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A B S T R A C T   

Sensors operating in multiple domains, such as optical and electrochemical, offer properties making biosensing 
more effective than those working in a single domain. To combine such domains in one sensing device, materials 
offering a certain set of properties are required. Fluorine-doped tin oxide (FTO) thin film is discussed in this work 
as functional optically for guiding lossy modes and simultaneously electrochemically, i.e. as a conductive ma-
terial for a working electrode. Performance of the FTO-based optical fiber lossy-mode resonance (LMR) sensor in 
both optical and electrochemical domains is analyzed. Additionally, to enhance applicability of the sensor, its 
probe-like reflection configuration has been developed. It is found that FTO may be considered as a promising 
alternative for other thin conductive oxides (TCO), such as indium tin oxide (ITO) that has been often applied up 
to date in various dual-domain sensing concepts. In the optical domain, the sensitivity of the FTO-LMR sensor to 
external refractive index (RI) has reached 450 nm/RIU in the RI range of 1.33–1.40 RIU. In the electrochemical 
domain, in turn, the response for FTO electrode in 1,1′-Ferrocenedimethanol solution has been reached with 
RedOx current low peak-to-peak separation. In contrast to the ITO-LMR sensors, the FTO-LMR counterparts 
exhibit a significant influence of applied potential on LMR wavelength shift in a wide potential range. It is shown 
using streptavidin as a target biomaterial that label-free biosensing applications of the FTO-LMR approach are 
possible. The dual-domain functionality allows for cross-verification between readouts received in both the 
domains, as well as enhancement of optical sensitivity when cross-domain interactions are applied.   

1. Introduction 

Ongoing COVID-19 pandemic revealed a demand for fast- 
responding, highly accurate, and reliable biosensing approaches. The 
sensors with such attributes can be obtained mainly using advanced, 
complex, and/or expensive technology [1,2] limiting their mass pro-
duction and potential for wide application. When high accuracy and 
reliability are in particular expected, as an alternative to complex bio-
sensing devices, those operating in multiple domains can be considered. 
Multi-domain sensors offer capability for application of different 
detection mechanisms using the same sensor at the same time. The 
approach allows for expansion of a measurement range [3], 

measurement of multiple parameters [4], or cross-verification of results 
obtained in the domains [5]. 

Biosensors may operate on basis of electrical, optical, chemical, 
mechanical, or thermal interactions [6]. In particular, sensors working 
in the optical domain make multiplexing possible and offer capacity for 
accurate, fast, and reliable analysis [6]. When label-free biosensing is 
considered, optical measurements focus on refractive index (RI) varia-
tion induced during specific binding of target molecules to receptor 
molecules at the sensor surface, i.e. formation of a thin film with the RI 
elevated versus the external medium [5–10]. Optical biosensors were 
recently applied in, e.g., cancer diagnosis [11], foodborne bacteria 
detection [12], or drug monitoring [13]. In turn, label-free biosensors 
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operating in the electrochemical (EC) domain rely on changes of elec-
trical charge transfer at the sensor-electrolyte interface. When binding of 
receptor and target occurs, the charge transfer between the sensor’s 
surface (electrode) and the electrolyte is disturbed. EC biosensors for 
DNA damage detection [14], breast cancer recognition [15], drug de-
livery systems [16] and other point of care testing [17] have already 
been reported. Merging EC and optical systems for label-free biosensing 
purposes is only possible for limited sensor material, i.e., materials 
showing electrical conductivity and optical transparency [18] or 
revealing additionally certain optical phenomena, such as surface plas-
mon resonance (SPR) [19]. In case of the SPR, binding between bio-
logical target and receptor occurs at the surface of typically gold 
electrode/sensor, therefore it modifies charge transfer, as well as 
changes RI there which disturbs surface plasmon propagation what can 
be monitored optically [20,21]. 

Previously reported dual-domain opto-EC sensors have employed 
different type of conductive waveguide structures, e.g., optical resona-
tors etched in highly doped silicon layer (interferometer) [22], prism 
covered by metal film (SPR) [19] or planar optical waveguide covered 
by semiconducting film (evanescent field) [23]. Considering structures 
based on coated optical fiber, two optical phenomena were mainly 
studied, i.e., SPR, where gold film was employed [24–26], and less often 
lossy-mode resonance (LMR), where thin conductive oxide (TCO) such 
as indium tin oxide (ITO) film was used as a material supporting optical 
interactions [5,27]. Focusing on the latter, when ITO of a certain 
properties, i.e., high RI (around 2 in the spectral range of interrogation), 
nonzero extinction coefficient [28], and high enough thickness [29] is 
deposited on silica glass, the structure guides lossy modes in the visible 
(Vis) and infrared (IR) spectral range. The properties of the LMR depend 
on the RI of the external medium, as which can be considered biological 
layer bound to the film surface. ITO thin film, on top of high optical 
transparency, can be also conductive, EC-active, and can exhibit a wide 
EC potential window [27]. Except sensing applications, ITO is success-
fully used in displays and solar cells. However, ITO films show numerous 
limitations including brittleness, low stability at high temperature, and 
scarcity of indium resulting in high deposition costs [30,31]. Among the 
most significant limitations of ITO and silicon for their sensing appli-
cations are evolution of the film properties and their surfaces over time 
[32]. Thus, alternative materials capable of dual-domain (here optical 
and EC) sensing are sought for. 

