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Mechanisms of Ion Detection for FET-Sensors Using FTO: Role of Cleaning Process, pH 
Sequence and Electrical Resistivity
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The use of FTO samples as an extended gate field effect transistor biosensor is presented. The 
FTO samples were produced by spray pyrolysis technique. The cleaning process is shown to have a 
fundamental importance for the final sensitivity of the samples when multiple re-usage is adopted. 
The role of electrical resistivity and morphology of the films are investigated. The influence of pH 
sequence of measurements from 2 to 12 is presented. Both increasing and decreasing the pH values 
sequence of measurements are compared. Electrical, morphological, time evolution and electrochemical 
experiments are correlated in the main discussion. A physical-chemical model is presented to explain 
the main mechanisms of charge adsorption and desorption. Parameters not commonly reported in 
the literature are proven to have fundamental importance in sensors behavior and characterization.
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1. Introduction

Nanotechnology has provided a true revolution towards 
miniaturization. In material science and engineering, increasing 
efforts have been applied to the development of new materials 
or devices at micro and nanoscale. Materials and devices 
that have the possibility to be miniaturized to those scales 
in the future are also studied. This technological appeal is 
used with quite a success in sensing field.

Among the huge variety of sensors, the electrochemical 
ones, specially the Extended Gate Field Effect Transistor 
(EGFET) type of sensors, can be highlighted as really promising 
devices because of their intrinsic properties such as possible 
miniaturization, high entrance impedance, low cost, simple 
equipment required and possibility to use a broad variety 
of materials including biocompatible ones1.Those sensors 
can be used on the composition of biosensors. Oxides such 
as TiO2

2, SnO2
3 and ZnO1 can be used as sensing part in 

these devices. The biocompatibility of these materials has 
already been demonstrated by other research groups4-8, and 
they have been used as part of various types of biosensors.

Interesting works have described the use of EGFET as 
component of a biosensor to detect, for example, DNA9,10, 
CO2

11, O2
11, Urea12,13, Protein14, Uric Acid15,16 and Glucose17. 

Therefore, the majority of works using EGFET as part of a 
sensor describes it as a pH-sensor3,18-33.

PH monitoring and control, for itself, are quite important. 
The human body needs to keep blood´s pH on a very narrow 
window of value in order to keep the homeostasis. In addition 
to that, reactions of other important biomolecules as urea34 and 
glucose35 can be indirectly detected through pH monitoring.

Fluorine Tin Oxide (FTO) is one of the most useful 
oxide materials. The advantages of using this material rely 
on its physical/chemical characteristics. For example: FTO 
is a n-type semiconductor with a large band gap (between 
3.9~4.6 eV)36-38; when produced by spray pyrolysis method, 
FTO presents interesting, very promising and useful physical-
chemistry characteristics such as potential to be miniaturized, 
high transparence on visible spectrum region, high surface 
area, large conductivity range, mechanical hardness, thermal 
stability and biocompatibility.

Although thin films EGFET biosensors are claimed to 
work, even with FTO as pH sensor3, specific details during 
the preparation of each one of them are very important and, 
very often, seldom reported. For instance, to make these 
devices reusable, the cleaning process between consecutive 
measurements must be addressed. At the present work we 
intend to demonstrate that cleaning process constitutes a 
very important step describing how the biosensor device 
works. The cleaning process establishes a starting point for 
the devices, which can be different for the reuse on further 
measurements. The role of oxides porous surface in ions 
adsorption from bulk solutions and the possible masking of 
the biosensor response will be discussed. This work discusses 
the importance of doing and describing a careful cleaning 
process according to the mechanisms involved in the process.

Despite the trivial or simple aspect of the cleaning analysis 
presented in this work, as seem, they play an important 
whole in the final sensor response. Moreover, as far as these 
authors are concerned, most of the previous published work 
did not presented a significant description of their sensors 
cleaning process.
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2. Materials and Methods

FTO samples produced by Flexitec Corporation were used. 
They were deposited on glass by spray pyrolysis technique. 
This technique makes possible a good control of the sheet 
resistance of the films besides a production of a crystalline 
material with heterogeneous grain sizes distribution37,38. Thin 
film samples of different nominal sheet resistance of 5~10 
Ω/sq (named S10), 21 Ω/sq (named S21) and 80~100 Ω/sq 
(named S100) were used in the experiments. Those resistances 
were also measured in the laboratory by a four-probe system 
and the values were confirmed with a maximum variance of 
± 3 Ω/sq. All the samples had the same surface dimensions 
of 10 mm width and 26 mm length. Electric contact was 
made with a thin cupper wire and conductive silver glue. 
The encapsulation of this contact was made by an epoxy 
resin. This encapsulation always took the same area of 3mm 
width and 10mm length.

