to develop a new generation of flexible, portable, versatile, and
high-performance optical fiber sensors, such as those based on lossy-mode
resonance (LMR). Thanks to the flexibility and relatively high sensitivity this
new approach has emerged in the last two decades and found numerous
applications such as refractive index (RI) [1], voltage [2], pH [3],
humidity [4], and chemical detection [5, 6]. Moreover, due to high RI
sensitivity, numerous studies have been also reported on label-free biosensors
based on the LMR effect [7, 8]. This optical effect takes place in the presence
of a thin film on an optical fiber. However, specific conditions for the electric
permittivity of the substrate (fiber), thin overlay, and external medium must
be fulfilled. Generally, the real part of the film’s permittivity must be positive
and at the same time higher in magnitude than its imaginary part and the
permittivity of the analyte [7]. Thus, to obtain the LMR an adequate material
for fiber overlay needs to be chosen. Many thin-film materials when deposited
on silica glass allows obtaining LMR. These materials, among others, include
semiconductor and metal oxides or nitrides (indium-gallium-zinc oxide [9],
silicon nitride [10], indium-tin-oxide (ITO) [11], fluorine-doped tin oxide
(FTO) [12], tin oxide [13], zinc oxides [9, 14], indium oxide [15], titanium
oxide [16], as well as hafnium, zirconium and tantalum oxides [17], diamond-
like carbon films (DLC) [18] and various polymers [3]. Some of these
materials, e.g., ITO [19-21] and FTO [12], thanks to their unique properties,
such as good electrical conductivity and suitable bandgap [22], have already
been reported as capable to work in two domains, where optical and
electrochemical (EC) interrogations of the sensor were simultaneously
possible. As multiple domain sensors, they provide enhanced information
about the analyzed target, improve detection range, cross-verify
measurements and thus reduce false-positive results. This, in turn, is very
important during biosensing investigations where low limits of detection and
high specificity are expected. However, label-free biosensing applications
require chemical modification of the sensor’s surfaces. A chemical
functionalization is required to immobilize a receptor of interest on the
sensor’s surface enabling high binding selectivity of targeted biomaterial. In
the  majority of reports on non-metal coated biosensors,
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poly(methylmethacrylate) polymeric (Eudragit L100) [13],
(3-Aminopropyl)triethoxysilane (APTES) [23], or 3
(Triethoxysilyl)propylsuccinicanhydride (TESPSA) [24] depositions have
been used to anchor biological molecule. Some of the silane compounds at the
surface need to be additionally activated by a chemical coupling reaction with
homo- or heterobifunctional cross-linker molecules that contain additional
bioactive groups. Other reported approach employs a layer-by-layer coating
of the LMR sensor’s surface with oppositely charged polymers [25]. For
example, to detect a C-reactive protein (CRP) [26], polymer bilayers
containing Poly (allylamine) hydrochloride and Poly (sodium 4-
styrenesulfonate) that are positively and negatively charged, respectively,
have been used. After the formation of 4 bilayers a receptor i.e., DNA aptamer
has been immobilized by electrostatic interactions as DNA is negatively
charged. Although these chemical processes are essential for reaching
selectivity of the sensors, a great majority of them is very time-consuming
(from 2 to 4 h), require further modifications and curing of the deposited layer
(from 2 to 48 h), and can induce a change in sensor properties, i.e., sensitivity
and character of the spectral response of the sensor [24]. Moreover, due to the
multiple steps, the processes may result in a lack of repeatability and stability.

Thus, where possible, other, simpler sensor surface biofunctionalization
methods are highly expected. As one of them, EC-induced attachment of
various compounds to the sensor’s surfaces can be considered as a great
alternative to chemical functionalization. The electropolymerization outstands
other methods due to its easiness, precise positioning of the chosen compound,
and short process time. Moreover, the electropolymerization is just a one-step
process. However, the application of this method requires the surface of the
sensor to be electrically conductive and EC-active. Electropolymerization has
already been applied to ITO-LMR for its application in chemical sensing i.e.,
direct detection of Ketoprofen [27]. The process was conducted also to
enhance the EC-activity of the sensor [28].