Fluorine-doped tin oxide (FTO) is an optically transparent material 
which has already been successfully applied as a working electrode in EC 
setups [33]. According to our best knowledge, in contrast to ITO, the 
material has been used in few optical sensing applications. So far FTO 
was reported for optical sensing as LMR-supporting material solely in 
[21], whereas TiO2 [34], In2O3 [35], HfO2, ZrO2, SixNy [36], various 
polymers [37], and ITO were the most often applied. The properties of 
FTO indicate that optically it can be considered as an alternative to the 
above-mentioned materials, and electrochemically as an alternative to 
ITO. FTO, similarly to ITO, is an optically transparent and high-RI ma-
terial in the Vis and IR spectral range [38–40]. From the electrical point 
of view, FTO may offer low resistivity and fast electron transfer rates 
[41,42]. Moreover, FTO shows higher than ITO chemical, mechanical, 
and thermal stability, as well as it is less expensive in deposition [32,33, 
43,44]. These advantages over ITO indicate that FTO can be considered 
as a more promising material, especially for operating in 
chemically-aggressive solution or at elevated temperatures. 

In this work, we optimize FTO properties for application of the ma-
terial in double-domain, i.e. optical and EC sensing. Performance of the 
optimized material has been verified using a simple optical-fiber-based 
LMR device. Moreover, to increase the functional properties of the 
sensor and its applications in harsh environments, in contrast to stan-
dard transmissive sensor configuration, it was developed in a reflective 
scheme as an alternative. This probe-like approach allows for sensor 
miniaturization, i.e., the decrease of length of the sensor, and thus 
limitation of the volume of liquid required for analyses, as well as 

enhancement of the sensor functionality. Besides the introduction of 
additional technological steps, the sensor fabrication remains relatively 
simple, especially when compared to some other optical fiber sensors, 
such as gratings [45] or microcavities [46]. The FTO-based dual-domain 
sensing concept has been also verified for label-free sensing of strepta-
vidin and in the future can be further extended to other biological or 
chemical targets. 

2. Experimental details 

2.1. Optical fiber processing 

The sensors were prepared using polymer-clad silica multimode 
optical fiber (400/730 µm core/cladding) in two variants, i.e., trans-
missive and reflective. For transmissive samples we used 15-cm-long 
fibers, where the cladding was removed from their central section 
creating 2.5-cm-long part of the exposed core. Controlled chemical 
cladding removal was possible with dichloromethane. Reflective sam-
ples, in turn, had a 1.3 cm long exposed-core section and additionally an 
aluminum thin film deposited using DC magnetron sputtering on the 
cleaved end-faces on the exposed-core side. A 2-inch magnetron cathode 
with 99.999% purity Al target was used for deposition. The target was 
sputtered for 5 min with a power of 40 W and a pressure of 5 Pa 
controlled by Ar flow. The magnetron was supplied by ZZP4 – 05/P DC 
source provided by Institute for Sustainable Technologies, Poland. 

2.2. Thin film deposition and characterization 

The FTO deposition was performed by magnetron sputtering in the 
UHV chamber with base pressure in order of 10− 5 Pa. A 3-inch FTO 
target was applied with a SnO2:SnF2 composition of 97:3 wt%. The 
sputtering cathode was driven by COMET Cito 1310 RF source (13.56 
MHz, 150 W). During the deposition, the samples were rotated to ensure 
the maximum possible homogeneity of the coating around the exposed 
fiber core. To increase the temperature during the deposition an elec-
trical heater was additionally installed in the chamber. The pressure of 
the Ar atmosphere in the chamber was set to 5 Pa to ensure sufficient 
heat transfer and enhanced homogeneity of the films due to increased 
diffusion of the sputtered species. Two alternative deposition configu-
rations were tested, where the main difference between them was the 
distance between the sputtering source and fiber samples reaching 16 
and 21 cm. Deposition configuration in the chamber has been described 
elsewhere [47]. 

To estimate RI of the films, i.e., its real (n) and imaginary part (k), as 
well as deposition rate, reference silicon wafers were prepared in 
separate processes, where deposition time was up to 100 min. The 
properties of the FTO films deposited on silicon wafers were identified 
using HORIBA Jobin Yvon UVISEL spectroscopic ellipsometer together 
with fitting to the New Amorphous and Drude thin film models. In 
addition, thickness of the thin film deposited directly on the optical fiber 
was estimated at cleaved FTO-coated optical fiber cross-section using 
Hitachi S-3400 scanning electron microscope (SEM). 

2.3. Optical and EC measurements 

The optical fiber samples were measured in the setup comprised of 
HL-2000 white light source and USB4000 spectrometer, both from 
Ocean Optics. The setup was kept simple, without any polarization 
managing devices although the spectral response of the LMR structure is 
polarization dependent and the magnitude and location of the minimum 
of the spectral response differ for each polarization. For the unpolarized 
light source and the multimode optical fiber the contributions of the 
polarizations superimpose [28] and the more pronounced resonance dip 
is observed and traced. Therefore, simple, robust, and experimentally 
proven concept was used. The optical spectra were recorded for samples 
surrounded by the air and water/glycerin solutions in different 
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proportions. The RI of the solutions (next) was measured using Rudolph 
J57AB refractometer. All the obtained spectra were referred to the 
spectrum of an optical fiber prior to the film deposition (T-T0). The RI 
sensitivity of FTO-coated sensor was defined as the LMR wavelength (λR) 
shift per RI unit (nm/RIU). 