To build the EGFET we used an N-channel of the 
commercial CD4007 MOSFET from Texas Instruments. 
Data were acquired using a Data Aquisition HP 34970, 
and an Agilent E3646A Dual Output DC Power Supply. A 
homemade software, wrote in LabView 8.0, was used to 
control the power supply and record the data. Phosphate/
Citrate (0.1 M) homemade buffer solutions were used for 
pHs 2 to 8. Solutions with pHs 10 and 12 were made by 
water titration with 1M NaOH solution (purchased from 
PANREAC).

Figure 1(a) shows a scheme of an ion sensor based 
on EGFET. The sensing part is totally submerged in the 
electrolyte solution. The film is linked by wire to the gate of 
the N-channel MOSFET. Hence, the higher the gate potential, 
the larger the current flowing through drain towards source 
in the MOSFET. The reference electrode is also inserted 
into solution. This electrode is externally biased through a 
reference electrode setting the bulk of solution to a constant 
potential VRef, see Figure 1-a. Ions from the solution will 
eventually attach to the surface of the sensor due to its affinity 
with these ions. Their amount and specificity will change 
according to each solution and sensing film. The net result 
will lead to an extra variable potential ΔV between bulk 
solution and the surface of the film. Thus, the final potential 
difference between gate and source of the transistor will be 
VGS = VRef + ΔV (Figure 1 (a)). ΔV is threshold voltage as 
already explained somewhere else39,40.

Basically there are two ions being constantly adsorbed 
or desorbed from the surface: hydrogen (H+) and hydroxyl 
(OH-). H+ is a very tiny ion (the tiniest possible ion) that can 
move through the electrolyte and penetrate the surface of the 
sample very easily. OH-, on the other hand, is a much larger 
molecule that cannot move around the electrolyte as easily.

Hydrogen ions raise the electrostatic potential of the 
sample when attached to its surface. On the other hand, 
hydroxyl molecules lower the electrostatic potential of the 
sample. This is schematically shown in Figure 1(b). At the 

Figure 1. a) The whole apparatus to use an EGFET as a biosensor. b) 
Electrostatic potential distribution though the space. The reference 
electrode sits at the origin. The film sits at the x-position. The double 
layer extends a distance d from the surface of the sample. ΔV02 is the 
voltage variation between reference electrode and sample surface 
(in double layer region) due to the action of pH 02; ΔV04 is the 
voltage variation between reference electrode and sample surface 
(in double layer region) due to the action of pH 04; ΔV10 is the 
voltage variation between reference electrode and sample surface 
(in double layer region) due to the action of pH 10.

illustration, a graphic composed by Potential (vertical axis) vs 
Space (horizontal axis) is presented. The reference electrode 
is placed in the electrolyte bulk solution at the x-axis origin. 
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The surface of the sample sits at an X distance away from the 
reference electrode. The double layer extends a distance d 
from the sample towards the reference electrode. It is exactly 
within the double layer that the potential is changed by the 
ions adsorbed on the surface. The electrostatic potential 
inside the electrolyte solution and out of the double layer 
area is practically constant and equal to the same potential 
applied by the reference electrode (VRef). Depending on 
which ion is mostly adsorbed on the surface of the sample 
and also on its concentration, the potential is gradually 
changed at the double layer area by an amount equal to ΔV. 
For example, ΔV02 is the voltage variation between reference 
electrode and sample surface (in double layer region) due 
to the accumulation of proton ions of pH 02 (see Figure 1 
(b)). The final VGS will be the sum of VRef + ΔV. The final 
VGS potential will control the size of the channel inside the 
transistor, and consequently, the current between drain and 
source of the transistor (IDS). In other words, the current IDS 
will be controlled by the number of ions attached to the sensor.