In this paper, we report a direct electrochemical ITO-LMR sensor’s surface
modification towards its application in label-free biosensing. We have used
electropolymerized biotin hydrazide (BH) to form the receptor layer targeted
towards selective dual-domain detection of avidin. The binding constant of the
avidin-biotin formation complex (Ka= 10® M?) is considered as the
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strongest non-covalent binding occurring in nature [29, 30]. Based on these
interactions not only immunoenzymatic techniques have been developed [31],
but it is also widely utilized to construct many sensors and
immunosensors [32-35]. Therefore, applied surface modification greatly
expands the application range of the dual-domain ITO-LMR biotin-
functionalized sensor.

2. METHODOLOGY
2.1. Reagents

1,1’-Ferrocenedimethanol (Fc-(MeOH).), biotin hydrazide (BH), avidin,
bovine serum albumin (BSA) were purchased from Sigma-Aldrich and used
without further purification. KsFe(CN)e, KCI, were purchased from POCh -
Polish Chemical Reagents. 0.01 M Phosphate buffered saline (PBS) solution
was obtained from Sigma-Aldrich by dissolving tablets in deionized water to
obtain pH 7.4. Then the solution was adjusted to pH 7.0 with 0.1 M HCI using
a glass electrode connected to pH meter.

2.2. ITO-LMR sensor fabrication

The ITO-LMR sensor is based on 15 cm long polymer-clad silica optical fiber,
which had its 2.5 cm long cladding section removed in the middle part. The
ITO thin film was deposited by magnetron sputtering in the ultra-high vacuum
chamber. The magnetron was equipped with a 3-inch ITO target
(In203:Sn0O2 — 90:10 wt%) and supplied by COMET Cito1310 RF source
(13.56 MHz, 150 W). The optical fiber sample was rotated during deposition
to receive a homogenous coating around the fiber. The deposition at a pressure
of 0.1 Pa and Ar flow of 26.4 sccm took 135 min. The sensors’ fabrication
was followed by optical and EC characterization as described in [23].

2.3. Electrochemical and optical setup

Cyclic voltammetry (CV) measurements were performed with a Palmsens
EmStat 3+ potentiostat/galvanostat controlled by PSTrace 5.5 software using
the ITO-LMR as a working electrode (WE). A platinum wire was used as a
counter electrode (CE) and an Ag/AgCl/0.1 M KCI as a reference electrode
(RE). The ITO-LMR electrode was EC-investigated both in 1 mM
K3zFe(CN)g in 0.1 M KCI and 1 mM Fc-(CH20H)2 in 0.1 M KClI at scan rate
50 mV/s for 2 cycles in the potential ranging from -0.5 to 0.7 V. Each
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cycle/scan is understood as applying the potential starting from0V — 0.7 V
— 0V —-0.5V— 0V and takes ~ 24 seconds.

Two redox couples — Fe(CN)s>/* and Fc-(CH20H),*° — were chosen due to
their different sensitivity towards the surface and different EC behavior in the
examined solution. Fe(CN)s>™ is a negatively charged, inner-sphere redox
probe. The observed electron transfer reactivity in this redox probe
significantly depends on preparation, modification, and coverage of the
electrode surface [36, 37]. On the other hand, the Fc-(CH20H)>* is neutral,
water-soluble redox couple, belonging to the outer-redox probe. This redox
system was chosen due to the lack of any electrocatalytic activity and no
adsorption processes observed during the electrochemical measurements [38].
The EC mechanism of both chosen redox couples was described in our
previous work [19].

The optical response of the ITO-LMR sensor during the experiment has been
interrogated in the spectral range from 350 to 1050 nm using USB4000
spectrometer and HL-2000 tungsten light source (Ocean Optics). The
interrogation time was set to 4 ms. The optical data acquisition and processing
have been controlled using in-house developed software. The schematic
representation of the measurement setup used for the optical-EC investigation
is shown in Fig. 1.

TAPE =

@_} _____ e ELECTRODE
1
|

I : , ITO \
___________ FIBER |___7Z________, COVERED
CORE
INVESTIGATED SOLUTION

l PLATINUM

Fig. 1. Schematic representation of combined optical and EC measurements

setup with ITO-LMR sensor subjected to the electropolymerization process.

