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Abstract

More and more chemosensors and biosensors are turning to electronic transistors, as ideal
transducers, precise in current response, miniaturized in size and capable of providing sub-picomolar
detection limits. Among these devices, ISFET transistors - Ion Sensitive Field Effect Transistors, have
the capacity of integrating ion-sensitive layers together with field effect transistors of ultimate
generations. Recent studies have indicated that nanoporous materials deposited or grown within the
transistor gate space offer a dual advantage - a favorable environment for an optimal capture of liquid
state receptors through capillary effects, but also of direct anchoring of these nanoporous structures
on Si-wafer. This article aims to review the constructive evolutions of ISFET transistors along with
some newer nano-wire devices, along with their co-integration techniques with nanoporous
materials, beneficial in the optimization of many chemosensors, but of enzymatic biosensors, in
particular.
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1. Introduction

In the last five years, electronics has proposed the smallest Field-Effect Transistors (FETs) ever
manufactured, generating 2 nm technology [1]. Their miniaturization in the coming years will be
limited by the dimension of one atomic layer, up to 0.2 .... 0.5 nm [2]. For this reason, the roadmap of
semiconductor devices has also been directed towards integrated sensors, especially chemosensor
applications [2,3]. From the transducer point of view, the next biosensor families belong to the bio-
receptors integrated near nano-transistors [3-5], sometimes Artificial Intelligence (Al) assisted [6], to
produce different kinds of Biosensors-Field Effect Transistors (BioFET), [5-8].

On the other hand, chemoscience pays attention to those sensors that are technologically
compatible with micro- and nano-electronic devices, [9]. What must be emphasized from the
beginning concerns these smallest transistors, with dimensions of 1 .... 20 nm, which are mainly used
for the manufacture of memories and computer processors, where the fight for supremacy in
processing speed and packaging density is the strongest [10]. But nowadays analog electronics, or
electronics for interfacing with real phenomena from the environment, such as the field of
transducers for sensors, the 2 nm technology is not in use. More relaxed and very well-experienced
technological nodes are used, such as the 150 nm Metal Oxide Semiconductor Field Effect Transistor
(MOSFET) [11], or 300 nm for Ion Sensitive Field Effect Transistor (ISFET) sensor based, [12] or more
than 300 nm for organic transistors [13,14].

A sub-field of chemosensors concerns the feeding tubes, consisting in capillaries that supply tiny
amounts of liquids to lab-on-a-chip platforms [15]. MEMS (Micro-Electro-Mechanical System)
integration techniques are often borrowed from micro-nano-electronics in these scopes, [16,17].
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Another direction related to sensors concerns those methods able to grow nano-porous layers directly
on glossy surfaces of Si, SiO2 or SisN4 frequently encountered in the usual transistor’s technology [18—
21]. The pores size is technological controlled, so that they are able to bind bio-receptors in liquid
phase in the above layers, during the immobilization technological steps. If Ion Sensitive Electrodes
(ISE) represent the receptors and FETs represent the transducers, then the resulting sensors work as
an ISFET Transistor, [22].

Therefore, a main goal of this review is to find the optimum way of the sensitive layers
integration on the top of the silicon-wafer, in the device proximity [23] or on a separate extended gate
[24,25], as an Extended Gate Field Effect Transistor (EGFET), [26-29], aspects that will be approached
in depth in this paper, too.

Another important technological aspect of this review consists of defining an optimal enzyme
immobilization technology, using nanoporous materials [30,31], and the theory of viscous liquids
captured by capillarity [32], with applications in biosensors [33], even paper-based devices [34]. In
particular, the Enzyme-FETs fabrication requires these technological processes of bio-catalysts
immobilization. Liquid enzyme solutions mixed with high concentrations of cross-linkers can lead
sometimes to proper immobilization, but other-times accompanied by enzyme activity alleviation
[35] and even poor adherence [36]. The first generations of biosensors used enzyme immobilization
in gels [37,38], but later they switched their capture on nano-porous or nano-structured materials
[39,40]. Therefore, a middle resolution would result from a combination between chemical
immobilization methods and capillary-based physical methods.