In the scheme of Figure 1(a), two variable power sources 
are used, named VDS and VRef, respectively. The current IDS is 
changed when either one of the two power sources is varied. 
This leads to two different measurement configurations to record 
the data, here called VDS and VGS. In the VDS configuration, 
VRef is kept constant and VDS is varied from 0 to 5 volts, in 
0.1 V/s steps. The name VDS is due to the selected voltage 
source to change along the time. In this case, the voltage 
source selected is VDS (the voltage between drain and source 
for the MOSFET – see Figure 1 (a)). The current IDS is the 
current that passes by the Drain (D) and comes out of the 
Source (S) terminal of the MOSFET towards the circuit 
Ground – see Figure 1 (a)). On the other hand, in the VGS 
configuration, VDS is kept constant and VRef is varied from 
0 to 5 volts, also in 0.1 V/s steps. The VGS mode is used to 
obtain the sensitivity of the samples41. The name, VGS, is 
due to the voltage source that changes is the source named 
as VRef, and consequently varying VGS (between source and 
gate of the MOSFET – see Figure 1 (a)).

Different procedures were used to clean the samples, 
using two different solutions. For the first one the sample was 
cleaned with DI water before each measurement. The samples 
prepared according to this procedure will be named sample 
“Wt” which stands for water. This cleaning consists on just 
squeezing water on the top of the sample by approximately 
five seconds, followed by tissue paper drying. The second 
procedure starts with the same recipe as the previous one, 
followed by resting the sample inside an alkaline solution 
for four minutes, thus, these samples will be named “AS” 
which stands for alkaline solution. Then, the sample was 
dried one more time with tissue paper.

Time evolution of IDS current up to 600s was also 
investigated. Scanning Electron Microscopy (SEM) top 
view and cross section images were used to investigate the 
morphology of the samples.

AUTOLAB® (PGSTAT302N, METROHM®) was used to 
perform both Cyclic Voltammetry (CV) and Electrochemical 
Impedance Spectroscopy (EIS). Such analyses were done 
by varying the pH of a bulk solution between the values 
2 to 12. The acidic solutions were done with titration of 
mili Q water using Sulfuric Acid (H2SO4), and the alkaline 
solutions were done titrating mili Q water using Sodium 
Hydroxide (NaOH). The configuration used for both analyses 
was based on three electrodes: a reference electrode (Silver/
Silver Chloride), a working electrode (FTO sample) and a 
counter electrode (Platinum net)42,43. In such configuration, 
electrical current is flowing between the counter electrode 
and working electrode while the voltage is being monitored 
between reference electrode and working electrode. The main 
advantage performing these measurements through three 
different electrodes is to avoid any fluctuation in collected 
data. The cyclic voltammetry was done at a rate of 50mV/s 
in 3 cycles. The voltage variation was taken around the 
potential of 0V and was varied in two different potential 
windows: from -0.5V to 0.5V and -1.0V to 1.0V.

EIS is a very powerful technique to describe electrode/
electrolyte electrochemical interfaces on steady state. Through 
this technique it is possible to build a resistor-capacitor (RC) 
equivalent circuit. The three electrode configuration was 
similarly used44,45. The applied AC signal presented a vast 
frequency spectrum from 10-2 ~ 106 Hz, without any dc bias. 
The technique was used to establish a better understanding 
of the kinetic mechanisms involved on the sorption of ions 
by the FTO.

3. Results and Discussion

3.1 Cleaning process: initial and in between re-
usage

VDS and VGS data measurements using sample S21 are 
presented in Figure 2 as proof of concept of the influence of 
cleaning process on the final results. Figure 2(a) corresponds 
to the VDS mode, where solid circles represent the data from 
a sample cleaned with alkaline solution (labeled as AS), and 
open squares represent the data from the sample cleaned with 
water only (labeled as Wt). The solid lines correspond to 
linear fittings. CR stands for crescent mode, i.e. increasing 
pH value. The largest current values are always observed 
for the AS mode for each pH value. The difference between 
both cleaning processes is very clear.

As cleaning process, alkaline solution seems to provide 
a more effective and deeper cleaning of the surface than just 
water. The hydroxyl groups, abundant in alkaline solutions, 
react with H+ protons previously adsorbed on the surface 
of the sample, thus forming water. This neutralizes the 
sample providing a better chemical cleaning. A cleaner 
surface allows a larger number of ions to be adsorbed on 
the next measurement. When the sample is cleaned with 
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mV/pH. The observed difference of about 13% could lead 
to misleading conclusions in real usage of the device. The 
highest sensitivity allowed by Nernst equation and accepted 
by the scientific community is 59 mV/pH46.