The electrodes were denoted as working (WE), reference (RE), and counter
(CE) electrode.
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2.4. Electropolymerization of biotin hydrazide

The electrodeposition was studied on bare ITO-LMR sensor used as a working
electrode. To perform the electropolymerization process the fiber probe was
immersed in 10 mM of BH in the 0.1 mM KCI solution and underwent 10
cycles performed in the potential range from 0 to 1.1V at a scan rate of
50 mV/s (each scan followed the scheme 0 V — 1.1 V — 0 V). Each cycle
took ~ 22 seconds, thus, the whole procedure was just ~3 min 40 sec long.
The electropolymerization process was monitored by optical measurements as
described in Section 2.3. After the functionalization the ITO-LMR was
measured optically and EC in presence of 1 mM KsFe(CN)s in 0.1 M KCI at
a scan rate of 50 mV/s for 2 cycles in the potential ranging from -0.5t0 0.7 V.
Figure 2 presents a scheme of BH electropolymerization on the ITO surface
and detection scheme of avidin.

A ON—NH H o B
}» \/\)J\ -~ AVIDIN
BIOTIN H
H s
SOLUTION BIOTIN
\ ELECTROPOLYMERIZATION DETECTION
10 mM of BH in 0.1 M KCI OF AVIDIN

Fig. 2. Schematic representation of A) BH electropolymerization process, B)
binding of avidin to the biotinylated ITO-LMR surface.

2.5. Avidin detection

The electropolymerization of biotin was followed by the detection of biotin
specific glycoprotein — avidin, with two different concentrations, i.e.,
0.01 mg/mL, 0.1 mg/mL dissolved in 0.01 M solution of PBS, pH 7.0. After
the electropolymerization process, the electrode was immersed in 1% BSA in
0.01 M PBS, pH 7.0 for 30 minutes to block the nonspecific interactions. Next,
the ITO-LMR poly-biotin-functionalized samples were incubated in
consecutive solutions of avidin for 30 minutes. Then, the ITO-LMR electrode
was extensively washed with water and PBS. Each step of the experiment was
followed by optical and CV measurements in the presence of 1 mM Fc-
(CH20H)2 in 0.1 M KCl at a scan rate of 50 mV/s for 2 cycles in the potential
ranging from -0.5t0 0.7 V.
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3. RESULTS AND DISCUSSION

3.1. Electropolymerization of biotin hydrazide on the ITO-LMR
electrode

The functionalization of the ITO-LMR sensor’s surface was performed by the
electropolymerization process following a modified procedure described in
[39] to cover the ITO electrode by amino derivatives of biotin. The main
advantage of the electropolymerization method is its easiness as well as time
(~3 min 40 sec) and reagent saving in comparison to other chemical methods.
The exact mechanism of the deposition of BH is unknown, however, two
probable descriptions were proposed by Davis and co-workers [40]. The first
mechanism is associated with the oxidation of carbazoyl group, whereas the
second one suggests the formation of a radical cation upon oxidation of the
hydrazide group [41].

Figure 3(a) presents the CVs obtained during the electropolymerization
process. After the first scan, the anodic peak current significantly decreased.
During the next 9 scans, the behavior followed the decreasing trend. It
indicates the modification of the electrode surface. Similar electrochemical
behavior was also observed during the modification of gold [40] and flat ITO
electrode surfaces [39].