A final topic of this paper concerns the finding of the optimal location for anchoring nano-porous
materials used in chemosensors. The ideal location would be the proximity of the conduction channel
of the transistor, to influence as sensitively as possible the current through this device. Some authors
have proposed an optimum location just above the gate insulator [41,42]. Technological
inconsistencies immediately arise: if we intend to use nano-transistors with extremely small gate
areas, then the amount of enzyme that can be immobilized becomes negligibly small, which reduces
the sensitivity of the sensor. In addition, during measurements with liquid droplets above the
sensitive layer, contamination of the gate insulator with ions by the flat-band effect or accidental gate-
source current leakage via liquid drop may occur [43]. Moving the entire sensitive area to the so-
called Extended Gate, advantages such as electrical isolation successfully occur, but accompanied by
disadvantages, such as poor influence of the ion charges generated in the extended gate area on the
current through a distant channel [44]. However, a general opinion suggests attaching the sensitive
layers just above the gate space [45]. Alternative transistors with Solution Gates FETs (SGFET) in
contact with the liquid analyte solution would be a possibility for integration of a solid-state
transducer with a liquid analyte solution [46,47]. However evaporation phenomena and possible
secondary reactions at an electrode, make the SGFETs an imprecise and more degradable device than
a silicon based ISFETs. ISFET transistors have accumulated over 50 years of experience [48] being the
most resilient over years of use.

However, the discovery of a technology able to directly capture nanomaterials near low size
transistors, technology which is also capable of immobilizing enzymes or other liquid bioreceptors,
being also compatible with standard CMOS or ISFET technologies, is still a challenge [49,50]. This is
the further argument for which this review is carried out, finally emphasizing the possible
development directions for the next future.

2. ISFET Work Principle and Technological Challenges

2.1. From ISFET Theory to Materials Motivation

Bergvelt, the ISFET’s father, describes the evolution of this transistor after thirty years of
existence [51], in conjunction with its sensitive layers integration. ISFET is essentially a Metal-Oxide
Semiconductor Field Effect Transistor (MOSFET) [52], biasing the gate by a separate connection to a
standard electrode placed in an aqueous electrolyte in connection with the Gate oxides, Figure 1.
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Figure 1. The ISFET cross-section.

The threshold voltage of an ISFET depends on the concentration of ions in the solution after a
model reported in [8], corrected by an o parameter [53]:

VT=2-¢F+VFB+VO+2.3-oc-k?T-lgc (1)

where, Vo is the standard electrode potential, Ves is the flat-band voltage of the transistor, ¢r is
the Fermi potential in semiconductor, kT/q is the thermal voltage, c is the analyte concentration, and
o is a sensitivity factor depending on the ability of the oxide surface to supply or to acquire protons
by the capacitance of the double-layer, while AV is the last term from eq. (1). The o parameter is
ideally 1 for a maximum sensitivity, or it is subunitary for realistic compounds such as SiOz, SisNs,
AlOs, Ta20s, deposited over the usual gate oxide of a transistor [51].

The last term from eq. (1) was extracted from experimental ISFETs for each previous oxides [51]
and computed for HfO: oxide, after the model depicted in [8], considering as electrolyte NaCl (aq.
solution at pH=5.8), Figure 2.
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Figure 2. The AV voltage deviation versus the NaCl concentration c: computed for HfOz, in comparison with
experimental AV for different insulators - SiO2, SisN4, Al20s, Ta205, mentioned in literature [51].

The o parameter depends on the capacitance of the double-layer at the electrolyte/oxide interface
Cbp, and the surface capacity, Cs [53]:
a=—9 G )
23-vy Cp+Cq
The Cs value can be expressed in terms of the acidic or basic equilibrium constants of the related
surface reactions [8,51]. For the above oxides, the o parameter takes sub-unitary values that is
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equivalent with sub-Nernstian sensitivities. Hence, ISFET transistors can use not only conductive
materials ISE (Ion Sensitive Electrodes) as sensitive elements for the ions detection, but also different
gate oxides that translate analyte concentration variations through the buffer capacity of the insulator
surface.

2.2, ISFET Particular Technology

One dissimilarity between the ISFET and the MOSFET, besides some different gate oxide stacks,
is that the S, D metal contacts are laterally spaced from the gate electrode. This requires particular
long lateral S, D diffusions that extend from the gate oxides far toward the drain metallic contact.
This effect is presented by the technology simulation, in Figure 3.a. These diffusions produce large
series resistances that will lead to a decrease of the transconductance gm of a ISFET, versus gm of a
MOSFET, [52], diminishing the device sensitivity.