This section leads to the conclusion that the cleaning 
process can be crucial for the sensor’s behavior in the future. 
Cleaning the sample with alkaline solution can increase 
its current response. However, this cleaning process can 
decrease the sensitivity of the sensor. On the other hand, 
cleaning the sample with water can decrease the current 
response of the sensor, but improves its sensitivity. Thus in 
the use of any EGFET sensor it is very important that the 
cleaning process is clearly specified, once the same sample 
can present varied final sensitivities.

3.2 Measurements with increasing and 
decreasing pH sequences

The chosen sequence of pH values for subsequent 
measurements might also be important. According to the 
specific material used in the sensing film, eventual memory 
effects could also jeopardize a final result of the sensors. 
Three different sequences were chosen for this work: random 
(from now on also named RD), crescent (from now on also 
named CR) and decrescent (from now on also named DC). 
For the crescent sequence the measurements were performed 
on solutions with pHs ranging constantly increasing from 
2 to 12. The inverse was used for the decrescent sequence 
where pHs values of solutions were constantly decreasing 
from 12 to 2. For the random sequence the pH values were 
12, 4, 7, 2, 10, 6 and 8.

Figure 2 (c) shows the results for sample S21, using 
the three sequences describe above. Only water cleaning 
process was used between measurements. The solid lines 
correspond to linear fittings. There is a very slight difference 
between signals’ amplitudes and linear regression slopes for 
different measurement sequences. The linear regressions 
could suggest, at most, that the decrescent sequence leads 
to larger data values than the other sequences at high pHs. 
This could happen due to the gradually increasing amount of 
H+ protons in contact with the surface, as the pH decreases. 
Nevertheless, as observed in Figure 2 (c), the effect in the 
present measurements is weak. For the crescent sequence, the 
first measurement at pH 2 presented the largest amplitude. 
The resulting fitted curve for the whole sequence presented 
the largest slope. At the very first measurement, the surface 
of the sample gets in contact with the largest possible 
concentration of H+ protons. The surface adsorbs a great 
number of ions within its mesopores (spaces between the 
polycrystalline grains of the sample). The water cleaning 
process is not totally effective and some ions still remain 
adsorbed within the surface even after the cleaning process. 
These remaining ions somehow shield the surface against the 
adsorption of new ions for experiments using other pH values. 
The smaller response for other pHs leads to the larger slope. 

Figure 2. Response for sample S21 for the two different cleaning 
processes. a) Typical VDS mode response for AS (slope of the line 
-0,00083±0,00007 A½/pH)and Wt (slope of the line -0,00108±0,00009 
A½/pH)cleaning processes. b) Typical VGS mode response for AS 
(slope of the line 0,0505±0,002 mV/pH) and Wt (slope of the line 
0,058±0,006 mV/pH) cleaning processes. pH crescent configuration. 
c) pH measurement sequence influence on sensor’s response. Symbols: 
square → decrescent (slope of the line -0,00084±0,00005A½/pH); 
triangle → random (slope of the line -0,00093±0,00009 A½/pH); 
circle → crescent (slope of the line -0,00108±0,00005 A½/pH).

water only, some residual ions may remain adsorbed on its 
surface. These ions are enough to shield the sample against 
a larger attachment of new ions on the next measurement, 
and consequently the measured signal is smaller.

Figure 2(b) shows the results for sample S21 for 
VGS measurement mode. The solid circles represent the 
AS cleaning process and the open squares represent Wt 
cleaning process. The sensitivity of the samples is extracted 
from a linear fitting of these data. Note that for the Wt 
cleaning process this value was 58.0 ± 6.0 mV/pH, while 
the corresponding value for the AS cleaning was 50.5 ± 2.0 
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For the random sequence all the effects are averaged out, so 
its slope lies in the middle. Reusable sensors situation most 
likely approaches the random sequence presented above. In 
summary, in any investigation, the proper presentation of 
the used sequence is a key issue.

3.3 Electrical resistivity of the FTO sensing film

Samples with electrical sheet resistance in the range of 
10Ω/sq and 100Ω/sq were used to investigate the influence 
of electrical properties of sensing films on the final response 
of the sensor. The cleaning process used water only as 
described before. Figure 3(a) presents the results for crescent 
pH sequence, while Figure 3(b) presents the results for 
decrescent pH sequence. Besides the fact that the curves 
seem very close accordingly to the standard deviations, 
some discussions might still be conducted.

values slightly above the ones for sample S100. This might 
be explained by how fast the samples are cleaned, once all 
the samples were cleaned the same way and by the same 
time. It seems that the less resistive sample S10 has a faster 
cleaning process than the more resistive sample S100. This 
means that the ion adsorption and desorption processes for 
sample S10 are faster than for sample S100. This would 
explain why just the first point at pH2 for sample S100 had 
larger amplitude than for sample S10. The first measured 
point already adsorbs a great number of H+ protons within 
the surface of the sample.

