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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 ca-
pabilities. Finally, label-free sensing of antibody-antibody interactions in both optical and electrochemical do-
mains for the sensor with tailored ITO film has been shown.

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
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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 reso-
nance (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 permit-
tivity 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
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well as properties of the external medium, modify the resonant condi-
tions resulting in the shift of the LMR wavelength observed in trans-
mission spectrum T(1) 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, espe-
cially those based on the LMR effect, real (n) as well as the imaginary
part of RI (k) are crucial parameters determining their performance.

The LMR effect, described for the first time in 1993 [8], was imple-
mented 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 SnO, [10], ZnO [11,12], TiO, [13,
14], DLC [15], SiNy [16], HfOy, 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 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 ITO-coated optical fiber LMR label-free biosensors of
immunoglobulin [22] and thrombin [23] have been reported. Further-
more, ITO may also offer low electrical resistivity [24,25] and suitable
bandgap for application as an active electrode for initiating electro-
chemical 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 SnO,-LMR sensors
[38]. However, in cases of ITO deposition on thermally sensitive sub-
strates, 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
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 identifi-
cation of deposition conditions, at which both electrochemical and op-
tical 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.
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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
107> 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 (InpO3/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 P, =150 W. The pressure was kept
constant for all the experiments at p = 0.5 Pa. Inert argon (flow fa, =
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

gas concentration in the gas mixture cg was estimated as cg = fAf—f‘%,
.

where R denotes concentrations of Oz or Nj.

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. 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 pm (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.

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 w = 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 pm 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-2000XI variable angle spectroscopic ellipsometer working
in range 1 = 210 — 1690 nm and angles of incidence 55°, 65°, and 75°.
Measurement data were fitted to a layer model of the investigated
structure, where ITO with a roughness layer was placed on the Si sub-
strate. 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 4 was estimated accord-
ing to relation 4 = 4nk/A, where k and 1 are extinction coefficient of the
film measured by the ellipsometry and corresponding wavelength,
respectively [51]. The transmittance T of the films for 1 =200 —
1100 nm was investigated using a double-beam UV-vis spectropho-
tometer (Shimadzu UV-1800).

The electrochemical performance of the films was tested in cyclic
voltammetry (CV) configuration using an Autolab, Metrohm Autolab
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Fig. 1. The experimental setup used for deposition on (a) flat substrates and (b) on optical fibers.

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 KCl 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 KCl (POCh,
Poland) containing 1 mM 1,1’-Ferrocenedimethanol (Acros Organics) as
aredox 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 4 = 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 Ty from the optical transmission spectrum Tyyr
of the sample. The sensitivity of the samples to changes of external RI
(next) was determined by immersing the sample in water/glycerin so-
lutions of different concentrations (np = 1.357 — 1.404 RIU). Reichert
AR200 refractometer was used to verify ney of the solutions.

To identify both electrochemical and optical performance for label-
free sensing, the LMR sensor with ITO film surface has been bio-
functionalized towards the specific binding of an analyte. First, the ITO-
LMR sensor was consecutively cleaned in isopropanol and water and
dried under a stream of argon. Next, surface silanization with 3-triethox-
ysilylpropyl 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 an-
hydride 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/mlL, therefore ~4 x 10'2 of antibodies were available for the func-
tionalization process. As the area of the cylindrical LMR sensor is ~25
mm?, and the area of an antibody is ca. 10 nm?, 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
pg/mL) of the secondary antibody for 30 min in each solution. Incuba-
tion 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 4 = 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 pa-
rameters for obtaining ITO films suitable for LMR and those showing
electrochemical activity. To broaden the range of properties, we inves-
tigate here the effect of oxygen and/or nitrogen doping as the agents for
tailoring the ITO properties.

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 arro = 1.01655 nm, while metal indium
crystalizes with lattices a, = 0.32510 nm and ¢, = 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?. 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 % for co, = 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 N, was employed
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Fig. 2. Selected XRD patterns of ITO films deposited at different concentrations
of the reactive gas, (a) corresponds to pure Ar, (b) co, = 1%, and (c) cy, = 1%.
The deposited film has to be slightly doped with oxygen to form crystalline ITO.
Without oxygen doping, a fraction of metallic In appears in the films what is
indicated by peak (100).
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Fig. 3. Evolution of lattice parameter a (left axis) and resistivity pn2, o2 (right
axis) with concentrations of reactive process gases co, and cy,. Different scales
for horizontal x-axis related to co, (the lower x-axis) and cy, (the upper x-axis)
has been applied. The lattice parameters for films prepared in N,/Ar are not
shown due to their amorphous nature.