The EC activity of the FTO-LMR sensors was tested using a custom- 
made cell, where FTO played a role of a working electrode [27]. A 
copper tape was used to provide electrical contact to the sensitive region 
outside the cell. The remaining electrodes, i.e., counter and reference 
electrodes were platinum wire and Ag|AgCl|0.1 M NaCl, respectively. 
Cyclic voltammetry (CV) measurements were performed in 0.01 M 
phosphate-buffered saline (PBS, pH=7.0) and 1 mM 1,1′-Ferrocenedi-
methanol in 0.01 M PBS at different scan rates and potential ranges 
using PalmSens EmStat3+ potentiostat. 

2.4. FTO surface functionalization and biosensing 

To identify both EC and optical performance of the FTO-LMR 
approach for label-free biosensing applications, the surface of FTO has 
been modified towards the specific biding of an analyte. First, the FTO- 
LMR sensor was consecutively washed in isopropanol and water and 
dried in argon stream. Next, surface silanization with 3-aminopropyl-
triethoxysilane (APTES) was performed according to the procedure 
described in [48]. The reaction was carried out for 30 min and then the 
sample was left for 48 h under the argon atmosphere for curing of the 
silane layer. The deposited amine groups were activated by the glutar-
aldehyde (GLU) (Sigma-Aldrich) through immersion in 2.5% GLU so-
lution in PBS for 30 min. Next, biotin (1 mg/mL dissolved in PBS) has 
been introduced as a recognition element. The sensor was immersed in 
the solution and left for 30 min at room temperature, then extensively 
washed with PBS. To prevent the non-specific interactions between FTO 
surface and target molecules, the sensor was immersed in a bovine 
serum albumin (BSA) solution (0.5 mg/mL in PBS) for 30 min and 
extensive washed with PBS. For the sensitivity analysis, the 
biotin-terminated sensor was incubated in elevating concentrations of 
streptavidin, i.e., 0.01, 0.1 and 1 mg/mL for 30 min in each the solution, 
and after each the concentration extensively washed with PBS. After 
each the incubation and washing, the sample have been analyzed in both 
PBS and 1 mM 1,1′-Ferrocenedimethanol in PBS using CV (4 cycles) at a 
scan rate of 20 mV/s in the potential ranging from − 0.2–1.0 V with 
simultaneous optical monitoring. 

3. Results and discussion 

3.1. Optical properties of the deposited FTO 

Optical properties and thickness of the LMR-supporting thin film 
material are crucial for the performance of the sensors [37]. The 

dispersion curves of n and k for selected FTO films in the operational 
spectral range of the sensors are shown in Fig. 1. For all the cases at λ <
400 nm the material shows high k, that corresponds to elevated ab-
sorption in the UV spectral range. Moreover, in this range also high 
changes of n are observed. Above that range, n and k change only 
slightly. In the IR range increase of k can be noticed and it corresponds to 
semi-metallic character of these films. Thus, it may be expected that the 
FTO thin films, similarly to some ITO films, can be used to obtain SPR in 
the IR. However, in the Vis range FTO is suitable for guiding lossy modes 
[28,49]. 

In general, it must be also noted that an increase of thickness of the 
FTO film leads to decrease in their n (Fig. 1(A)). In the case of In2O3 [50] 
and ITO [51] the trend is opposite, i.e., prolongation of deposition time 
results in increase of n. In turn, thermal post-processing may lead to 
decrease in n of In2O3 [52] and ITO [53]. For these materials decrease of 
n is correlated to lowering density of grains (crystals) in the film [51,52]. 
Deposition time and temperature of process can also change crystallinity 
and porosity of the material, therefore affect the n [54]. In this work, the 
deposition of FTO took place at elevated temperature, thus longer 
exposition of the sample could reduce n. Another possible reason of 
decreasing n is a stress in the film induced by the substrate [55]. 
Increasing deposition time and consequently the thickness of the film 
leads to intensification of the stress effect and reduction of n. A trend 
opposite to that of n is observed for k, i.e., for higher wavelengths k 
slightly increases (Fig. 1(B)). For other tin-oxide-based materials the 
deposition time or temperature, especially in the Vis range, rather did 
not show any clear impact on k [50–53,56,57]. 

From the LMR sensor performance point of view, drop of n of the film 
may be undesirable. Even though the LMR generation conditions are 
met, the RI sensitivity follows the n [37]. In turn, slight increase of k may 
promote deeper and well-pronounced LMR, but according to [29] the 
relation 

k <
( ̅̅̅

2
√

− 1
)
n should be preserved. Thus, it must be taken into ac-

count that tuning of the deposition time has not only an effect on the film 
thickness, but also modifies optical properties of the FTO. On top of it, to 
effectively interrogate the sensor optically, the properties should be 
adjusted to meet requirements of the interrogation setup, such as its 
range and resolution. 

The film thickness, next to its optical properties, is crucial for per-
formance of the device. Estimated on the reference silicon wafers 
average deposition rate of FTO reached 1.8 nm/min. However, in the 
case of sputtering the rates on the flat silicon wafers and cylindrical 
optical fiber may differ as it was previously reported for ITO [27]. 
Hence, additional depositions on optical fiber were performed. The SEM 
images of the fibers cross-section were taken and shown in Fig. 2. 