If sample S100 is slower cleaned than S10 and both 
of them were cleaned during the same amount of time, 
consequently sample S100 will present more residual ions 
in its surface. These ions will shield the surface against 
adsorption of new ions in the next measurement (pH 4), and 
the resulting measured current will be smaller than for S10. 
The sensor’s sensitivity are S100 (Wt,CR) = 53 ± 5mV/pH 
and S10 (Wt,CR) = 46 ± 5mV/pH.

Figure 3(b) shows the results for the decrescent pH 
sequence for the same samples. As previously discussed, 
the decrescent pH sequence benefits a more organized 
adsorption of ions once this sequence gradually increases 
the concentration of H+ protons in each new measurement. 
This sequence favors the water cleaning process by the 
same reason. As observed, sample S100 presents the larger 
amplitudes, just because it was better cleaned. However, 
the difference between the current values for both samples 
seems to increase for decreasing pH values. Sample S100 
presents, once again, the largest slope. The lower the pH 
value, the larger the concentration of H+ protons and more 
pronounced would be the differences due to the cleaning 
process. The sensitivities were S100 (Wt,DC) = 62 ± 4mV/
pH and S10 (Wt,DC) = 46 ± 1mV/pH.

Because the cleaning process was kept constant for all 
measurements in these experiments, the sensors characteristics 
and measurement sequence became more influent on the 
sensors response. As shown in Figure 3(a), at a crescent 
measurement sample S100 is not capable to be completely 
cleaned by the cleaning process: the response for the next 
pH values is affected by a memory effect. The following 
measurements have smaller amplitude than the correspondent 
measurements for sample S10. Thus, sample S100 is slower 
cleaned than sample S10. This hypothesis is confirmed 
by Figure 3(b), where sample S100 was benefited by the 
measurement sequence, now crescent on concentration of 
H+ ions (decrescent pH). This sequence slowly increases the 
concentration of H+ ions allowing sample S100 to efficiently 
adsorb a bigger number of ions as their concentration 
increases. The adsorption process is faster for sample S10, 
so smaller changes are observed.

The time evolution of the response of the sensors can 
present additional information about how fast a sample 
can achieve an equilibrium condition. For this experiment, 

Figure 3. Resistivity influence for samples of 10 Ω/sq (red circles) 
and 100 Ω/sq (black squares) cleaned with water, on VDS configuration 
for two pH sequences: a) Crescent sequence; b) Decrescent sequence.

As expected from the previous discussion about the crescent 
pH sequence (Figure 2 (c)), samples in this configuration 
are harder to be properly cleaned with water. The sequence 
starts with the highest H+ protons concentration. The water 
usage does not clean the sample’s surface with perfection 
and part of the ions remains adsorbed within the mesopores 
after the cleaning process. According to Figure 3(a) the 
results for sample S10 present a smaller slope, with current 
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both VRef and VDS were kept constant at 5V and the IDS time 
evolution was monitored for 600s. Two buffer solutions 
were used: one acid at pH 2 and another alkaline at pH 8. 
The results of such experiments are presented in Figure 4, 
and they confirm the different ion exchange velocities for 
both samples. Figure 4(a) shows that for pH 2, sample S10 
presents a fast decreasing current process that lasts for about 
100s. Sample S100 does not present the same behavior and 
equilibrium was achieved only after 500s. The same qualitative 
behavior is observed in Figure 4(b) for a larger pH equal to 
8. In this case, the first decay process for sample S10 seems 
to end in one third of the previous time in Figure 4(a). On 
the other hand, sample S100 did not reach equilibrium even 
after 600s. This shows that the more resistive sample S100 
achieves equilibrium much slower than sample S10, regardless 
of the electrolyte solution, acid or alkaline.

Figure 4. Current IDS variation in time for samples S10 and S100 
when submerged into two different solutions: a) Acid solution (pH 
2); b) Alkaline solutions (pH 8).