Like many other biological molecules, biotin does not undergo redox reaction
and thus observation of current peaks in CV is not possible. That is why the
additional redox couples present in the electrolyte are required to follow the
changes occurring at the surface of the ITO electrode. To examine the EC
immobilization of the biotin, the CV response was verified with the presence
of Fe-(CN)¢*> and Fc-(CH20H),*®. The electrochemical properties of the
ITO-LMR electrode before and after electropolymerization were investigated
by cyclic CV performed in 1 mM Fe-(CN)6*”# solution containing 0.1 M KCI.
Figure 3(c) shows the CVs for the bare ITO-LMR probe before
electropolymerization and the signal after the process. Two well-defined
peaks are observed for the bare ITO-LMR electrode. The peak to peak
separation (AEp) is equal to 117 mV, the anodic peak current to cathodic peak
current ratio (ipa/ipc) is equal 1, what indicates one electron quassi-reversible
redox reaction. After the electropolymerization process, the anodic and
cathodic peak currents decreased. AE, for the poly-biotin-modified electrode
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increased to 249 mV. It reveals that the electron transfer is blocked in
comparison to the bare ITO-LMR electrode. Similar behavior was observed
before using Fe(CN)s*> "+ as a redox couple [42]. This phenomenon clearly
confirms that the ITO-LMR electrode was modified by biotin.
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Fig. 3. A) CV scans recorded for the ITO-LMR sensor in 0.1 M KCI
containing 10 mM of BH. The scan rate was 50 mV/s; B) Change in Az and
Teao With the progress of the biotin electropolymerization process; (C) CV
scans recorded before and after electropolymerization of biotin in the
presence of KsFe(CN)s in 0.1 M KCI. The scan rate was 50 mV/s; (D)
Comparison of the ITO-LMR spectral response of the sensor in
KsFe(CN)g in 0.1 M KCI before and after the electropolymerization.

The electropolymerization process simultaneously to EC interrogation has
been also monitored optically. Figure 3(b) shows the alterations in the optical
spectrum during the BH deposition for selected spectral parameters, i.e. LMR
wavelength (Ar) and transmission at A = 640 nm (Te40). The wavelength for
transmission change analysis was selected in the middle of the resonance
slope, where a noticeable variation could be observed. The main motivation
of the choice was to match the wavelength of cheaper and widely available
laser diodes possible to be applied as a light source when simple, solely power-
based interrogation is considered. Furthermore, even though the change in
terms of the amplitude is significant in other points, in these locations there is
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no change in terms of the wavelength. In Fig. 3(d), a comparison of the full
spectral response of the ITO-LMR sensor before and after the
electropolymerization process is depicted. It is apparent that after the
polymerization of BH a shift of Ar towards longer wavelengths and a decrease
in Teso took place. Due to low wavelength resolution of the spectrometer, we
simultaneously traced changes in optical power Tes. Since the power
resolution is higher it can be treated as a confirmation of a wavelength shift.
Although the changes recorded for biotin deposition are close to the resolution
of the spectrometer, we cannot expect any significant shifts. The biotin
molecule with ~1.6 nm size and the RI close to the PBS buffer could not
strongly affect the spectrum. On the other hand, such size is enough to change
the conductivity of the ITO-LMR electrode. Thus, the spectral shift after biotin
deposition is justified considering electrochemical measurements, where
blocking of the surface by the biotin, traced as a decrease of anodic and
cathodic peak currents, is indisputable (Fig. 3(c)).

3.2. Avidin detection using biotin-functionalized ITO-LMR electrode

To confirm the sensor’s viability for label-free detection, the presence of the
poly-biotin on the ITO-LMR surface, and stability of the surface’s
functionalization we performed a series of experiments for the selective
immobilization of avidin. During the subsequent stages of electrode
modification, both EC and optical measurements were performed. The CVs
were obtained in 1 mM Fc-(CH20H),* solution containing 0.1 M KCI.

Figure 4(a) depicts CV curves recorded after incubation in BSA, 0.01 and
0.1 mg/mL of avidin, where each incubation was followed by an extensive
washing in PBS and water. Therefore, the registered responses are induced
only by interactions at the sensor’s surface and were not disturbed by, e.g., RI
changes in the volume. Right after the electropolymerization, the ITO-LMR
electrode was immersed in a 1% BSA solution to block any nonspecific
interactions on the surface. This caused a decrease in the current peak and
increased AEp from 220 to 270 mV. Next, the ITO-LMR electrode was
incubated for 30 minutes in the 0.1 mg/mL of avidin. Although we could
observe a decrease of the current peak after the incubation the shape of the
obtained voltammograms was very similar to those after BSA. Additionally,
the calculated value of AE, was at the same level ~270 mV as for the previous
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stage of the experiment. In contrast, the immersion of the ITO-LMR in the
second concentration of avidin caused noticeable changes in CV decreasing
the peak current and increasing AE, to the value of ~250 mV.