The SEM images reveals that the FTO deposition rate on the optical 
fiber are up to 5 times higher than for their counterpart deposited in the 
same conditions on the reference silicon wafers. This difference in 

Fig. 1. Refractive index (A) and extinction coefficient (B) of different in thickness FTO films deposited on the reference silicon wafers.  
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deposition rates might be explained by relatively high pressure (5 Pa) 
during the deposition. At higher pressure, a large amount of gas particles 
in the deposition chamber occurs. An increased number of particles is 
followed by elastic collisions with the sputtered particles on their path 
from the FTO target to the substrate. Hence, the enhanced pressure re-
sults in the thermalization of sputtered target atoms and also encourages 
the diffusion processes [58]. The particle diffusion enables the deposi-
tion on surfaces that are not facing directly the target, i.e. on the back 
side of the substrate. This effect is more pronounced in the case of thin 
substrates, such as optical fibers. Moreover, it can contribute not only to 
different deposition rates but also to differences in other properties 
received on flat substrates and fibers. The particles deposited from 
behind arrive at the surface with a different energy than those deposited 
directly from the front. 

3.2. Numerical estimation of FTO thickness for the LMR sensors 

To tune FTO deposition conditions for the LMR observation in the Vis 
spectral range, numerical analysis of the sensing structure response was 
performed. The analysis was based on the model presented in [59]. In 
short, it relies on the transfer matrix method and assumes uniform and 
isotropic layers (core, thin film, and the surroundings). The 

experimental data, i.e., n and k measured on the reference silicon sam-
ples for the thickest film (197 nm), was used for the numerical analysis 
(Fig. 2; blue curves). The spectra were calculated for a wide range of 
coating thicknesses (from 0 to 1500 nm) forming spectral maps showing 
the evolution of the LMRs with the FTO film thickness (Fig. 3). Keeping 
in mind the deposition kinetics identified in Section 3.1, this analysis 
allows the deposition time to be adjusted to the spectral range of the 
interrogation systems. It must be noted that the simulations neglect 
changes of n and k with the film thickness what may have an impact on 
the LMR. The 1st LMR can be observed in the spectral range of the used 
spectrometer when the thickness of FTO does not exceed 100 nm. 
However, there is a narrow range of FTO thicknesses where the 1st LMR 
can introduce high attenuation to the monitored spectrum. A deep LMR 
can be achieved only at a wavelength of above 600 nm when the 
thickness of deposited FTO is precisely adjusted. A slight increase of FTO 
thickness triggers a significant redshift of the LMR and its tracking is 
limited due to operational range of interrogation system. For 
higher-order LMRs (received for the thicker films), the redshift with 
thickness development loses its dynamic. Also the LMRs becomes 
well-pronounced as lower order LMRs offer higher full width at half 
maximum. Fig. 3 also shows simulated spectra for two arbitrarily chosen 
FTO thicknesses, i.e., 250 and 500 nm. In the case of the thinner film and 

Fig. 2. The SEM images of FTO thin films deposited on the optical fiber for two depositions, where the deposition time of the first process (A) was doubled in 
comparison to the second one (B). 

Fig. 3. Simulation of LMRs evolution for the FTO-coated optical fiber when surrounded by RI of deionized water. The darker areas between the paler once signify 
higher attenuation bands and the LMR appearance. The dashed lines indicate map section at the thickness reaching 500 nm (right-top) and 250 nm (right bottom). 
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the Vis-NIR spectral range, two LMRs can be observed. The 2nd order 
LMR (according to simulation, 1st order is outside the observed range) 
appears at c.a. λ = 510 nm and it’s deeper in comparison to the 3rd 
order at. c.a. λ = 340 nm. When the FTO coating thickness is doubled, 
the 2nd order of LMR moves to the NIR, but 3rd order become 
well-pronounced at c.a. λ = 560 nm. The evolution of 4th and 5th order 
LMRs is observable for this case at the lower end of the Vis range. 
However, when monitoring of samples with the different film thick-
nesses in the same spectral range is considered, an increase in the LMR 
order leads to a decrease in the RI sensitivity [37]. Despite the possibility 
of obtaining multiple, still well-pronounced LMRs in the Vis spectrum 
when the thickness is higher, the RI sensitivity should be taken into 
consideration primarily since it has an impact on label-free biosensing 
applications of the device. Thus, the RI sensitivity will be discussed for 
experimental results shown in Section 3.3. 