The FTO samples are constituted by grains and 
consequently mesopores as shown by the SEM pictures 
in Figure 5. The data for sample S10 are presented at the 
left-side pictures a) trough c). Figure 5(a) shows the SEM 
top view of an original S10 sample. The cross section of an 
original sample is presented in Figure 5(b). Sample S10 is 
670nm thick. The cross-section of a non-working sample after 
several re-usages (hereon called dead sample) is presented 
in Figure 5(c). The corresponding information for sample 
S100 are presented at the right side pictures d) through g) 
in Figure 5. Note that sample S100 is 206nm thick only.

Figure 5. Scanning Electronic Microscopy. a) Top View of the surface 
of sample S10 with presence of High Depth Region or Mesopores; 
b) Lateral view of a virgin sample S10; c) Lateral view of a dead 
sample S10; d) Top View of the surface of sample S100; e) Lateral 
view of a virgin sample S100; f) Lateral view of a dead sample S100 
with presence of Mesopores created by the detachment of sample 
from the glass; g) Lateral view of a dead sample S100 with presence 
of Mesopores created by the detachment of sample from the glass.

The micro grains are clearly seen in Figure 5(a). An 
average grain size of 200nm was measured. The union of 
two consecutive grains is not totally sealed. The comparison 
of Figure 5(a) and (d) suggest that sample S10 has a more 
homogeneous surface. The heterogeneity of sample S100 is 
also notoriously confirmed by the presence of several holes 
on its surface. This physical characteristic of both samples 
helps to corroborate the idea that for sample S100 it is harder 
to remove the adsorbed ion. This makes the proper cleaning 
a very slow process.

The lateral views shown in Figures 5(b) and (e) for the 
virgin S10 and S100 samples reveal a columnar structure. 
Some empty spaces under the surface are also observed. 
The presence of mesopore tunnels might be inferred. Those 
pores increase the effective surface area of the samples and 
eventually can allow a larger ion adsorption. These pores 
would also make it more difficult to reset the samples after 
the first use.

The cross section in Figure 5(c) suggests that the 
dead S10 sample was seriously changed. There are much 
more wrinkles on this sample than before. This difference 
makes the cleaning process harder and consequently the 
sample loses its sensing properties. Figures 5(f) and (g) 
shows some more interesting effects for sample S100. 
Large holes under the entire film can be observed. Ion 
trapping must be more severe in this case, leading also 
to the death of the sample.

3.4 Cyclic voltammetry and impedance 
spectroscopy

Cyclic voltammetry and impedance spectroscopy were 
used as complementary experiments. Even though both 
techniques require a dynamic process with current flow, 
opposite to the previous EGFET measurements, the results 
will corroborate our previous findings and conclusions.
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An example of a cycle from the cyclic voltammetry 
experiment is shown in Figure 6, for sample S10 in a solution 
with pH 7 without application of any offset voltage. One 
cycle was divided in two different regions defined by the 
potential applied: positive potential (red area in Figure 6) 
and negative potential (green area in Figure 6). The areas 
represent the total accumulated charge. The most interesting 
characteristic of the sample provided by this graph is the 
equality between the number of charges accumulated in the 
sample for both negative and positive potential (green area 
is the same as red area). This means that the sample doesn’t 
prioritize the adsorption of Hydrogen ions (H+) or Hydroxyl 
groups (OH-) on its surface.

tiny and can move around the solution and through the sample 
with relatively higher freedom when compared to Hydroxyl 
groups. This easiness of H+ ion movement allows it to reach 
the sample in greater number than Hydroxyl groups, thus 
generating a larger signal.

Typical Nernstian sensitivities of EGFET pH sensors 
lies always bellow 60mV/pH. The total ∆V value expected 
for an EGFET experiment varying the pH scale from 2 
to 12 would then be lower than 1V. A better potential for 
cyclic voltammetry to address an analysis to complement 
EGFET data should be, certainly, bellow 1V. The potential 
of 0.5V is close enough to real potentials applied between 
the extremes of a pH scale during EGFET measurements, 
so, this is the only one voltage used in the test. It is a 
characteristic of the MOSFET (not shown in this work): 
the necessary potential VGS directly applied to the MOSFET 
to achieve the same current amplitude IDS for pH 2 is about 
0.5V above the used VRef. In a similar behavior, the necessary 
potential VGS directly applied to the MOSFET to achieve 
the same current amplitude IDS for pH 12 is about 0.5V 
below the used VRef. In conclusion, the closest behavior 
of charge accumulation on the FTO film can be found on 
the squares of inset of Figure 6.

