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Abstract

In this paper, an F-P interferometer optoelectrode structure functionalized by conductive indium
tin oxide (ITO) thin film is first proposed. When the F-P cavity is filled with electrolyte, the effective
refractive index in the cavity can be modulated by applying an electrical potential to form an electric
double layer on the interface of the electrolyte and electrode. Significantly, this work presents a novel
structure of integrated F-P interferometer optoelectrode functionalized by conductive ITO to measure
the conductivity of the electrolyte. And it is the first time to use interference spectrum to react the
conductivity of solution, which provides a new method for conductivity detection. This simple
preparation, convenient operation, and low-costed optical fiber F-P interference optoelectrode has great
potential in the biochemical analysis, biosensing, electrochemical analysis and battery electrode surface
monitoring.
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1. Introduction
Conductivity measurement of the interface of electrode and electrolyte solutions is of great

importance in academic research, industrial production applications, and microbial chemistry
research [1-3]. Previously, several conductivity measurement methods have been reported. Some
of these assays are conductivity analysis, capacitive coupling, capillary electrophoresis, etc. [1-5].
However, to the best of our knowledge, conductivity detection has not been combined with optical
fiber FPI sensing.

With the rapid development of optical fiber technology, micro-nano optical fiber technology
is widely used in the sensing field [6-8]. Among them, optical fiber interferometer has been
intensively studied and widely used in the detection of physical parameters, biological
macromolecules, heavy metal ions, and various gas components [9-11]. Among them, the optical
fiber Fabry-Perot interferometer (FPI) is widely used in confining spaces and special
environments [12-17]. Moreover, as the research progresses, the application of functional material
integrated with optical fiber draws more and more attention. For example, material coatings such
as gold nanoparticles, black scales, and graphene oxide, materials are widely used in the field of
fiber optic sensing [18-21]. Among the materials that may be applied, indium tin oxide (ITO) is an
interesting choice as a metal oxide semiconductor with not only low resistivity but also a high
refractive index and high optical transparency.

In this paper, an online, simple-to-prepare FPI optoelectrode is first proposed. The integrated
optoelectrode was prepared by integrating conductive ITO thin film electrode with an FPI. The
optoelectrode is based on the effect of conductivity on the electric double layer between the
electrode surface and the solution [22-25], which causes the effective refractive index to change
near the transparent oxide electrode [26]. Results show that by combining the transparent ITO
with the optical fiber FPI, the sensor exhibits high sensitivity to conductivity. Significantly, this
integrated optical fiber on-line conductivity probe has great potentials in the fields of biochemical
analysis, battery electrode surface monitoring, biosensing and academic research.

2. Experiment

2.1 Preparation process of the optical fiber FPI functionalized by ITO

In the study, the 3 dB coupler and single-mode fiber (SMF) used to make the interferometer
were purchased from Yangtze Optical Fibre and Cable Joint Stock Limited Company. The
diameter of the SMF is 125μm, and the core diameter is about 8μm. The optical fiber FPI was
fabricated by the fiber largely offset misalignment fusion splicing method. Firstly, the 3 dB
coupler and the SMF were fusion spliced with largely offset misalignment. The offset distance
was 73 μm. Secondly, the single-mode fiber was cut to 150 μm (that is the length of the F-P
cavity). Thirdly, the cut fiber and the SMF were fusion spliced with largely offset dislocation
again, as shown in Fig. 1(a). Here, the optical fiber dislocation welding was carried manually
using a commercial fusion splicer (JL KL-260B) in order to keep the two large intentional lateral
offsets at the opposite offset direction. To ensure the alignment of the two optical fibers, we can
perform the second offset fusion under the monitoring of the optical spectrum analyzer (OSA). In
other words, a clear interference spectrum can be generated on the OSA screen. And, if the cavity
length of FPI is less than 180 μm, the whole FPI structure can be seen on the screen of the fusion
splicer, which is more helpful for us to adjust the position of the fiber to ensure that the direction
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of the two fibers is aligned. Moreover, the splicing program we selected was the SMF-SMF
splicing program with adjustment parameters: predischarge current of 65 units, predischarge
duration of 1200 ms, discharge current of 85 units, discharge duration of 2000 ms.

Here, the cavity length of 150 μm was chosen for this experiment because the cavity length
of the fiber FPI does not affect its RI sensitivity [28]. In addition, during the fabrication of the
optical fiber FPI, the maximum optical fiber cavity length of 180um can be seen on the screen of
the optical fiber fusion splicer. Too long cavity length is not easy to observe the actual state of the
bias point in the welding process. Too short cavity length is not easy to cut. Therefore, the cavity
length size of 150um was chosen in this experiment.