3.3. Impact of the FTO thickness on RI sensitivity of the LMR sensor 

Based on the expected properties of FTO identified numerically as 
shown in Section 3.2 and their correlation with deposition parameters 
reported in Section 3.1, the depositions on the optical fiber sensors were 
performed. Bearing in mind that a well-pronounced 1st order LMR are 
relatively difficult to reach in the Vis spectrum, the thickness of FTO thin 
film was adjusted to obtain the 2nd order LMR. Also, for the 1st order 
undesirable separation between LMRs triggered by TE and TM modes 
can be more easily noticeable in the Vis spectrum [60], what favors 2nd 
order LMR observation for sensing purposes. In Fig. 4(A) the evolution of 
LMRs with the selected thicknesses is presented for the sensors 
immersed in a deionized water. The thickness of FTO thin film was 
estimated based on deposition time and the SEM images presented in 
Fig. 2. For the FTO thicknesses of 155 and 220 nm, only a single LMR 
(2nd order) can be monitored in the Vis spectral range. For the sample 
with 250-nm-thick FTO, the consecutive LMR becomes observable, what 
confirms the results of simulations. Next, the spectra of FTO-coated fi-
bers were also measured in different next. The LMR shift is presented in 
Fig. 4(B). According to these results, the sensitivity within the same 
order of LMR increases with thickness and reaches 220, 242 and 
278 nm/RIU in a range of next = 1.333–1.415 RIU for samples with 155-, 
220-, and 250-nm-thick films, respectively. For the 3rd order LMR, the 
RI sensitivity is significantly lower than for the 2nd order and reaches 
only 87 nm/RIU. With increasing FTO thickness, the RI sensitivity for 
the 3rd order increases as well [37]. However, it does not reach the 
value as for the 2nd order in the examined wavelength range. It must be 
noted that the RI sensitivity received here for the 2nd order LMR is 
comparable to those achieved for other LMR sensors investigated in the 
Vis-NIR region and coated with ITO [61] or ZrO2 [36]. Hence, FTO can 
be used as a lossy mode guiding material to the same extent as the 

previously reported thin films. 
Since the thickness may have an impact on electrical and EC prop-

erties, the same deposition procedure was repeated but deposited FTO 
films were significantly thicker than for samples shown in Fig. 4. The 
results were presented in Fig. S1 in Supplementary Information and 
confirm lower RI sensitivity for the higher order’s LMR, what agrees 
with findings reported previously in [37]. 

3.4. Reflective configuration of the FTO-LMR sensors 

This section presents the possibility of developing FTO-LMR sensors 
also in the reflective configuration. The comparison between spectra 
received for the transmissive and reflective variants of the sensors and 
their evolution with next is presented in Fig. 5. For these sensors, the FTO 
coatings were deposited at the same conditions as for the sample shown 
in Fig. 2(A). A high agreement of optical responses between the two 
variants of the sensors is achieved. The RI sensitivity was also compa-
rable and reached 433 nm/RIU and 449 nm/RIU in a range of next 
= 1.333–1.418 RIU for the transmissive and reflective configuration, 
respectively. The measured RI sensitivity was higher in comparison to 
the sensors analyzed in the previous section and indicated a higher n of 
FTO coating received in this deposition configuration. It must be noted 
that in this set of depositions the samples were placed further from the 
sputtered target than for those reported in Section 3.3. Increase of the 
distance has made the deposition rate lower. A similar effect of target- 
substrate distance was also observed in the case of ITO films [62]. The 
effect is attributed to different energy flux to the substrate which in-
fluences the growth of the film with a different fraction of crystalline 
phase in an amorphous film matrix [47,63]. The same mechanism is 
expected also for FTO. The results for the sensor in the reflective 
configuration presented previously in Fig. 2(B) are shown in Supple-
mentary Information (Fig. S2), where the RI sensitivity is also reported. 
Importantly, both the presented configurations can be applied to the 
same extent after adjusting deposition parameters. 

3.5. EC performance of the FTO-LMR sensors 

The FTO samples in the reflective configuration were finally inves-
tigated as working electrodes in the EC setup. Fig. 6(A) presents CV 
results for the sample where FTO thickness reaches 250 nm (Fig. 2(A) – 
the same as those discussed in Section 3.4). The CVs were recorded at 
scan rates of 10 and 100 mV/s using 1 mM 1,1′-Ferrocenedimethanol 
(RedOx couple) in 0.01 M PBS and pristine 0.01 M PBS as the reference. 
As a result of E sweeping at the FTO electrode, the changes in the current 
show no typical RedOx peaks resulting from oxidation and reduction 
reactions of the RedOx probe. The hysteresis in the current while E 
sweeping is attributed to capacitive currents originating from the 

Fig. 4. Optical spectra of FTO-LMR sensors with the coating thicknesses of 155, 220 and 250 nm acquired in deionized water (A) and corresponding LMR wavelength 
(λR) evolution with next (B). The thickness of FTO thin film was estimated based on deposition time and the SEM images presented in Fig. 2. 
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charging and discharging of the electrical double-layer in the closest 
vicinity of the FTO surface. For this FTO thickness, the Faraday currents 
related to charge transfer induced by RedOx processes were not 
observed. These results imply that electron transfer between the elec-
trode and the electrolyte was suppressed, particularly in the presence of 
the RedOx couple. Electron transfer was also suppressed at higher scan 
rates (100 mV/s) when the size of the diffusion layer is minimized. 
Slightly higher capacitive currents were observed for faster scan rates 
and are attributed to the enhanced charge depletion at the FTO- 
electrolyte interface. Nevertheless, no typical Faradic currents were 
recorded allowing for EC sensing applications of the device [64]. The 
optical response of the sensor recorded simultaneously with E sweeping 
(Fig. 6(B)) reveals the significant variation in the λR with the applied E. 
The λR shift in the E range − 1–1 V exceeds 55 nm for PBS at a scan rate 
of 10 mV/s. For 100 mV/s the λR shift is lower and in the same E range 
reaches 32 nm, which is contrary to the current recorded during CV for 
those two cases. The main factor influencing the λR, in this case, is the RI 
of the FTO. By applying E to the FTO-electrode the carrier concentration 
in the semiconductor changes what is followed by its RI [61]. The hys-
teresis effect observed in optical readout (Fig. 6(B)) also depends 
strongly on the capacitive currents, thus, it could be ascribed to an 
electrical double-layer formed at the FTO surface during E cycling. The 
changes are the most significant in the space-charge layer of FTO film at 
the interface between the electrode and the electrolyte, where the car-
rier forms an accumulation and depletion layer. From optical point of 
view changes in distribution of the charge carriers correspond to optical 
properties of the material [65]. The factors such as adsorption of the 
RedOx couple molecules or formation of accumulation layer (i.e. ions, 