A typical FTO response for impedance spectroscopy 
experiments is shown in Figure 7(a) in a Nyquist diagram. 
The experiment was accomplished using sample S10. The 
other samples should show a similar behavior for this test 
since this is a test to study a general behavior between the 
surface of the sample and the electrolyte solution. In such 
graph, Z’ represents the real part of the total impedance 
while Z’’ represents the imaginary part of total impedance. 
So, the real impedance is related to the size of semi-circle 
formed by the lines in Figure 7(a) in Z’ axis (where the lines 
touch Z’ axis). The resistive part of the impedance increases 
for decreasing H+ concentration on acidic solutions (going 
from pH 2 to 6) or for decreasing OH- concentration on 
alkaline solutions (going from pH 12 to 8). This behavior 
is directly related with the size of the first semi-circle of 
each curve and the effect is better seen in the inset, for 
low Z’ values in Figure 7(a). For pHs 2 and 12, where H+ 
and OH- have their highest concentrations, respectively, 
the first semi-circle is not observed. This characteristic is 
directly related to the high capacitance and low resistivity 
of the sample on such environments. This assumption is 
corroborated by the graph in Figure 7(b). For example, at 
1kHz, most of the capacitances lye in the 100pF to 1nF 
range. The exceptions are the capacitances for solutions at 
pHs 2 and 12, once they are at least 3 orders of magnitude 
larger. The simplest possible equivalent circuit for the 
system is presented at the bottommost part of Figure 
8. RS represents the resistance of the solution, RDL the 
resistance of the double layer and CDL the capacitance of 
the double layer.

Figure 6. Typical cycle provided by cyclic voltammetry for a FTO 
sample. For this graphic a sample of 10Ω/sq was used. No offset 
voltage was applied to the sample. Inset) Results from the cyclic 
voltammetry experiments. Average of charges accumulated at the 
sample’ surface for different pHs and different voltages applied 
to the film. The maximum error for 0.5V is ± 3.9E-5C and for 
1.0V ± 1.7E-3C.

The inset of Figure 6 shows the average charge accumulated 
at the surface of sample S10 for two different cycles as a 
function of pH. This charge is equal to the area inside the 
curves. Positive charges are accumulated in the surface for 
pHs between 2 and 7. Negative charges are accumulated in 
the surface for pHs between 7 and 12. For the first cycle, red 
circles represent the charges accumulated for 1V voltammetry. 
For the second cycle, black squares represent the charges 
accumulated for 0.5V voltammetry. The lines in inset of 
Figure 6 are just guide to the eyes, not representing any 
mathematical analyses or tool.

Charges calculated for 0.5V potential presents an almost 
flat distribution. Certainly, the corresponding electric field is 
not strong enough to move a significant amount of ions, so 
the effect doesn’t become clear. Charges calculated for 1V 
potential presents a U-shaped distribution. The effect can be 
explained by the affinity of the sample with both H+ or OH-, 
with a slightly higher affinity for H+. This ion is extremely 
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presented, there are basically three main regions where an 
ion can be adsorbed in a sample:

i) The double-layer at the surface. This is a layer 
that extends all over the surface of a sample, right 
in front of it. This is the main region where ions 
are adsorbed and solvated48. When hydrogen ions 
are adsorbed on this layer, a hydronium (H3O

+) 
molecule is formed, as shown at the left part of 
Figure 8. A water molecule naturally present in the 
double-layer is attacked by the OH- group which 
can pull out a hydrogen atom from it49. A hydroxyl 
group is left behind on that place44 (not shown in 
Figure 8), adsorbed within the double layer. As a 
consequence of ion adsorption in the double layer, a 
counter-ions layer is formed just behind the surface, 
inside the sample. Figure 8 shows the attachment of 
hydrogen ions in the double-layer. The counter-ions 
are illustrated as anions (negative charge). Once the 
film is naturally isoelectric, the negative counter-ions 
that appear right behind the surface of the sample 
need to travel from the bulk. In this case, the bulk 
will present an accumulation of positive charges, 
as shown in the rightmost part of Figure 8.

ii) The internal surfaces due to structural 
imperfections. The surface imperfections (due to 
the film production) can even extend a certain range 
towards the substrate as previously discussed and 
illustrated in Figure 8. Some of these defects were 
already reported elsewhere48. Some few hydrogen 
ions are assumed to reach these internal surfaces, 
thus becoming intern ions. They are indicated in 
the middle part of Figure 8. These ions cannot 
penetrate deeply inside the film and stop right on 
the internal surfaces. They are neutralized by their 
proper counter-ions which make the bulk charge 
to become more positive on this specific case.

iii) The bulk itself. Some ions from solution might 
also diffuse towards the bulk.

