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Abstract Fluorine-doped tin oxide (SnO2:F) was used as
the ion-sensing layer of an EGFET-pH sensor. The effective
area affects the final results, as well as the sensor sur-
face potential and sensitivity. The sensor miniaturization is
highly required on medical applications, with that the effec-
tive area must be properly understood. Routine insertion and
removal of total and partial surface areas in buffer solution
were analyzed and compared. The results show that the rou-
tine changes considerable the sensor sensitivity. Variations
in the double layer, Helmholtz plane, and Gouy-Chapman
region play a significant role. The final sensitivities of the
samples were compared with values available in the liter-
ature, even for other materials. The role that area normal-
ization plays in quality assessment is discussed for proper
future technological miniaturizations.

Keywords EGFET · pH sensor · Area normalized
sensitivity

1 Introduction

Researchers have developed ion sensitive field effect tran-
sistors (ISFETs) on the basis of the metal oxide field
effect transistor (MOSFET) [1]. Bergveld fabricated the
first ISFET, a device with wide application as pH sensor [2].
ISFET devices have proven to be promising tools in various
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research domains, including DNA genotyping, food screen-
ing, and multi-analyte detection for biomedical applications
[3] and [4]. Many chemical and biological processes depend
on one of the commonest laboratory measurements—the
pH value [5] and [6]. ISFETs are based on ion attachment
on a film surface. Variation in the surface potential mod-
ifies the electric field in the insulator-semiconductor FET
interface. Hence, the ions concentration in solution modu-
lates the electric current intensity through the MOSFET. The
ISFET technology allows the use of microfabrication pro-
cesses, which enables miniaturization. The fact that ISFETs
are small, respond rapidly, and are compatible with conven-
tional integrated circuits makes them an excellent choice
for biosensor applications [7]. However, it is not possible to
change the ion-sensitive film in an ISFET device. An alter-
native to ISFETs is to use the extended gate field effect
transistor (EGFET). The EGFET structure isolates the FET
from the chemical environment, which is not feasible in
an ISFET device. The EGFET is separated into two parts:
the first is the sensitive part; the second is the commercial
MOSFET. As a pH sensor, the EGFET can help to detect
and quantify any kind of substances that can produce or
consume protons, like an enzyme, which makes it widely
applicable as biosensor [8].

Several materials have been tested as the ion-sensing ele-
ment of EGFET [9–14]. The electrical and optical properties
of fluorine-doped tin oxide (SnO2:F) films have been inves-
tigated in the past [15]. Tin oxide is a multifaceted material
that has been used for numerous applications [16], includ-
ing optoelectronic devices, as well as electrodes in various
types of solar cells [17] and in gas-sensing or gas monitoring
devices [18]. In a previous study, we had already discussed
the temporal evolution, the influence of light, and the sen-
sor response as a function of the operating temperature of
the solution where the sample is immersed [19]. The present
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paper investigates how the effective immersed area of the
dipped sample impacts the sensor response using SnO2:F
as the EGFET sensitive element. Given the fact that differ-
ent literature data correspond to a large range of sensing
materials and procedures, then a detailed investigation about
effective areas and dipping procedures justify this study.
In this sense, as discussed later in this paper, not only the
obtained sensitivities but also the temporal evolution and the
eventual miniaturization of devices to be used as biosensors
should be carefully examined.

2 Experiments

The commercial samples were obtained from Flexitec Com-
pany. The SnO2:F films presented a sheet resistance of 23
�/sqr. The starting films were cut into four pieces of differ-
ent areas, which were designated as T-samples, as detailed
in Table 1. The electric contacts in all the samples were
made using a thin copper wire and conductive silver paint.
An epoxy resin was employed to encapsulate the electric
contact.

A silver reference electrode was connected to the drain of
a commercial MOSFET (CD4007, Texas Instruments), and
the SnO2:F sample was connected to its gate, to give the
EGFET device. The source terminal of the MOSFET was
grounded. Both the silver reference electrode and the sens-
ing structure were dipped into the buffer solution, purchased
from CINETICA and with pH in the range 2–12. Figure 1a
shows the structure of the EGFET device, where Vref is the
reference voltage, Vds is the voltage between the drain (D)
and the source (S), and Vgs is the voltage between the gate
(G) and the source, given by Vref + �V. In this case, �V is
the potential difference between the solution and the surface
of the sensing film.