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

Sensors and Actuators: B. Chemical 343 (2021) 130173

energy stored in vibrational and rotational states of nitrogen molecules.
This energy is delivered to the growing film and it affects the crystalli-
zation process. The same mechanism was indicated to be responsible for
the improved growth of TiO, films [56] and it is expected to be
responsible for the growth of ITO films with metallic In too. It is
important to note that ITO crystallization is improved only up to a
certain level of N doping, i.e., for cn, < 4% the film is polycrystalline
with dominant (222) peak and the further increase of nitrogen flow
promotes amorphous film. Films deposited at cy, = 1% reveal again a
phase mixture of ITO and metallic In. The mass fraction of metallic In is
11.8 % and it is higher than in films deposited in a pure Ar atmosphere.
The In lattice parameter are ay = 0.32502 nm and ¢, = 0.49547 nm.
The lattice parameter, the same as properties of the films deposited in
the pure Ar, are practically identical as for pure In (ap = 0.0.3252 nm
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 cx, > 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.

As it is shown in Fig. 3, for all the deposited ITO films phases show
lattice parameter higher than for pure InoO3 (aqp = 1.0117 nm) [58] and
Ing 9Sng 103,02 (ap = 1.0124 nm and ap; = 1.0126 nm reported by Quaas
et al. [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 irreg-
ularly built in the hosting structure and (ii) a mechanical interaction
between regions (nanocrystals) with different lattice parameters.

Moreover, the ag(co,) 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
o, < 0.5%, (400) for 1.0% < co, < 7% and again dominant (222) peak,
but highly competing with (440) as the co, ratio further increases.

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 magne-
tron, 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 cen-
ters 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]. Ex-
periments 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


http://mostwiedzy.pl

A\ MOST

P. Sezemsky et al.

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 there-
fore vibrational states of the remaining Oy 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 O, molecules may
have a similar role as Ny 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 Oz/Ar prepared films strongly depends on
oxygen partial pressure and the profile of the lattice constant. The lowest
resistivity (poz = 107> 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 Ny/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 con-
centrations (co, n, < 1%), it becomes dependent on the composition for
higher concentrations of reactive gases. While py2 is more or less con-
stant with the concentration, poy rises by several orders of magnitude.
Lower ITO resistivity of samples prepared at higher nitrogen concen-
tration could be caused by nitrogen creating acceptor levels above the
valence band, which increases the concentration of carriers and subse-
quently also reduces. Low p of films deposited in the pure Ar atmo-
sphere, nitrogen admixtures, and low oxygen admixtures (for co, < 1%)
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 (1), and transmittance (T)
were studied for different co, and cy,. It is well known, that the ITO
absorbs UV radiation for 4 < 350 nm and it is confirmed by our exper-
iment. The effect corresponds to a fact that ITO is a heavily-doped n-type
semiconductor with a rather large bandgap of about 4.5 eV [64,65].
Based on ellipsometric data we investigated pu(4) calculated as y =
4nk/A. The p 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 co, and cn,. 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 y values were measured for cy, = 2%, when
ITO is well-crystallized. Generally, the highest decrease in x4 was ach-
ieved by slight oxygen doping of the process gas (co, = 2%). We attri-
bute 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 . This finding also corresponds to p measurement. The
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Fig. 4. The dependence of the attenuation coefficient 4 on reactive gas con-
centrations co, 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.

reason behind the absorption drop in the case of the nitrogen addition
could be caused by a reduced release of oxygen species from the sput-
tered material.

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 electrodes
exhibited high reversibility of the redox reaction. The potential sepa-
ration between anodic (Ip,) and cathodic peak current (I,c) noted as AE
for the ITO electrode prepared at co, = 0% is equal to 149 mV and the
current ratio (Ipa/Ipc) is near to 1. These results suggest a single electron
quasi-reversible electrochemical redox process [69]. It is worth noting

80
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o
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40
-60
-80
1005 0.0 02 04 06
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Fig. 5. Cyclic voltammograms at scan rate 100 mV/s for measurements in 1
mM 1,1’-Ferrocenedimethanol in 0.1 M KCl for ITO-coated glass slides received
at different gas concentrations.
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that the AE initially slightly decreases and further increases with co,, i.
e., AE is equal to 119 mV, 103 mV, and 173 mV for co, = 1%, 4%, and
10 %, respectively. This phenomenon indicates that electron transfer is
disturbed less for the films obtained at co, reaching 1-4%. Subsequently,
for the samples prepared in the O, enriched atmosphere co, > 4%, the
noticeable changes are observed in the shapes of the obtained voltam-
mograms for the negative potential, what is probably associated with
increased capacity of the electrode and its worse electrochemical
sensing performance.