electrons) at electrode/electrolyte interface contribute particularly to 
hysteresis slope and shape. Generally, depletion layer formation does 
not influence much the RI of a semiconductor [64], thus it should not 
affect the λR. Such an effect has been observed in the work devoted to 
ITO-LMR device, i.e., when positive E was applied to the electrode the λR 
shift was inhibited [65]. Different responses than typically for the 
ITO-LMR device can be observed in Fig. 6(B). In both PBS electrolytes 
with and without RedOx couple during positive sweep from − 1–1 V the 
shift is significant in the negative as well as in the positive E range. This 
effect is even more noticeable for a scan rate of 10 mV/s where majority 
charge carriers (electrons in case of FTO) have more time to transfer in 
the material and form accumulation layer at the FTO electro-
de/electrolyte interface. Additionally, when the RedOx couple is pre-
sent, the λR shift in positive E range is slightly less distinctive than for 
PBS. This could be caused by adsorption of the RedOx couple molecules 
on the FTO. Although ferrocene derivatives are normally considered as 
an outer sphere RedOx couple, there are clear indications that they can 
adsorb on a variety of carbon electrode surfaces [66–69], as well as on 
noble-metal electrodes [70]. Ferrocenes have also been adsorbed on 
silica for spectroscopic studies [71]. The effect might be exacerbated by 
the relatively high ratio of ferrocene to supporting electrolyte. 

Analyzing the simplified band diagram of n-type semiconductor/ 
electrolyte with the RedOx couple (Fig. 7(A)), the λR shift for considered 
FTO-based electrode in whole E range is possible when the standard E of 
the RedOx couple (EREDOX) is located in the conduction band of semi-
conductor before contact with the electrolyte. After the contact, bending 
of conductive band edge takes place due to accumulating electrons at the 
interface [72]. Nevertheless, this fact contradicts with CV observations 

Fig. 5. Evolution of optical spectra for transmissive (A) and reflective (B) FTO-LMR sensors with next for the FTO coating thickness reaching 250 nm.  

Fig. 6. (A) EC response of the 250-nm-thick reflective FTO-LMR sensor during E scanning in PBS and 1,1′-Ferrocenedimethanol with scan rates of 10 mV/s and 
100 mV/s. (B) Corresponding λR simultaneously registered during the EC process. The arrows indicate E scanning direction. 
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shown in Fig. 6(A), which are far from the typical reversible electrodes 
revealing rather diffusion-limited charge transfer. Such EC character is 
usually observed for n-type semiconductors once the standard potential 
of the RedOx couple is located in the bandgap (Fig. 7(B)). Once the 
negative E is applied, the band bending is depressed, while the electrode 
stays in a depletion mode and the concentration of electrons at the in-
terfaces is low. Thus, the optical effect ought to be here driven by other 
factors i.e. chloride ions production [73] or phosphates oxidation. The 
other possible reason may be the relatively high resistivity of the 
deposited FTO coatings. In particular, the transparent conductive oxides 
(TCOs) are polycrystalline materials with structural defects [74] 
increasing resistivity by charge scattering. 

To improve EC performance of the sensors, thicker FTO films were 
investigated next. Longer deposition results in higher thickness, 

especially with thermal treatment, what could improve crystallinity and 
consequently the conductivity of the films [53,74,75]. It was already 
reported that the longer deposition of FTO reduces its resistivity [76,77]. 
Thus, we have fabricated the FTO-LMR sensor in the reflective config-
uration, where the FTO coating thickness was doubled (approx. 500 nm) 
in comparison to the sensor for which the results were shown in Fig. 6. 
The detailed analysis of the optical performance of the device with 
500-nm-thick FTO and the influence of the FTO thickness on the RI 
sensitivity was shown in Supplementary Information. The CV curves 
obtained for the sample with thicker FTO are shown in Fig. 8(A). Those 
curves as for the thinner FTO exhibit capacitive currents originating 
from diffusion layer for bare PBS electrolyte, but also reversible electron 
transfer at the electrode/electrolyte interface (Faradaic current) of the 1, 
1′-Ferrocenedimethanol RedOx couple. 