The drain-source current, Ids , was measured using
an HP Data Acquisition 34970A apparatus. An Agilent
E3646A Dual Output DC Power Supply was also employed.
Figure 1b displays the typical Ids x Vds (solid line) and Ids x
Vref (dashed line) experimental curves. The Ids x Vds data
were obtained by varying the drain-source voltage while
keeping the gate-source voltage constant at 5 V. In the other

Table 1 Samples description according to the effective areas of the
SnO2:F samples with sheet resistance of 23 �/sqr

Sample Area (mm2) Sample Area (mm2)

T1 42 P1 60

T2 100 P2 120

T3 170 P3 170

T4 230 P4 230

T stands for total area; P stands for partial area

Fig. 1 a Structure of EGFET measurement system, where Vgs =
Vref + �V; b Typical Ids x Vds (solid line) and Ids x Vref (dashed
line) curves for pH = 2; and c Measurement sequence scheme: PR

and PI represent partial removal and partial insertion of the sample,
respectively

configuration, the Ids x Vref data were acquired by vary-
ing the gate-source voltage while the drain-source voltage
was kept constant at 5 V. For the first set of experiments
called total area (T), four individual samples with different
effective total areas ranging from 42 to 230 mm2 were used.
In this case, the samples were labeled T1 to T4, from the
smallest to the largest area (see Table 1).

Two other different routines were also performed.
Figure 1c depicts a detailed scheme of the part of the SnO2:F
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Fig. 2 �V as a function of the sample area for SnO2:F samples using
the Vds configuration. a Total area measurements and b partial area
measurements: PI for insertion routine and PR for removal routine

sample that was dipped into the desired buffer solution
(using the designated P samples in Table 1). In the first rou-
tine, designated partially inserting sequence (PI) hereafter,
a sample was inserted in the buffer solution with differ-
ent exposed areas. The immersed areas were 60, 120, 170,
and 230 mm2. In the second routine, designated partially
removing sequence (PR), the whole sample was inserted
into the buffer solution, and then small parts were sequen-
tially removed. All the samples were washed with Milli-DI
water for 15 min before each new run, and a stabiliza-
tion time of 10 s was allowed before each measurement.
All measurements were performed in the dark, at room
temperature.

3 Results and Discussion

The Ids x Vds curves for the two measurement configu-
rations described previously was construct, for a fixed pH
equal to 2. Thus, the Ids values were recorded for the largest
Vds bias. From experimental Ids data, corresponding �V

values was calculated and plotted in Fig. 2. Figure 2a corre-
sponds to values for the T-samples completely immersed in
the buffer solution. A linear behavior is observed.

The starting sample is n-doped by fabrication. The appli-
cation of a Vref potential to the electrode immersed in the
solution in which the sample resides increases the amount
of positive charges near the surface of the film (Fig. 3). The
Helmholtz plane (HP) will arise between the SnO2:F surface
electrons and the solution ions [20]. A region of diffused
charges extends from the Helmholtz plane interface to the
bulk of the solution, called the Gouy-Chapman region [20].
Starting from a place in the solution that is far away from
the sample, the electric potential increases until the end of
the Gouy-Chapman region (right to left in Fig. 3), followed
by a decrease along the Helmholtz plane. Electrons accu-
mulated close to the film surface create an internal electric
field variation with a new positive slope (Fig. 3).

The net potential variation, as described by the previ-
ously discussed �V, numerically originates from the sum of
these components. So, the Vgs value has to be lower than the
applied Vref potential, to lead to a negative �V, as shown
in Fig. 2.

Consider the case of a specific buffer solution where
the reference electrode sits at a fixed potential. Ion accu-
mulation at the surface of the sensing film likely presents
fixed density distribution. If a simple capacitance effect
takes place, the potential difference inside the film will
remain constant regardless of the used area. The same
might happen to the potential inside the Helmholtz plane.
However, as a consequence of reduced film area, the Gouy-
Chapman region will also reduce, leading to a smaller value
of the electrical potential. The final Vgs potential for a
smaller sensing film will also be smaller. According to the
schematic drawing in Fig. 3, this could lead to final �V
with larger modulus. Figure 2a reveals that this is indeed
the case. Note that for a total area variation with a factor
of about 5, �V varies by a factor of about 2. This suggests
that a non-linear variation of the spatial charge distribution
happens together with changes in total area.

