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A light-addressable potentiometric sensor (LAPS) is a field-effect-based (bio-)
chemical sensor, in which a desired sensing area on the sensor surface can be
defined by illumination. Light addressability can be used to visualize the con-
centration and spatial distribution of the target molecules, e.g., Hþ ions. This
unique feature has great potential for the label-free imaging of the metabolic
activity of living organisms. The cultivation of those organisms needs specially
tailored surface properties of the sensor. O2 plasma treatment is an attractive and
promising tool for rapid surface engineering. However, the potential impacts of
the technique are carefully investigated for the sensors that suffer from plasma-
induced damage. Herein, a LAPS with a Ta2O5 pH-sensitive surface is suc-
cessfully patterned by plasma treatment, and its effects are investigated by
contact angle and scanning LAPS measurements. The plasma duration of 30 s
(30W) is found to be the threshold value, where excessive wettability begins.
Furthermore, this treatment approach causes moderate plasma-induced damage,
which can be reduced by thermal annealing (10 min at 300 �C). These findings
provide a useful guideline to support future studies, where the LAPS surface is
desired to be more hydrophilic by O2 plasma treatment.

1. Introduction

Potentiometric sensors based on a semiconductor-insulator field-
effect structure play an important role in label-free (bio-)chemical

sensing.[1] The light-addressable potentio-
metric sensor (LAPS) is an important sub-
type of this kind of sensors, which is able to
detect the variations of the surface charge
in a spatially resolved manner.[2] Figure 1
provides an overview of the working prin-
ciple of a pH-sensitive Ta2O5 LAPS.
Depending on the concentration of the
Hþ ions in the analyte solution, a surface
potential is generated on the transducer,
superimposed with the DC bias voltage
applied between a reference electrode
and the semiconductor. Therefore, this
generates a space-charge region at the semi-
conductor/insulator interface. A modulated
light source is used to create electron-hole
pairs by illuminating a certain area of the
LAPS structure. The local interaction of
those electron-hole pairs with the space-
charge region provides an externally detect-
able photocurrent. Local variations in the
surface potential influence the amplitude
of the photocurrent in the space-charge
region. In this way, by changing the location

of the light source, the generated photocurrent in the particular
sensor area can be read out.[1–5]

Typical current versus voltage plots (I/V curves) can be
obtained by sweeping the applied bias voltage and simulta-
neously illuminating an area of the semiconductor. As shown
in Figure 1b, depending on the local analyte concentration in
the solution, the I/V curve moves along the horizontal axis.
When the photocurrent (e.g., at the inflection point of the slope)
is defined as constant, the horizontal shift ΔV, which
corresponds to the local change of the potential at this particular
measurement area, can be calculated as a function of time
(Figure 1c). More details regarding the measurement principle
can be found elsewhere.[1,3,6]

The spatial scanning principle of the LAPS also has a great
potential for chemical imaging applications, especially where
biological substances such as animal cells or microorganisms
are concerned. The metabolic activity of the cultured cells on
the sensor surface can be detected by means of marker molecules
such as Hþ ions at the interface between the sensor surface
and the cells. This concept has an additional benefit in the bio-
logical imaging because this investigating area is usually not
accessible to other methods, which provides a label-free
concept.[3]

Nonthermal plasma treatment offers an attractive and prom-
ising tool for a rapid, low-cost, and environmental friendly sur-
face engineering. It is increasingly used in sensor applications
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for surface activation, etching, decontamination, and deposition.
For instance, oxygen (O2) plasma was used successfully to
remove organic capping agents from gold nanoparticles on a
field-effect SiO2 EIS (electrolyte-insulator-semiconductor) sen-
sor.[7] It was also found to be effective in surface functionaliza-
tion to improve the immobilization of enzymes on SiO2 EIS
sensors.[7] In another study where a Si3N4 EIS sensor was used,
O2 plasma treatment was reported as a useful tool for both
improving the enzyme immobilization and increasing the pH
sensitivity.[8]

In addition, the plasma treatment is an excellent tool to
improve bio-compatibility of surfaces by controlling the surface
wettability.[9] It is well known that most animal cells tend to pre-
fer rather hydrophilic surfaces but not superhydrophilic surfaces
(contact angle below 5�) for growth, adhesion, and spread,[10–13]

despite some exceptions.[14] A sufficient adsorption of proteins to
the surface is crucial to mediate the adhesion of cells in cell cul-
ture medium. However, proteins are unable to adhere to super-
hydrophilic surfaces, due to strong repulsive solvation forces
arising from strong hydrogen bonding between the water mol-
ecules and the surface, which has high surface hydration
ability.[9,15]