Fig. 1. Schematic diagram of the preparation of optical fiber FPI functionalized by ITO. (a) The preparation

process of optical fiber FPI. (b) The preparation process of ITO film.

Fig. 1(b) shows the fabrication process of the optical fiber FPI-ITO. After finishing the
fabrication of optical fiber FPI, the continuous ITO films were deposited on the FPI by radio
frequency (RF) sputtering. Firstly, the fabricated optical fiber FPI was ultrasonically cleaned in
water and ethanol. Then, it was sputtered twice by a commercially available RF magnetron
sputtering system (JGP 450B). The optical fiber and the target were kept at an inclination angle of
30° during sputtering to ensure that the ITO was integrated on the end face of FPI. The thickness
of the ITO film obtained by the above method is about 98 nm, which is measured by the 3D
surface profiler (zygo), as shown in Fig. 2. When measuring film thickness, the sample surface is
first pretreated and then coated with a gold film to increase reflection. And the difference between
the maximum value and the minimum value is the ITO film thickness.
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Fig. 2. Thickness of the ITO film measured on the upper surface of the fiber FPI.

Fig. 3(a)-(b) shows the scanning microscope (SEM, Thermo Fisher Apreo C) images of
different magnifications. From Fig. 3(a)-(b), the overall structure of the FPI and the smooth
surface of the ITO film are shown. Here, it can be seen that the quality of ITO film is good. And
the smooth surface is conducive to the interference spectrum. The X-ray energy dispersive
spectroscopy (EDS, Oxford) mapping images of different elements on the surface of the optical
fiber FPI are shown in Fig. 3(c)-(f). In these figures, the distribution of O, In and Sn elements on
the surface of the optical fiber FPI is shown, respectively. In and Sn elements are distributed
almost exclusively on the fiber FPI surface, while the O element is also present on the substrate.
This proves ITO thin film is distributed on the optical fiber FPI.

Fig. 3. The SEM images at different magnifications of the optical fiber FPI functionalized by ITO. (c) Elemental

ratio of fiber surface. The EDS mapping images of (d) O, (e) In, and (f) Sn.

2.2 The principle of the optical fiber FPI conductivity sensor

In general, as a voltage is applied to the electrolyte solution, the anions and cations in the
solution will move towards opposite electrodes as shown in Fig. 4(a). And an electric double layer
(EDL) will form at the inter surface of the electrode and electrolyte solution which is several
nanometers to tens of nanometers thick. In this experiment, results show that in region of the EDL
between the transparent oxide electrode and the electrolyte, the conductivity of the electrolyte
solution has a very significant effect on the refractive index of the electric double layer. Therefore,
the conductivity of the electrolyte solution can be reflected by detecting the refractive index
change in the EDL layer.

Fig. 4. Sensing principle diagram of the proposed sensor. (a) Anions and cations move to the poles. (b) EDL is

formed on the surface of the optical fiber FPI functionalized by ITO.
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When a voltage is applied to the ITO thin film functionalized optical fiber FPI, an electric
double layer is formed on the surface of the optical fiber FPI [22, 26], as shown in Fig. 4(b).
According to the formula:
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Where I1 and I2 are the light intensity reflected the fiber through the first and second reflecting
surfaces, respectively, λ is the wavelength of the incident light, neff is the effective refractive index
of the substance in the open cavity of the FPI sensor, L is the cavity length of the FPI sensor. The
change of the effective refractive index in the interference cavity will cause the center wavelength
of the interference spectrum to shift. When the phase value in the cosine function bracket on the
right side of Equation (1) is an odd multiple of π, the interference signal amplitude reaches its
minimum value Imin (namely the trough), which can be expressed as:
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Where, n is an integer and λvn is the central wavelength of the nth wave valley. When this large
bias fiber FPI photoelectrode is used for conductivity monitoring, the change of the relative RI in
the cavity caused by the EDL change will lead to the drift of the central wavelength λvn of the n
order trough of the interference spectrum. When the RI in the cavity changes from neff to neff+Δneff,
the phase value in the brackets of the cosine function on the right side of equation (1)
corresponding to the n order trough is still (2n+1)π, and the central wavelength λvn of the n order
trough will drift to λvn+Δλvn. So:
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So the sensitivity of refractive index change is

/ /vn eff vn effn n    (4)

Equation (4) shows that the RI sensitivity of fiber FPI is determined by the chosen reflection
interference valley λvn and the detected RI range, independent of the geometric length of the FPI
cavity [28].