The effect of the reactive gas doping, i.e., co, and cy,, on the elec-
trochemical response has been compared in Fig. 6. A similar trend as for
Co, 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 cy, > 5% when the ITO structure becomes amorphous. The
obtained data indicate a strong correlation of the AE and the crystal-
linity, 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). How-
ever, 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(co,,cn,). Since for electrochemical sensing ap-
plications, AE should be as low as possible, the selection of low con-
centration of the doping gases (up to 4%) is preferred.

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 gen-
eral 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 op-
tical 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
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Fig. 6. Evolution of the current peak separation with the concentration of the
reactive gases AE(co,,cn, ). 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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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.

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 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 ney. 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 = 8JLmRr/Onext, Where Apvr denotes as resonance wavelength corre-
sponding 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.y range of 1.357-1.404 RIU.

In Fig. 7 is shown the shift of LMR response with ney for the fiber
coated with ITO at co, = 4%. It is worth noting that for sensors prepared
in pure Ar or Ny/Ar with low cy, no LMR effect was observed and for
those sensors prepared at high cy, relatively low sensitivity (193-314
nm/RIU for ¢y, = 4% and cn, = 24%, respectively) was reached when
compared to those achieved for ITO deposited at higher co,. 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
co, = 10%), which is noticeably higher than in the case of applied
conventional RF sputtering [70], where the films are typically amor-
phous 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 com-
parison indicates that higher oxygen flows induce a reduction in k
(comparable to relation for y 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 character
of the LMRs in the case of samples prepared at co, > 0.5% is caused also
by different n and k. Both the optical parameters tend to decrease with

-10 +

T-T,[A.U]
N

S [nm/RIU]

400 450 500 550 600 650 700

-30
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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 co, = 4%. Inset shows RI sensitivity for sensors
received at different co,.
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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.

Co,, 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 co,, to obtain the well-visible LMR the deposition time had to be
gradually increased, so that it was almost two times longer for deposi-
tion at co, = 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 ¢y, = 4%) comparing to those shown in Fig. 7,
where the one for co, 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 depo-
sition parameters can influence the LMR properties dramatically.

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 pro-
cedure 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) syn-
thesized 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 depos-
ited 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 dis-
turbing discharge resulting in a partially non-stoichiometric composi-
tion of deposited films [72]. For such ITO, charge transfer caused by
local charge blocking barriers is less effective [73]. However, the dif-
ference between the EC performance is not crucial for the ITO bio-
functionalization 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].

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 re-
sponses followed the antibody-antibody interaction. When target anti-
body concentration increases, a decrease in current and increase in LMR
wavelength shift were recorded in the EC and optical domain, respec-
tively, proving binding of the antibodies to the sensor’s surface. It can be
also noted that measurements in the EC domain are effective when in-
teractions 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
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.

Fig. 10(a) presents the evolution of A;\gr during the whole experi-
ment. 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
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receptor-target interaction experiment. Oscillations seen in (a) correspond to the cycling potential.

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 ex-
periments. This is evidence that the tuning of the properties makes the
verification possible.

In general, dual-domain sensing designs allow to increase the reli-
ability 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 have used the same receptor-target
scheme, which is an immunoassay sandwich for antibody-antibody in-
teractions detection. Thus, the direct comparison of these detection
approaches is limited. Moreover, it must be emphasized that both
high-performance EC? 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 elec-
trochemical 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. Appli-
cation 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 sput-
tering 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, respec-
tively), where for the concentration of oxygen reaching 4% the extinc-
tion 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 applications of the device. The refractive index sensitivity,
which is crucial for chemical and biochemical label-free sensing appli-
cations of the sensors, increases with the concentration of the two gases,
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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 electro-
chemical applications, and those can be obtained at low concentrations
(below 5 %) of oxygen or nitrogen in the sputtering atmosphere. How-
ever, 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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