Other influences of the plasma treatment should be carefully
considered: an intensive plasma treatment for a long duration to
obtain hydrophilic surfaces adversely influences the electrical
properties and the sensing behavior of sensors.[16–19] During
the plasma treatment, a plasma-induced damage occurs because
of the ion bombardment, radical flux, or radiation emitted by the
plasma. In particular, the radiation, e.g., vacuum ultraviolet pho-
tons (VUVs), can deeply penetrate the sensor and ionizes atoms
of the semiconductor lattice and dielectric layer, resulting in
imparities and hence a change of the electrical behavior of the

sensor.[16–19] Because of all of these, characterization and optimi-
zation of plasma treatment play an important role in this field.
However, the studies to date tended to focus on SiO2 EIS
sensors[7,8,19,20] rather than Ta2O5 LAPS. In a study that set
out to improve the Naþ-ion sensitivity of a HfO2 LAPS, the ther-
mal (300 �C) carbon tetrafluoride (CF4) plasma treatment was uti-
lized.[21] In another study from the same group, this treatment
was used again to increase ammonium (NH4

þ) ion sensitivity of
a HfO2 LAPS.[22] However, no previous studies investigated
the effects of O2 plasma treatment on Ta2O5 LAPS in terms
of wettability for cell culturing and effect toward the signal
properties.

In this study, the influence of O2 plasma treatment and
thermal annealing on Ta2O5 LAPS were investigated by
means of contact angle- and scanning LAPS measurements.
Furthermore, this article seeks to address the following ques-
tions: 1) What is the optimum O2 plasma treatment duration
for the LAPS that can provide high hydrophilic properties, but
does not impact the sensor signal? 2) Is there a correlation
between the measurement signal and the wettability alterations
when the sensor is incubated in cell culture medium? 3) Is there
an optimum condition for the plasma treatment, which empha-
sizes the incubation of cell culture medium and having no
negative impact on the sensor characteristics?

2. Experimental Section

2.1. Fabrication of the LAPS Chip

The LAPS consisted of a p-doped silicon wafer (400 μm, <100>,
5–10Ωcm) and a 30 nm thick SiO2 layer prepared by thermal dry
oxidation. Electron-beam evaporation technique was utilized to
deposit an additional layer of 30 nm tantalum on top of the
SiO2 layer. After a thermal oxidation step (520 �C, 120min), a
60 nm thick Ta2O5 layer was achieved. To create an ohmic
rear-side contact, the SiO2 layer on the backside of the silicon
wafer was removed by hydrofluoric acid (HF), and an aluminum
layer with a thickness of 300 nm was deposited by electron-beam
evaporation. The annealing (10min, 400 �C in N2 atmosphere)
was carried out to improve the connection between the alumi-
num and the silicon wafer. The wafer was diced into single chips
with the size of 20� 20mm2. The rear-side contact was partially
detached by an HF etching step to create an illumination window
(15� 15mm2) to enable illumination from the light source.

2.2. Contact Angle Measurements

Water contact angle measurements were carried out by a sessile
drop technique (static) using an optical contact angle measuring
device (DataPhysics Instruments GmbH, Germany). The mea-
surement involved adding 5 μl of de-ionized water drops in a
minimum of three randomly selected spots across the sensor
surfaces. Images were acquired 10 s after drop impact, and con-
tact angles were calculated by using the software module (SCA
20) of the device. The controlled environment temperature was
22 �C, and the relative humidity was 58%–60%. Three LAPS
chips were used for each experimental group. Hydrophobic
recovery experiments consisted of five different parameter
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Figure 1. a) Schematic representation of the scanning LAPSmeasurement
setup with a light-addressable potentiometric sensor (LAPS), electrical
connection, and light source; SCR, space-charge region. b) Schematic
I/V curves of the LAPS structure for different analyte concentrations.
c) Schematic drawing of constant photocurrent mode measurement of
the LAPS structure for different analyte concentrations; ref.: reference.
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settings (15 chips), whereas annealing experiments consisted of
treated (3 chips) and control samples (3 chips). Before the
measurements, the samples were rinsed with de-ionized water
and dried with nitrogen. After the last culture medium incuba-
tion step in the experiments about hydrophobic recovery, the
samples were in addition cleaned in an ultrasonic bath using
consecutively acetone, isopropanol, ethanol, and de-ionized
water for 3 min.