The estimated peak-to-peak separation, defined as E difference be-
tween reduction and oxidation peaks (ΔEP), which describes the elec-
tron transfer kinetics, reaches 230 mV. This value is comparable with 
the results revealed for analogous LMR structure coated with ITO [27]. 
In this case, electrons from the reduced form of the RedOx couple are 
accumulated in conduction band (CB) allowing for further oxidation 
processes of the RedOx couple (Fig. 7(A)). Thus, the FTO behaves here as 
a reversible metallic electrode. Moreover, for the thicker FTO coating 
the E-induced λR modulation reveals slightly boosted. In the positive E 
range the λR shift during positive sweep reaches 30 nm in PBS analo-
gously for thinner FTO coating, but for lower scan rates (20 vs 10 mV/s) 
(Fig. 8(B)). These results are substantial because in the previous works 
dedicated to ITO-LMR electrode, the appearance of RedOx current peaks 
simultaneously with λR shift has been hardly achieved [27,78]. When 
deposition parameters for ITO were tuned to reduce resistivity and 
obtain RedOx current peaks in the CV, bandgap also changes its location 
and accumulation layer has not been developed to the same extent as for 
FTO. These results confirm that despite similar optical parameters (n and 
k) of FTO and ITO, their bandgaps are considerably different. Appar-
ently, the observed effect can be explained by different energy band 
structure of these films. The FTO electrodes revealed the n-type con-
ductivity at low anodic potentials with tuned band gap and surprisingly 
p-type at high anodic potentials thanks to the formation of the degen-
erated SnO-like surface layer throughout the oxygen evolution reaction 
[44]. Furthermore, the FTO coating can be considered not only as a plain 
current collector or electrode, but also as a highly efficient photo-
electrochemical and photoelectrocatalytic surface [73] inducing pho-
togeneration of highly separated charge carriers and oxidizing species (i. 
e. chlorides and hydroxyls) under illumination [79]. 

Complex nature of FTO character should be taken into account 
during design a dual-domain sensor for a specific sensing application. In 
the concept where one domain confirms the results obtained in the 
second one, the changes in optical response induced by E sweeping in 

Fig. 7. The proposed bandgap diagram of FTO electrode before and after 
contact with an electrolyte containing RedOx couple. The standard RedOx 
couple potentials (EREDOX) are considered to be located in the conduction band 
(A) or in the bandgap (B) of semiconductor. The applied E influence the carrier 
concentration in space-charge layer what is presented as a bending of con-
duction band edge. CB: conduction band, VB: valence band, EF: Fermi level 
energy, WF: work function, BG: bandgap. 

Fig. 8. (A) EC response of the 500-nm-thick reflective FTO-LMR sensor during E scanning in PBS and 1,1′-Ferrocenedimethanol with a scan rate of 20 mV/s. (B) 
Corresponding λR simultaneously registered during the EC process. The arrows indicate E scanning direction. 
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whole E range is desirable. Biosensing is a suitable example where 
typically reduction of electric current flow and accumulation layer 
thickness induced by biofilm binding are more noticeable than RI 
changes induced by the same factor. 

3.6. Dual-domain label-free biosensing with FTO-LMR sensor 

The performance of the discussed above dual-domain FTO-LMR 
sensor for label-free biosensing is discussed in this section. Biotin and 
streptavidin were applied as receptor and target material, respectively, 
due to their strong binding and thus capability to verify label-free bio-
sensing properties of the FTO-LMR approach. For the purpose of this 
part of the experiment a batch of samples in reflective configuration 
with an FTO thickness of c.a. 1 µm was prepared. Relatively high FTO 
thickness has been chosen due to partly improved sensor performance 
for this range of FTO thickness, i.e. well-visible RedOx current peaks and 
stronger E-induced λR modulation, but lower RI sensitivity. Optical 
response of the obtained sensors is comparable to the one shown in 
Fig. S1(A). The CV curves shown in Fig. 9 measured before functional-
ization indicate ΔEP reaching only 140 mV. Lower ΔEP, i.e. better EC 
performance of the sensor with increase in FTO thicknesses stay in 
agreement with findings reported in Section 3.5. In the optical domain in 
turn, the λR shift is suppressed when compared to sensors with lower 
FTO thickness and in positive E range it reaches 17 nm (Fig. 10(A)). 
According to discussions reported in Section 3.5, for higher FTO thick-
ness more electrons participate in RedOx process and formation of the 
accumulation layer with applied E is not as effective as for thinner FTO 
films. 

The readouts received in EC and optical domains, as well as cross- 
domain interactions during the label-free biosensing experiment are 
discussed next. In the EC domain, every step of FTO-LMR sensor modi-
fication leads to decrease and increase in RedOx peaks current and ΔEP, 
respectively (Fig. 9). The effect corresponds to blocking the active sur-
face of the FTO when chemical compound and biological species bind. 
According to the ΔEP changes, the electrode surface was blocked the 
most after exposure to APTES. Silanization process has created an even, 
but thin layer, which thoroughly reduced the active sensor’s surface. 
Binding of biotin that followed the functionalization process resulted in 
ΔEP increase by only 4 mV. Relatively low response can be attributed to 
sub nanometer size of the molecule and therefore its limited ability to 
reducing the active surface of the working electrode. After incubation in 
BSA aiming to prevent against unspecific binding of streptavidin further 
ΔEP increase with streptavidin concentration has also been achieved. 
Considering the molecular dimensions of streptavidin (4.2 nm × 4.2 nm 
× 5.6 nm) [80], even the smallest concentration of it should additionally 
prevent from charge transfer with the RedOx probe [81]. The most 
significant increase in ΔEP has been observed for the highest applied 

streptavidin concentration. 
In the optical domain changes taking place on the sensor surface 

correspond to the λR shift. Consecutive experimental steps concerning 
introduction of streptavidin results in general λR shift towards longer 
wavelengths (Fig. 10(B)). It is caused by RI increase in the vicinity of the 
FTO surface induced by binding of the biological material. However, RI- 
induced λR shift for E = 0 V is relatively low (Fig. 10(A)). Some more 
information can be obtained from cross-domain interactions, i.e. when E 
is applied (Fig. 10). Materials gathered on the FTO active surface have 
an impact on formation of charge carrier distribution in the FTO close to 
its surface and change optical properties of the material. Thus, obser-
vations of presence of the biological layer are significantly influenced by 
applied E. It can be seen that the λR shift after each step of the biosensing 
procedure is clearly observed when the E is applied. The results obtained 
for E = − 0.2 V agree well with those obtained in EC domain and shown 
in Fig. 9(B). In contrast, when E = 1 V the λR shift obtained for low 
streptavidin concentrations is well observed. As a binding of biological 
material influences the RI on the surface only slightly, dual-domain 
approaches can significantly improve the sensing capability of the 
device. 