Fig. 3 Qualitative scheme for the Helmholtz plane (HP) and Gouy-
Chapman region for samples with different surface areas. Larger sur-
face area (black lines) produces a higher amount of positive charges in
Gouy-Chapman region, while smaller areas produces a smaller amount

of the positive charges in the region (red lines). The electrical poten-
tial changes proportional to the amount of charges in Gouy-Chapman
region
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Figure 2b contains �V values for the so-called par-
tial area (P) samples. Solid symbols represent the results
achieved during the PR measurements and evidence that
�V displays the same qualitative behavior as in Fig. 2a.
For PR, the first measurement occurs with total immer-
sion of the sample (P4), followed by the smaller areas (P3,
P2, and P1) upon sample removal from the buffer solu-
tion. During the first measurement, most of the free binding
sites of the sample surface participate in the formation of
the double-layer region. Smaller surface area decreases the
Gouy-Chapman region, leading to a larger final �V modu-
lus. The non-linear behavior stems from the fact that the part
of the sample removed from the solution still contains some
surface charges, which contributes to less pronounced �V
reduction, as expected from the discussion about Fig. 2a.

For PI, represented by the open symbols in Fig. 2b, the
first measurement involves the smallest area P1. The second
measurement uses a larger area (P2) and adds a new surface
region containing extra free binding sites that had not been
in contact with the solution yet. The length of the Gouy-
Chapman region increases and produces a smaller potential
variation along its length, leading to a smaller final �V
modulus. The same behavior occurs for P3 and P4. Note that
in this case, there is no memory effect, so the response is
even more linear than in the case of the previously discussed
PR. Hence, the measurement sequence plays a fundamental
role on the final results.

The sensitivities also change when the used surface area
varies (Fig. 4). For all the measurements, the sensitivity
diminishes with decreasing area, but for PR and PI, these
changes are smaller than for T. The sensitivities are differ-
ent even when the area is the same (for different P and T
samples in Fig. 4). Considering the largest area in Fig. 4,
the specific comparison of the results for samples T4 and
P4 shows that quality dispersion exists inside the same start-
ing batch. Additionally, comparison of the results obtained

Fig. 4 Sensitivity as a function of the surface area for the three dif-
ferent experiments: total area (T), partial insertion (PI), and partial
removal (PR)

for sample P4 using two different routines reinforces that
memory effects matter.

Figure 5 illustrates the final �V as a function of the nom-
inal area for the Vds (left) and Vgs (right) curves, for buffer
solutions with different pH—acid (pH 2), neutral (pH 7),
and alkaline (pH 12)—using the P samples. The solid circles
correspond to the PR sequence, whereas the empty squares
refer to the PI sequence. Similar qualitative behaviors can
be observed for both measurements at each pH. For all the
tested pHs, the absolute �V value is larger for Vgs than
for Vds experiments. For the Vds measurements, the vary-
ing voltage is applied between the drain and the source of
the MOSFET. The MOSFET device does not into contact
with the electrolyte solution (due to the use of the extended
gate), so the drain-source voltage is unaffected by the ions
of the electrolyte solution. On the other hand, for Vgs mea-
surements, the externally biased voltage is applied between
the source and the reference electrode sitting inside the solu-
tion. This happens in individually controlled steps, and no
measurement takes place during voltage variation. The sur-
face potential at the SnO2:F film depends on the final ionic
distribution and adsorption and determines the state of the
gate electrode. Therefore, the ions distribution dynamics
in the solution determines the final MOSFET current, and
variations in �V reflect this.

Figure 5a, b show that the absolute �V value increases
with decreasing area, as already discussed in Fig. 3 for the
case presented in Fig. 2b.

Fig. 5 Final �V as a function of sample area for both Vds (left) and
Vgs (right) system configurations for buffer solutions with different
pH: pH 2 in (a) and (b), pH 7 in (c) and (d), and pH 12 in (e) and (f)
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No variation occurs as a function of the area or sequence
of measurement for pH 7. So, the system sits close to the
isoelectric point of the sensing film as previously stated in
reference [19]. Important differences between Vds and Vgs

configurations are only observable in Fig. 5c, d, agreeing
with the previous discussion about electric field variation
inside the buffer solution for the Vgs set-up. As expected,
larger absolute �V values emerge in this case. At pH
12, interesting results arise (Fig. 5e, f). For the PI, every-
thing happens as previously discussed for area variation
and measurement configuration, while for PR the opposite
occurs.