2.3. Plasma Treatment

To see the effects of plasma treatment on wettability and hydro-
phobic recovery, the LAPS chips (n¼ 21) were subjected to O2

plasma treatment using a low-pressure plasma system from
Diener Plasma Surface Technology (model Femto) that was cou-
pled to a radio frequency (RF) generator operating at 40 kHz. O2

gas was injected into the reaction chamber at a controlled pres-
sure of 0.2 mbar and at an excitation power of 30W, a total gas
flow rate of 10 sccm, and plasma exposure durations of 30, 60, 90,
and 120 s, respectively. The control samples were masked using a
silicon-free adhesive plastic film (model 1007R-6.0, Ultron
Systems, Inc., USA) and an aluminum foil on top of it during
the plasma treatment (30 s). For scanning LAPS measurements,
the right side of the sensor surface was masked during the
plasma treatment (30 s).

2.4. Scanning LAPS Measurement Setup

The scanning LAPS measurement setup used in this study was
described in detail in our previous reports.[1,6,23,24] The schematic
diagram of the setup is shown in Figure 1a. In brief, the LAPS
chip as described in Section 2.1 was assembled in a measure-
ment cell. An Ag/AgCl electrode with 3M KCl was used as a ref-
erence electrode, which was dipped into the electrolyte solution
in the measurement chamber. A movable light-intensity modu-
lated laser (QL78F6S-A from QSI) with a wavelength of 780 nm
and a focus point of about 70 μm in diameter was utilized as a
light source in the LAPS setup to generate the responsive photo-
current. The motion of the modulated laser in a raster-like man-
ner was precisely controlled by a step motor (GMN, Germany)
with stage controller that enables illuminating a certain defined
area of the semiconductor.

For the measurement of I/V curves, a bias voltage ranging
from �0.8 to þ2 V was applied between the reference electrode
and the rear-side contact. The I/V curves were recorded in a scan-
ning manner at 48 different points (24 points on the left side
[plasma treatment], 24 points on the right side [reference] of
the LAPS) and an average was calculated for the left and right
sides separately. This I/V measurement procedure was repeated
every 10min to calculate the corresponding bias voltage at a con-
stant photocurrent of 250 nA. The constant photocurrent mea-
surement graphs were obtained from these data. Titrisol
buffer solutions (Titrisol, Merck, Germany) in pH range of
6 to 8 were used as measurement solutions. For incubations
and measurements with cell culture medium, a modified
Dulbecco’s Modified Eagle Medium/Ham’s Nutrient Mixture
F-12 (DMEM/Ham’s F-12, 2:1 mixture, pH 7, without sodium
bicarbonate) was prepared with standard culture medium

components such as glucose, glutamine, vitamins, and 5% fetal
calf serum (FCS). The chemical images were recorded at a con-
stant bias voltage of 0.5 V that was selected from the middle of
depletion range of I/V curve by using either the Titrisol buffer
solution (pH 7) or the cell culture medium (pH 7) for incubated
samples. The step width of the motors was set to 0.1mm, and an
area of 14� 14mm2 was scanned, creating a measurement area
of 141� 141 measurement spots. The whole measurements
were controlled by customized LabVIEW software.

2.5. Annealing

A hot plate was used to produce an annealing effect on the LAPS
at 300 �C for 10min. The LAPS was removed from the measure-
ment chamber during the annealing to protect the plastic parts of
the chamber. The position of the sensor was marked carefully to
reassemble it to the correct location after the annealing.