A e—rors B -18000 610.8
poly-biotin
304— 1%BsA 610.3
Avidin 0.01 mg/mL -19000 ) 9,
Avidin 0.1 mg/mL 609.8
204 o o 5
‘S‘ 20000 | | 6093 —
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= 3
- oA ,_§ 21000 [° 6083 &
: 607.8
=199 22000 607.3
204 606.8
T T T T T T -23000 606.3
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E[V] vs. Ag/AgCl Time [s]
~*= Teao Poly-biotin @ Agpoly-biotin
~®— Te0 1% BSA © ;1% BSA
= Tgqo Avidin 0.01 mg/mL © AgAvidin 0.01 mg/mL

~0— Tgq Avidin 0.1 mg/mL © AgAvidin 0.1 mg/mL

Fig. 4. A) CVs after each step of avidin detection in the presence of 1 mM
Fc-(CH20OH), in 0.1 M KClI, scan rate: 50 mV/s; (B) Corresponding change
in ITO-LMR Ar and Teso after each step of the avidin detection experiment.

Figure 4(b) shows the evolution of corresponding optical parameters, namely
Jr and Te4o after each step of the experiment. The apparent shift towards
longer wavelengths and decreases in transmission corresponds to an increase
of the thickness and/or RI of the biological layer on the biotinylated ITO-
LMR’s surface. Starting from the formation of the BSA layer — the ~ 1 nm
shift of Ar can be noticed. Next, for the avidin molecule, we can observe
further changes. It can be seen that the higher concentration of avidin, the
bigger the LMR shift towards longer wavelengths is obtained. The most
significant change of ~ 2 nm was observed for the 0.1 mg/mL concentration
of avidin. All obtained results confirm avidin detection on the ITO-LMR
sensor using both electrochemical and optical methods at the level from 0.01
to 0.1 mg/mL.

In this work we focused mainly on the optimization of the
electropolymerization process, namely the number of scans, the range of the
applied potential, and the concentration of the biotin hydrazide to obtain the
effective biofunctionalization. Our aim was more to show a novel
modification concept and its verification than to focus on a specific
application, a broad range of concentrations or reaching a low limit of
detection. Thus, the two avidin concentrations were used mainly to verify the
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presence of the poly-biotin on the sensor’s surface. It must be noted that this
fast and efficient method is also very universal thanks to the presence of the
biotin-avidin complex. Such a well-verified modification could be used in the
future to detect any biotinylated molecule, such as antibodies, DNA aptamers,
peptides, proteins, etc. Up to our best knowledge, there is no other report
available on biotin hydrazide functionalization of the optical fiber sensor’s
surface, where the functionalization is verified optically and
electrochemically.

The reported dual-domain system allows for gathering significantly more
information on the investigated samples, unlike single domain investigation.
Cross-verification of the obtained results is possible within one experiment.
Since the sensitivity and its ranges for the two domains may be different, they
can serve as a supplement to each other leading to significantly improved
performance of the sensor. What is more, it also gives the capability to conduct
a functionalization process, (hamely the electropolymerization, as reported
here) in one domain and monitor its progress using the other one. During label-
free sensing with the support of theoretical simulations and knowledge about
detected molecules, such as RI, estimation of the thickness and properties such
as isoelectric point or permeability of the deposited layer are also possible.

4.  CONCLUSIONS

In our work, we have demonstrated a simple, one-step method for direct
electrochemical biofunctionalization of ITO-LMR sensor’s surfaces. The
modification was achieved by electropolymerization of 10 mM biotin
hydrazide. The process was possible due to the electrical conductivity of the
indium tin oxide film deposited on the multimode optical fiber core, which
allowed to use the ITO probe as a working electrode. On the other hand, the
lossy mode resonance effect enabled the parallel optical measurements. Both
cyclic voltammetry experiments and optical measurements performed in the
presence of two different redox couples confirmed the presence of poly-biotin
film at the ITO-LMR sensor’s surface. What is more, we demonstrated its
viability for label-free sensing by detection of 0.01 and 0.1 mg/mL of avidin.
The biotin-functionalized surface and its interaction with avidin — known from
immunoenzymatic tests — can greatly expand the application range of the dual-
domain ITO-LMR sensor. Except for the universal character of the reported
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functionalization, the method outstands other techniques by its easiness (one-
step process), repeatability, precise positioning of the compound, and short
process time, which is lower than 4 minutes.
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