Another specific technological process of the needle ISFET transistors, usable in vivo, is silicon
etching, firstly described in 1978 by Esashi et al [54]. Later, the etching process was transferred to
silicon on sapphire (SOS) wafer that is a particular silicon on insulator (SOI) technique [55]. The
technological advantage of the buried insulator usage, as an excellent etching stop layer for silicon,
propagates till nowadays [56]. The further SOI advantage is fulfilled: a complete isolate chip occurs,
because the source and drain metallizations are placed on the top side, while the back gate is placed
on the bottom side of the wafer [56]. To emphasize these particularities, an example of SOI structure
is presented in Figure 3.b. The current vectors arise at the bottom of the Si-p film, if electrons are
driven by the back-gate. Another technological incompatibility arises: a back gate integration with
ion sensitive material on the top side of any Extended Gate structure becomes impossible, [24-29].

Source
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Figure 3. (a) ISFET variant with the Source / Drain metal laterally spaced by a long diffusion from the gate
electrode; (b) SOI ISFET variant with top contacts for Source and Drain and Back Gate, besides to the current

vectors in normal conditions work.

However, a full isolation of a Si-chip is expensive for a typical disposable sensor. If all terminals
are on the same side of the chip, usually as top electrodes, there still exists another drawback of ISFET
- its short-term stability. When it is in touch with aqueous ionic solutions, from the test samples, some
corrosion processes occur near the gate electrode, reducing its lifetime [57]. To eliminate this effect,
the ion-sensitive part was extended outside the electronic chip, as a longer electrode. This new device
architecture is known as Extended-Gate-Field Effect Transistor (EGFET) [25-29] and was recently
optimized [58,59]. The extended gate is essentially an elongation of the work electrode on the same
chip, but outside of the electronic area. In this way, only the extended gate is in contact with the tested
liquid, while the FET part rests completely dry.

3. Nano-Structured Oxides Used for Sensitive Layer Integration

3.1. Porous Si on Si-Wafer

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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It is expected that the materials most compatible with Si technology would be these suitable to
be grown, deposited or converted directly onto the Si wafer. Therefore, among the first
nanostructured materials to be directly anchored to Si was porous Si (PS). A very accurate study was
performed by Hoover Tiffany on the technology of converting Si into porous Si with the pores
measured distribution of 67 pm in the center of the wafer and 102 um on the edges, with a pore width
of 1.6 pum, [60]. Other authors reported the porous silicon manufacturing by electrochemical
anodization of the top mono-crystalline Silicon surface, by electrolyte of hydrofluoric acid (HF) in Di-
Methyl-Formamide (DMF), in order to serve to photovoltaic sensors [61]. The pores diameter took
from a few nano-meters to a few microns, according to the silicon wafer properties and electrolyte
formula, [61].

Further improvements were more recently described within some optimized technologies [62].
Porous silicon was prepared by electrochemical anodization of a monocrystalline Si-p-type wafer,
<100> crystalline orientation. Macro-porous silicon was fabricated for the electrolyte composed by
Di-Methyl-Sulfoxide (DMSO) combined with HF 45% at the volume ratio of 10:46 and a current
density was 8 mA/ cm?. Meso-porous silicon was fabricated for an aqueous-alcoholic electrolyte
composed by isopropanol, HF 45%, and deionized water, at a volume ratio of 1:1:3 and a current
density was 30 mA/ cm?, 60 mA/ cm? and 100 mA/ cm? for a time of 20 sec, 22 sec, and 20 sec,

respectively, Figure 4. Different pores size between 2 nm to 50 nm resulted.
) * Yo ] 8§27 L C IR ST

Figure 4. SEM images for porous Si, different pores width, after anodization at a current density of (a) 30 mA/cm?
(b) 60 mA/cm?; (c) 100 mA/cm?. The main images presents the top views, while insets indicate the cross sections

for each structure. (redrawn with MDPI permission from [62]).

For the application of PS in the construction of gas sensors, a crystalline Si-substrate <100>
orientation p- or n-type was the start wafer to produce PS with 45% porosity. The PS structures were
fabricated in a Teflon electrochemical cell by hydrofluoric acid (HF) (48%) and almost pure ethanol
(EtOH) (99.98%) as electrolyte, under a current density of 13.6 mA/cm? for p-type and 10 mA/cm? for
n-type. The anodization time ranged between 64 - 825 sec, to achieve the proposed layers thicknesses
between 1 to 10 pm [63]. For the sensor fabrication, Al electrodes were deposited by a geometric
predefined pattern, of two electrodes. The electrodes contained two concentric rings of 1 mm width,
and a trace connector of 1 mm width. Figure 5a shows the sizes of the geometric shape, while Figure
5b shows a photograph of the sensor with deposited aluminum on the Si-porous regions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202507.1052.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 July 2025 doi:10.20944/preprints202507.1052.v1

6 of 25

b
\{Z

(b)

Figure 5. (a) The designed geometric pattern; (b) the image of the final sensor with Al electrodes on PS. (redrawn
with MDPI permission from [63]).