3. Results and Discussion

3.1. Effect of Plasma Treatment on Wettability and
Hydrophobic Recovery

Liquid wettability indicates hydrophilicity (lower contact angle)
and hydrophobicity (higher contact angle) properties of the sur-
faces. Figure 2 shows the wettability of plasma-modified Ta2O5

surfaces investigated with measurements of the contact angle
before and after O2 plasma treatment. Overall, the average con-
tact angles of all groups of samples were equal to 62.4� � 0.5�,
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Figure 2. Investigation of hydrophilicity alterations and hydrophobic
recovery by water contact angles for the series of O2 plasma treatment
durations on a Ta2O5 LAPS; the control corresponds to the sample
masked during a plasma treatment for 30 s.
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with the given standard deviation margins, before plasma treat-
ment. The hydrophilicity significantly increased for all plasma-
treated surfaces except for the control samples, which were, as
described, masked during the plasma treatment. This shows that
the technique used for masking was effective. For 60–120 s of
plasma durations, no contact angle could be recorded because
of the extremely high wettability after the treatments. This is indi-
cated in the diagram by the values of “zero” for the respective red
bars. On the other hand, for 30 s of plasma duration, the contact
angle was reduced to 13.4� � 2.0� after the treatment.

In addition, after 12 h incubation with Titrisol buffer (pH 7),
the samples became more hydrophobic again, except the control
samples. For 60–120 s of plasma durations, the contact angle
rose to an average of 12.7� � 3.7�, while the contact angle of
the sample treated for 30 s rose from 13.4� � 2.0� to 18.2� � 7.3�.
However, the most increase in the contact angle for all plasma
durations was seen after the culture medium incubation for 1 h,
where the contact angles of all treated surfaces reached an almost
equal value of 54.8� � 0.7� on average and became closer to con-
tact angles of the control samples incubated with the same pro-
tocol (58.5� � 2.6�). This strong wettability decay can be
attributed to the adsorption of medium-borne ingredients such
as FCS proteins and inorganic matters inside the cell culture
medium.[25–27]

An additional medium incubation for 24 h did not lead to any
significant changes in the contact angles; however, additional 48 h
incubation significantly increased the contact angles in all experi-
mental groups, including the control samples as well. This is
probably due to the biological contamination because the incuba-
tions were not conducted under sterile environments and some
colony traces of microorganisms were seen on the surfaces after
additional 48 h of incubation. After the last culture medium incu-
bation step, the samples were cleaned in an ultrasonic bath to
remove all surface contaminants. As can be seen in Figure 2,
the contact angles in all experimental groups, including the con-
trol samples, significantly decreased to 49.0� � 2.2� on average
after the cleaning. This cleaning step emphasizes further that
the increase in the contact angles was due to the contaminants,
as discussed above. In addition, the average contact angle value,
49.0� � 2.2� was in complete compliance with the contact angle of
clean, bare Ta2O5 surfaces given in literature.[28] This also proves
that the cleaning process was carried out appropriately.

Furthermore, the contact angles for all experimental samples
significantly increased from 49.0� � 2.2� to 62.9� � 1.3� after
waiting for 5 days under room temperature conditions and
became equal to their initial values of 62.4� � 0.5� on average.
Such wettability decays are known to be caused by the adsorption
of hydrocarbons from the air, minimizing the free surface energy,
compared to a recently cleaned surface.[29] Moreover, although
they were subjected to in-depth cleaning with an ultrasonic bath,
the surfaces did not fully regain their hydrophilicity properties
compared to the plasma treatments. This indicates that additional
mechanisms are also responsible for the decrease in the surface
wettability and surface-free energy with time.

Plasma treatment can generate defective sites like surface-
trapped electrons as it was reported for metal oxides.[30,31]

These defective sites, which are favorable for hydroxyl adsorp-
tion, cause an increase in the surface hydrophilicity. However,
after the adsorption of hydroxyl radicals from the medium or

air, the surface becomes energetically unstable. This unstable
surface gradually loses its hydrophilicity as the previously
adsorbed hydroxyl group is replaced gradually by oxygen atoms.
This may be the cause of wettability conversion, and this phe-
nomenon can be called “hydrophobic recovery” after plasma
treatment on metal oxide.

As described previously (see Section 1), for cell culturing
hydrophilic but not superhydrophilic surfaces would be ideal.
Because of this, a plasma treatment duration of 30 s was
found to be the most ideal. Therefore, this procedure was used
for further experiments in this study.