2.3 Construction of the experimental light path

Fig. 5 shows the experimental setup of the optical fiber FPI sensor functionalized by ITO
electrode, and the illustration in the figure is a microscopic image of the optical fiber FPI. One end
of the 3dB coupler is coupled with the F-P cavity sensing probe, and the other two ends are
connected to an amplified spontaneous emission (ASE) light source and an optical spectrum
analyzer (OSA, AQ-6317B). The sensor probe was placed in a specially designed test container in
the laboratory during the test, and the sensor probe was fixed on the glass plate to eliminate
tension crosstalk. A copper wire was connected to the surface of the ITO electrode with a silver
paste. Then, the solution to be tested was injected into the chamber, and the entire F-P cavity was
submerged. A DC power supply was connected to the transparent electrode ITO and solution
waiting to be measured, respectively. The liquid temperature was controlled at 20°C throughout
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the experiment.

Fig. 5. Schematic diagram of conductivity detection of optical fiber FPI sensor functionalized by ITO. Inset:

microscope image of optical fiber FPI functionalized by ITO.

3. Results and discussion

3.1 RI sensitivity characteristics of the optical fiber FPI functionalized by ITO

First, the RI sensitivity of fiber FPI optoelectrode was characterized. Optical fiber FPI was
immersed in NaCl solutions with various concentrations at room temperature. The RI of the NaCl
solutions varied in the range of 1.3370-1.3443, which was measured with an Abbe refractometer.
Fig. 6(a) shows that with the increase of the RI, the optical fiber FPI spectral significantly shifted
toward the long-wave direction with a maximum offset of 6.9 nm. As in Fig. 6(b), its RI
sensitivity was approximately 965.46 nm/refractive index unit (RIU). And the optoelectrode has
great RI sensitivity, the phase shift has a favorable linear relationship with the refractive index
change, and the correlation coefficient is higher than 0.99.

Fig. 6. (a) The interference spectrum moves when RI changes. (b) Fitting graph of RI sensitivity of the optical

fiber FPI sensor.

3.2 Response of the optical fiber FPI sensor functionalized by ITO to conductivity

Next, the sensor was tested by immersing it in four KCl solutions. The concentration range of
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KCl solution is 0.1-0.25 mol/L. The test results are shown in Fig. 7. Fig. 7(a)-(d) shows the
interference spectrum of 0.1, 0.15, 0.2, and 0.25 mol/L KCl solution at different voltages. As the
voltage gradually increases from 0 V to 0.5 V, the interference spectrum is gradually shifted
toward the long-wave direction in Fig. 7. And the maximum phase shifts of the interference
spectrum are 1.99, 2.59, 3.00, and 3.42 nm, respectively. In addition, from the Fig. 7, we found
that when the same voltage is applied, the amount of spectral phase shift of FPI in electrolyte
solutions with different concentrations is different. This is because the conductivities are different
when the concentrations of the electrolyte solutions were changed. Then, we further study the
relationship between the spectral phase shift and the electrical conductivity.

Fig. 7. The interference spectrum moves with the change of voltage in (a) 0.1 mol/L, (b) 0.15 mol/L, (c) 0.2 mol/L

and (d) 0.25 mol/L KCl solution.

To further verify the relation between the spectral phase shift and the conductivity, the
conductivities of the four KCl solutions were measured. In this concentration range, the
conductivity increases with the increase in concentration. Then, multiple measurements were
taken in 100 ml of the solution by a commercial conductivity meter and electrochemical
workstation, respectively, as shown in Fig. 8. The conductivity of KCl solution with four
concentrations was measured several times, as shown in Fig. 8(a). The measured conductivity
values of 0.1, 0.15, 0.2, and 0.25 mol/L KCl solutions were 12.8987, 16.3387, 19.9212, and
24.7337 ms·cm-1, respectively. In Fig. 8(b), the relative positions of Nyquist curves for different
concentrations of KCl solutions are significantly different, and the relative position sequence is
consistent with the test result of the conductivity meter. And, the result verifies the accuracy of the
conductivity meter from the side.
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Fig. 8. (a) The conductivity of the solution is measured by a commercial conductivity meter. (b) Nyquist graph of

KCl solution with different concentrations.

The fitting of interference wavelength shift and conductivity change under the same voltage
excitation is shown in Fig. 9. The figure shows the phase shifts of electrolytes with different
conductivities at multiple same voltages, respectively. We found all the lines show good linear
relationship. Sensitivity is an important parameter to measure the performance of the sensor,
reflecting the ability of the sensor to perceive small changes. The sensitivity of the optical fiber
FPI sensor functionalized by ITO is defined as the slope of the linear fit. The performance of the
sensor is slightly different when excited by different voltages. To compare the performance
parameters of the sensor, the voltage, fitting function, sensitivity and R2 of the optical fiber FPI
sensor functionalized by ITO under different excitation voltages are listed, as shown in Table 1.
As can be seen from the table, the sensor sensitivities increase with the excitation voltage. When
the voltage is 0.1, 0.2, 0.3, 0.4, 0.5V, the sensitivity of the sensor is 0.0192, 0.0422, 0.1006, 0.1117,
0.1184 nm/ms·cm-1, respectively. The maximum sensitivity was 0.1184 nm/ms·cm-1 at a voltage of
0.5V. This may be caused by different states of the EDL at different voltages. Currently, there is no
clear conclusion on the effect of conductivity on the refractive index in the EDL layer. Here, we
speculate here that within a certain voltage range, with the applied voltage, the EDL refractive
index increases with the increase of electrical conductivity. Therefore, in the experiment, with the
increase of the conductivity increases, the interference wavelength shift value reflecting this
change increases.