Each one of these regions can be modeled as a virtual 
capacitor, respectively CDL for double-layer, CII for the 
internal ions, and CB for the bulk. They can be imagined in 
a series configuration and their capacitance can be added to 
each other in order to form the final equivalent capacitor:

            (1)

However, the FTO thin film is a highly conductive 
semiconductor material and the two capacitors associated to 
the intern ions and to the ions in the bulk will play a very small 
role. The bulk low resistance will basically short-circuit the 
capacitors and the system will in fact be fairly described by a 
RC model. With this simplification, the equivalent capacitance 
is just related to the double layer capacitor, as presented in 
the equivalent circuit at the bottommost part of Figure 8.

Figure 7. a) Spectroscopy impedance results. Nyquist diagram for 
FTO sample in different pHs (2, 4, 6, 7, 8, 10 an 12). b) Capacitance 
Diagram for a typical FTO sample.

Figure 8. Schematic of charges distribution all over the FTO sample 
at the top. Equivalent electric circuit at the bottom.

4. Physical-Chemical Model
Figure 8 resumes the most important and relevant 

effects related to the ion adsorption mechanisms. Other 
more detailed studies about metal-oxide interfaces and their 
electrostatic potentials were already reported elsewhere47. 
Nevertheless, our intention is to describe a simpler model 
describing our findings. According to what was previously 

C C C C
1 1 1 1

eq DL II B
= + +
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According to the definition of capacitance, once there 
is no surface and structural variation and given the electric 
potential difference is known, the amount of net charge 
can be inferred. Any variation on the potential applied to 
the surface of the sample will also result on a variation of 
accumulated charge. This leads to construction of Figure 9. 
The lines found in Figure 9 are just guides to the eyes. They 
do not represent any mathematical function or analysis tool.

Figure 9. Percentage charge’s variation for samples cleaned in 
water: a) Crescent and Decrescent pH sequence for Sample S10; b) 
Crescent and Decrescent pH sequence for Sample S100. The lines 
shown in the figure are just eye guides. They do not represent any 
kind of mathematical instrument or analysis.

Figure 9(a) shows the percentage of charge variation 
for the case of sample S10. The data for the two different 
sequences of measurement, crescent and decrescent, are 
plotted in this figure. Once this sample S10 is cleaned faster, 
there is almost no difference between the two pH sequences. 
So, the variation of charge is basically the same for both 
sequences when the sample is cleaned in water.

Figure 9(b) shows the charge variation for sample S100 
on both pH sequences, when it was also cleaned in water. 
Now, each measurement sequence has a specific behavior. 
As discussed, and confirmed by Figure 9(b), the best pH 

sequence possible when this sample is cleaned in water is the 
decrescent one, where H+ protons are gradually introduced 
to the surface. So, this sequence can be used as a reference 
for comparison purposes, and the slow response of sample 
S100 leads to the charge difference reduction for the smallest 
pH. This finding corroborates our previous analyses done 
with EGFET system.

5. Conclusions

It was shown that the cleaning process can influence the 
final response of FTO films when used as an EGFET pH sensor. 
Different response characteristics are prioritized according to 
the cleaning procedure and solution. Alkaline solution raises 
the sensor’s response amplitude, but lowers its sensitivity. 
On the other hand, cleaning the sample in water lowers the 
sensor’s response amplitude and raises sensor’s sensibility. 
The FTO film electrical resistivity and morphology were 
shown to play an important role on the cleaning process. Less 
resistive samples have a relatively homogeneous surface. 
Thus, through a fast and simple cleaning process they can 
return fairly close to their original state. More resistive 
samples, on the other hand, need a slower cleaning process. 
This kind of sample has a very heterogeneous surface that 
is hard to be cleaned. A physical-chemistry mechanism for 
charges adsorption on the surface of the sample was proposed. 
The effective capacitance was analyzed at different pHs. 
As shown, less resistive samples show a small difference 
on the amount of adsorbed charges as a function of pH 
measurement sequence. Bigger differences were found 
for the most resistive samples according to the crescent or 
decrescent pH sequence. That occurs because the crescent 
pH sequence disturbs the sample’s response. This work 
showed that fundamental aspects, physical characteristics 
and experimental setup configuration have direct influence 
on FET biosensor’s response.
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