3.2. Influence of Plasma Treatment on Characteristics of the
LAPS

Figure 3 shows I/V curves before and after plasma treatment.
The sensor responses toward varying pH buffer solutions, the
effect of plasma treatment, and the response to culture medium
are schematically shown in Figure 4. The measurements for both
control and treatment groups were performed at the same time
using only one sensor due to spatial resolution ability of the
LAPS. First, an average voltage difference of 16mV was found
between the left side (L, treated) and right side (R, control) of
the sensor. The plasma treatment (30 s) was applied after 11 h
and 15min sensor operation. After the treatment, the treated
side of the sensor showed an average increase of about
250mV in the sensor signal although the masked side showed
an average increase of about 17mV. The sensor signal from the
masked side of the sensor exhibited a high reproducibility, quite
low hysteresis (�4mV), and very low drift (0.034mV h�1) within
a measurement time for 117 h. In addition, a negative drift of
1.18mV h�1 in the treated side of the sensor was observed after
the plasma treatment. Figure 5 shows the pH sensitivity of the
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treated side and the masked side of the sensor before and after
plasma treatment. The data here were obtained from the results
of the measurements shown in Figure 4, and after these meas-
urements, the sensor was left inside the medium until the mea-
surement was continued 5 and 12 days after the plasma
treatment (not shown in Figure 4). Each measurement for pH
sensitivity was performed by using Titrisol buffer solutions in
the range of pH 6–pH 8. According to the results, the differences
in pH sensitivity were not statistically significant between the two
groups, the left side (treated) and the right side (masked) of the

sensor (p¼ 0.96, unpaired, two-tailed t-test). However, the stan-
dard deviations of the results on the treated side of the sensor
were higher than those of the masked side after the plasma
treatment but they became smaller and closer to each other
5 and 12 days after the plasma treatment, respectively. In
addition, the pH sensitivities of both sides were slightly
higher than the theoretical value of maximum Nernstian sensi-
tivity (59.6 mV pH�1 at 300 K). This might be explained by tem-
perature fluctuations of the laboratory during the measurements,
an increase in the surface site density,[32] and insufficient concen-
tration diversity (only pH 6, pH 7, and pH 8) of buffer solutions
used for calibrating the pH sensitivity.

In addition, as it can be noticed in Figure 4, the exposure for
1 h to the cell culture medium after the plasma treatment did not
influence the sensor signal although it caused the described
increase in the contact angles of the plasma-treated sensors
(see Section 3.1). To further study these effects, chemical images
were recorded at a constant bias voltage of 0.5 V. With the help of
those images, one can reveal the spatial distributions of the pho-
tocurrent signal and hence visualize the influences due to mask-
ing, plasma treatment, annealing, or medium incubation. To
create such a chemical image, 19 881 different measurement
points on the sensor were recorded separately, and results were
shown as a chemical image to indicate the location, strength, and
uniformity of said influences. The results were summarized in
Figure 6.

Overall, as it can be seen from the chemical images (Figure 6),
the treated side (L) of the sensor showed a remarkable decrease
in the photocurrents after the plasma treatment although the
masked side (R) remained almost the same. Thereafter, the
medium incubation did not cause any significant changes in
both sides regarding the photocurrents despite the increase
in the contact angle of the treated side of the sensor (see
Figure 2). Furthermore, the treated side depicts a slight drift
in the photocurrents in comparison to the masked side. This
can be seen by the change of color between “1 h and 48 h” in
the left lower corner of the chemical images. All of these were
in agreement with previous results for individual I/V measure-
ments discussed earlier in this section. In addition, the images
present a homogeneous spatial distribution of the photocurrents
along the sensor, which indicates the uniform influences of the
plasma treatment.

These results show that the O2 plasma treatment affects not
only the surface wettability property but also the sensor character-
istics. In addition, after plasma treatment, the wettability decay
does not correlate to the recovery of sensor characteristics, as
both depend on different parameters.

The radiation, especially VUVs, can inject electrons and/or
electron-hole pairs in the semiconductor and dielectric layers.
They are able to move throughout the layer and become trapped,
recombine, or leave the layers.[16–19] The trapped charges within
the dielectric layer can contribute to the decreased photocurrent
signal after the plasma treatment. Neutralization of the charge
accumulation over time by leakage currents under the electrical
field can be the reason for the drift, which was seen in the treated
side (L) of the sensor. In a previous study, a large drift of
27mVmin�1 and a voltage shift of 1710mV were reported after
a SiO2 surface of an EIS sensor was treated by O2 plasma for
2min at 100W.[20] In this study, a more gentle condition
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(30 s, 30W) was selected for the plasma treatment to reduce the
drift and the average potential shifts, which were seen to be
1.18mV h�1 and 250mV, respectively. Usually, a drift of this size
can be acceptable for cell culture experiments, especially as it
appears to be uniform along the sensor surface, which can there-
fore be compensated by means of the differential measuring
principle of the LAPS.[2]