The main reason behind this fact seems to be the slower
ionic dynamic at higher pH. In the case of PI, the area
increases when the first part is not saturated yet. Ions keep
joining the surface of both the former and the recently
inserted part and the absolute �V value decreases. Con-
cerning PR, immersion of the total area does not saturate
the surface. Partial sample removal should lead to larger
�V absolute value. Nevertheless, the part of the sample that
remains immersed in the solution keeps receiving ions close
to the surface because the dynamics is slower. So, the �V
absolute value falls due to the slow ion dynamics added
to the surface reduction. Hence, the measurement sequence

Fig. 6 a Sensitivity as a
function of sample area for
different tin oxide samples.
Solid and dashed lines are
guides for the eyes only. b Area
normalized sensitivity as a
function of sample area for
several materials. The solid line
corresponds to the Nernst
prediction
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is important indeed. Also, it is essential to take care when
developing sensors based on microfluids. It is crucial to
avoid transient effects, to account for memory effect, and to
use the recommended set-up configuration with stationary
states.

An essential parameter to characterize a sensor is its sen-
sitivity. The literature brings various values for different
materials and effective areas. A comparative study that leads
to a final standardization is necessary. Figure 6a presents
the sensitivity of several tin oxide samples used as sensitive
EGFET layer as a function of the sensors area. The present
data are compared with the literature [21]. The lines are
just a guide for the eyes. The sensitivity usually diminishes
with decreasing area, indicating that poorer quality materi-
als might stem from scale reduction. Data in literature are
commonly related only to sensitivity without taking area
account. Numerical variations up to a factor 6 may arise
for the same material grown under the same nominal con-
ditions and so the impact on miniaturized sensors would be
enormous.

A proposal for standardization would be to use a param-
eter described by the sensitivity divided by the sensors
effective area. Figure 6b shows the sensitivity/area (S/A) for
several materials used as sensitive layer for pH sensors. The
figure includes data from the present contribution as well as
literature results for ZnO [11] and [22], ITO/Si [23], ITO

Fig. 7 Zoomed specific regions from Fig. 6b corresponding to two
piled subgroups according to the area range: a below 10 mm2 and b
from 10 to 100 mm2

/SnO2 /Si [23], SnO2 /ITO [21] and [24], polypyrrole / SnO2

/ ITO [24], Si3N4 [25], ITO [21], and SnO2:F [14] and [21].
The solid line represents the theoretical Nernst sensitivity
for potentiometric sensors, which is equal to 59.2 mV/pH
[26]. According to the data in Fig. 6b, Si3N4 (in the top-left
part of the figure) seems to be the best material for use in
miniaturized sensors: besides presenting the smallest area, it
still remains with an S/A value close to the maximum value
predicted by Nernst. Figure 7a, b were construct by zooming
specific regions of Fig. 6b in order to help to better visual-
ize the two piled subgroups close to areas 1 and 100 mm2,
respectively.

Since the S/A line represent the expected optimized val-
ues, sub deviations suggest a reduced quality of the final
materials. According to the present analysis, any material
can potentially achieve the optimized S/A relation; e.g, final
values that lie on the expected S/A line. However, when
miniaturization is an issue, the final result should be close
to the up-left region of the S/A theoretical curve. This has
been the first time this kind of analysis and standardiza-
tion has appeared in the literature, so we believe the present
work shall contribute to better comparison among different
materials and sensors in the future.

4 Conclusions

The surface potential of the sensing part of an EGFET varies
linearly as a function of surface area. Smaller immersed
areas lead to higher final �V absolute value due to the
smaller Gouy-Chapman region. The sequence routine can
play a significant role. When the surface area decreases
through process that removes the sample from the buffer
solution, memory effects cause ions to remain on the non-
immersed part of the samples. A smaller than expected
surface potential variation occurs, culminating in a non-
linear function, which might be important during micro
fluidic systems design and application. Vds measurements
do not alter the ion dynamics inside the buffer solu-
tion, in contrast to Vgs measurements. The net balance of
slow ion dynamics and surface reduction leads the �V
absolute value to decrease unexpectedly in alkaline pH.
Comparison of sensors quality using only the sensitiv-
ity as gold parameter might be misleading. The use of
varied literature data shows that area-normalized sensitiv-
ity is better even to compare a wide range of sensing
materials which is crucial when miniaturizing optimized
sensors.
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