Fig. 9. Spectral shifts under different voltage excitations.
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Table 1. Comparison of sensing performance under different voltage excitations.

Voltage Fitting function Sensitivity R2

0.1V
0.2V
0.3V
0.4V
0.5V

y=0.0192x-0.19
y=0.0422x-0.44
y=0.1006x-0.99
y=0.1117x+0.11
y=0.1184x+0.56

0.0192 nm/ms·cm-1

0.0422 nm/ms·cm-1

0.1006 nm/ms·cm-1

0.1117 nm/ms·cm-1

0.1184 nm/ms·cm-1

0.9913
0.9965
0.9919
0.9891
0.9864

3.3 Temperature response of FPI optoelectrode

The fabricated fiber FPI photoelectrode is fixed in the temperature chamber to test its
temperature response. Fig. 10(a) shows the interference spectrum of the optoelectrode when the
temperature varies from 20°C to 90°C. As can be seen from the figure, the interference spectral
position almost does not change with temperature. The interference spectrum has slight intensity
changes in some light bands, which may be caused by the airflow in the temperature chamber. As
shown in the inset of the figure, the phase shift at the place with the largest intensity fluctuation is
0.1 nm. Then, we expand and analyze the troughs near 1550 nm, and obtain the relationship
between temperature and spectral wavelength position as shown in Fig. 10(b). As can be seen
from the figure, this fiber FPI optoelectrode is not sensitive to temperature changes. And the
inserted spectra in the right top of Fig. 10 also show that the spectrum wavelength shift caused by
temperature change is very little.

This temperature insensitive characteristic coincides with Wei et al’ s “Temperature
insensitive miniaturized fiber inline Fabry–Perot interferometer for highly sensitive refractive
index measurement” [27] and Yunjiang Rao et al’ s “High sensitivity gas refractometer based on
all-fiber open-cavity Fabry–Perot interferometer formed by large lateral offset splicing” [28].

Fig. 10. (a) The reflection spectra of the tested fiber FPI optoelectrode at different temperatures. (b) Temperature

induced fluctuates of spectrum valley center wavelength for the fiber FPI optoelectrode. Inset: It is the spectra near

1550 nm.

3.4 Repeatability and response time of the optoelectrode

To describe the repeatability and stability of the dynamic response for the device, real-time
output intensity versus voltage variation was recorded. The output intensity tracking curve in 0.1



9

mol/L KCl solution is shown in Fig. 11(a). The intensity at 1543 nm was continuously recorded at
the applied voltage of from 0 V to 0.3 V. The results show that the optoelectrode exhibits obvious
repeatability. Fig. 11(b) illustrates the response time of the sensor, and its rising and falling times
are 3.3 s and 3.6 s. For the conductivity sensor, the rising time and the falling time of one cycle
may be caused by the movement time of anions and cations to the two electrodes. Here, the
descending edge time is slightly greater than the ascending edge time. This may be because the
voltage is unstable when the power supply is turned on, which causes the ions to move more
slowly to the poles. In the subsequent work, we will optimize the experimental equipment to
reduce the hysteresis time as much as possible. However, the response time of the photoelectrode
is much lower than that of other similar electrodes (such as Electrical Double Layer Sensor
stabilization time [29] and electrode adsorption time [30]).

Fig. 11. (a) Dynamic response of the device when the power is periodically switched on and off. (b) Response time

of the conductivity sensor.

4. Conclusions
In summary, a compact conductivity optoelectrode structure based on optical fiber is first

proposed. ITO conductive layer was integrated with optical fiber FPI structure for aqueous
solution conductivity measurement. The ITO was coated on the surface of the optical fiber FPI
sensor and first used as an optoelectrode for detecting the conductivity of electrolyte solution. The
sensor is based on the influence of the conductivity of the solution, which modulates the effective
refractive index of the EDL. And the sensor has good repeatability, stability and fast response time.
It is the first time to use interference spectrum and effective refractive index to obtain the
conductivity information of solution, which provides a new method for conductivity detection.
Importantly, the optical fiber FPI sensor functionalized with ITO interferometric photoelectrode
has great development potential in biochemical analysis, biosensing, battery electrode surface
monitoring and other fields.
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