3.3. Annealing Effect on the Sensor Properties of the LAPS

For constant photocurrent mode measurement, the recorded sig-
nals from the left side (L, treated) and the right (R, control) side of
the sensor were plotted in Figure 7. After the plasma treatment
step for 30 s, the treated side of the sensor showed an average
increase of about 210mV in the bias voltage signal although
the masked side showed an average decrease of about 2mV.
After the described annealing step (10min at 300 �C), the bias

voltage signal from the treated side of the sensor returned to
its initial value. In addition, the differences in pH sensitivity were
not statistically significant between the two groups, the left side
(treated) and the right side (masked) of the sensor (p¼ 0.65,
unpaired, two-tailed t-test).

Figure 8 displays the chemical images and the wettability alter-
ations, response to the plasma treatment (30 s), and the anneal-
ing (10min, 300 �C). As it can be seen from the chemical images
(Figure 8a), the left side of the sensor showed a remarkable
decrease in the photocurrent after the plasma treatment despite
the fact the masked side remained the same. This is consistent
with the results in Section 3.2. After the annealing process, the
treated side of the sensor depicts an increase of the photocurrent
and went almost completely back to its initial value. This might
be explained by the release of the trapped charges from the
dielectric material, as the increased temperature will accelerate
those equilibrium processes.[19,20] In addition, the images pres-
ent a homogeneous spatial distribution of the photocurrents
among the sensor surface, which indicates an uniform plasma
treatment and annealing process.

In addition, the hydrophilicity significantly increased for the
treated side of the sensor except for the control side, which was
masked during the plasma treatment. The annealing process
changed the wettability properties of both sides and brought
them closer to the contact angle values (49�) of a bare Ta2O5 sur-
face (Figure 8b). The increase of the contact angle in the treated
side (L) might be due to an accelerated hydrophobic recovery at a
higher temperature. On the other hand, the removal of contam-
inants at 300 �C could explain the decrease in the contact angle
on the control side of the sensor.

These results underline that an annealing process (10min,
300 �C) has the ability to completely “reset” the properties of
the LAPS regarding its surface wettability and electrochemical
characteristic. This is essential to provide a good reusability of
LAPS. Moreover, the results indicate that an annealing step could
be utilized to reset a plasma-patterned LAPS.

4. Conclusions

In this study, the effects of O2 plasma treatment and annealing
on a Ta2O5 LAPS were investigated by means of contact
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angle- and scanning LAPS measurements. The conclusions are
summarized as follows.

The technique used for masking against the effects of the
plasma treatment was effective, simple, and low cost. It success-
fully preserved both wettability and electrical properties of the
sensor. The 30 s of plasma duration (30W) was found to be a
threshold value where the excessive wettability, being superhy-
drophilic, begins. To determine this transition was particularly
important since most animal cells tend to prefer rather hydro-
philic surfaces but not superhydrophilic surfaces (contact angle
below 5�) for culturing.

After the plasma treatment, an increase of about 250mV in
the bias voltage signal was observed in the treated side of the
sensor; this was also confirmed by means of chemical images.
This might be associated with the radiation emitted by plasma,
especially VUV, which can inject electrons and/or electron-hole
pairs in the dielectric layer. The cell culture medium incubation
after plasma treatment did not cause any changes in the photo-
current response of the sensor; however, it led to strong wetta-
bility decays most likely due to the adsorption of serum proteins
in the medium. This affinity of the surface for proteins could be
utilized to modify the surface with specific proteins. A thermal
annealing process of 10min at 300 �C led to a “reset” of the LAPS
properties regarding its altered surface wettability and electro-
chemical characteristic. This behavior enables the reusability
of the LAPS chip. Furthermore, thermal sterilization of the sen-
sor can be performed, which is an important process step in cell
culture experiments.

These findings provide a useful guideline to support future
studies, e.g., determining the metabolic activity of cells, where
the LAPS surface is desired to be more hydrophilic by O2 plasma
treatment. In addition, these findings can be applied to other
types of field-effect bio-sensors like EIS (electrolyte-insulator-
semiconductor) or ISFET (ion-sensitive field-effect transistor),
which has Ta2O5 surface. These could be the subject of future
studies.
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