4. Conclusions 

In this work, we have demonstrated the optical and electrochemical 
response of the FTO-coated lossy-mode resonance (LMR) sensor. For this 
type of dual-domain sensors, ITO was mainly investigated so far, thus we 
have considered FTO as an alternative. Optical properties of FTO 
deposited by magnetron sputtering show distinct tendency with depo-
sition time, i.e., its n decreasing while k increasing slightly, but most 
importantly FTO’s optical properties allows for guiding lossy modes. 
Experimentally obtained optical properties of FTO make possible 
simulation of sensor response in the optical domain, identification of the 
suitable film thickness and fabrication of a series of FTO-LMR sensor 
accordingly. The influence of FTO coating thickness on LMR develop-
ment and RI sensitivity of the FTO-LMR device was experimentally 
confirmed. Comparing to the previously used TCOs able to guide lossy 
modes, especially ITO, the FTO-LMR sensors show similar RI sensitivity 
in the Vis spectral range, i.e., up to 450 nm/RIU in the range next 
= 1.33–1.40 RIU. Furthermore, we have shown a reflective configura-
tion of the LMR sensor which facilitate a probe-like application. Ac-
cording to the results, the reflective configuration offers similar 
properties, including RI sensitivity, as for transmissive counterpart, but 
enhances functionality of the approach. We believe that the RI sensi-
tivity can be further enhanced when the optimized FTO is deposited on 
some advanced optical fiber sensing device. 

The response of the reflective FTO-LMR sensors in electrochemical 
domain was considered next. As resistivity is one of key parameters for 

Fig. 9. (A) EC response of 1-µm-thick reflective FTO-LMR sensor during E scanning in 1,1′-Ferrocenedimethanol with a scan rate of 20 mV/s after selected steps 
towards streptavidin (STV) detection. (B) Corresponding increase of ΔEP after consecutive steps of the biosensing experiment. 
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working electrode, the effective electrochemical response in the pres-
ence of RedOx couple was received for thick, c.a. 500 nm, FTO film. 
Electrochemical performance of the FTO-LMR device is comparable to 
ITO-LMR alternatives. However, the effect of applied potential sweeping 
on the optical response was the most important observation. We reveal 
that electronic band structure of semiconductor electrode such as FTO is 
crucial for opto-electrochemical dual-domain sensor performance. The 
FTO-LMR electrode, in contrast to ITO-LMR electrode, is vulnerable for 
potential sweeping even when RedOx reactions occur. These phenom-
ena are originated by accumulation layer developed at the interface 
between electrode and electrolyte what has an impact on optical prop-
erties of the FTO. Accumulation layer of such an extent has not been 
developed in the case of the ITO-LMR electrode and the applied RedOx 
couple due to different electronic bandgap structure of ITO. Thus, to 
adjust lossy mode guiding and at the same time electrochemical 
response it is required to precisely optimize FTO properties at the stage 
of the thin film deposition. Finally, the designed FTO-LMR dual-domain 
sensor was successfully applied for label-free biosensing using biotin and 
streptavidin as receptor and target material, respectively. The binding of 
the target material has been observed in both electrochemical and op-
tical domains, as well as in a cross-domain response. While the results in 
both the domains cross-verify each other, cross-domain interactions can 
be used for enhancing sensing capabilities. Results reported in this paper 
for FTO can be considered as an introduction to a wide spectrum of dual- 
domain FTO applications based on various optical and electrochemical 
sensing configurations. 
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Zatorska and Ewa Roźniecka within biosensing experiments is also 
acknowledged. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.snb.2022.132145. 

References 

[1] X. Huang, D. Xu, J. Chen, J. Liu, Y. Li, J. Song, X. Ma, J. Guo, Smartphone-based 
analytical biosensors, Analyst 143 (2018) 5339–5351, https://doi.org/10.1039/ 
c8an01269e. 

[2] S. Gupta, C.N. Murthy, C.R. Prabha, Recent advances in carbon nanotube based 
electrochemical biosensors, Int. J. Biol. Macromol. 108 (2018) 687–703, https:// 
doi.org/10.1016/j.ijbiomac.2017.12.038. 

[3] X. Wang, M. Que, M. Chen, X. Han, X. Li, C. Pan, Z.L. Wang, Full dynamic-range 
pressure sensor matrix based on optical and electrical dual-mode sensing, Adv. 
Mater. 29 (2017) 1605817, https://doi.org/10.1002/adma.201605817. 

[4] Q. Jing, G. Zhu, W. Wu, P. Bai, Y. Xie, R.P.S. Han, Z.L. Wang, Self-powered 
triboelectric velocity sensor for dual-mode sensing of rectified linear and rotary 
motions, Nano Energy 10 (2014) 305–312, https://doi.org/10.1016/j. 
nanoen.2014.09.018. 
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