Few years later, metal-assisted chemical etching (MACE) method was applied to PS film on
silicon wafer, making it able to be transferred to another substrate [64]. Few windows were opened
on a Si-wafer covered by thin silver film by lift-off, that was subsequently immersed in an etch MACE
cell, using a mixture of HF, H2O2, and deionized DI water. After the samples were completely etched
and dried in the nitrogen environment, the horizontal cracks occurred; consequently, the PS film
suffered self-peeling from the Si substrate. The Si-pores size was dependent on the ratio R of HF to
H20: etchant: R = 5:5, 6:4, 7:3, 8:2, and 9:1, for 30 min, shown below through SEM imaging, Figure 6.
The great advantage of this method is to define a robust technology of vertical transfer for large-area
PS films onto inorganic and rather organic substrates.
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Figure 6. SEM images of a patterned Si geometry for the following etchants ratio R: (a) 5:5, (b) 6:4, (c) 7:3, (d) 8:2,
(e) 9:1 respectively (first line presents cross-sectional view, middle: high resolution of top view, bottom: top
view); (f) PS thickness as a function of R. (redrawn with MDPI permission from [64]).

In 2024, a step forward in the PS development was the transition to porous Silicon-nanotubes
(PSi-NT), [65]. The synthesis of gold nanoparticles (Au-NPs) functionalized with 4-Merca-Ptophenyl-
Boronic Acid (MPBA) on porous Si-nanotubes was possible using nanowires template initiated from
ZnO seeds deposited on Si-wafers [65]. Finally, the ZnO was removed in NH4Cl at 500 °C for 120
minutes, using a helium environment. The accomplished typical nanotubes morphology of the
processed PSi-NTs is demonstrated by some TEM images, Figure 7a. Then, the PSi-NTs surface is
functionalized with 3-aminopropyltriethoxysilane (APTES), acting as a reducing agent. APTES also
facilitates the Au-NPs synthesis, followed by the incubation of the Au-precursor solution. Different
TEM images of the PSi-NTs structures are presented in Figure 7b-e, for Au-NPs uniform distribution.
Figure 7f indicates the size distribution of the Au-NPs. Applications are still valid in glucose
biosensor [65] or lithium storage batteries [66]. Ultimate developments in PS based biosensors show
PS films able to immobilize amino-terminated anti-LF aptamers [67], for detection of some protein
biomarkers, like lactoferrin (LF) [68]. The optimal pore width was 50 nm, being accomplished at a
current density of 375 mA/cm? during 10 - 35 seconds of etching [67].

N [
o o

-
o

Frequency (%)

0 1 2 3 4 5
Particle size (nm)

Figure 7. (a) SEM image of the fabricated PSi-NTs; (b—d) Different images of PSi-NTs fabricated with uniform
distributed gold nanoparticles, (e) HRTEM of PSi-NTs Au-NPs, containing Fast Fourier Transform (FFT) in inset;
(f) the size distribution of the Au-NPs. (redrawn with MDPI permission from [65]). .

3.2. Porous Al2Os on Si-Wafer

One of the pioneering articles, in the field of nanostructured Al2Os anchoring directly on Si
wafer, was reported by the co-authors of this article since 2010 [21]. That proposed multilayer
structure Si/SiO2/SisN4/Al2Os successfully entrapped a glucoseoxidase (GOX) enzyme within the
work electrode. The device works as a glucose biosensor. It was designed as 4 electrodes
electrochemical cell, although integrated in Si, but not transistor based. The mono-crystalline form of
Al0Os is known as sapphire.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Four electrodes used in a glucose biosensor composed by 4 integrated electrodes in Si, where porous

ALOs helps to GOX immobilization. (redrawn with Springer permission from [21]).

Some experimental tests occurred on discrete structures of porous Al2Os anchored in Si-wafer,
still in the absence of a transistors co-integration. The Al film was deposited on a Si-wafer over the
previous multilayer structure Si/SiO2/SisN4, under vacuum conditions at a low deposition rate, with
a thickness between 80 and 100nm . This process resulted in the formation of y-type catalytic ALOs.
Figure 9a presents a SEM image of the porous Al2Os synthesized layer, while Figure 9b shows the
experimental current-time dependence during the Al film conversion into porous ALOs by
anodization at a constant voltage 80 V, in diverse aqueous electrolytes: 1 - (HCOO)y, 2 - (HsPOs), 3 -
(HCOO )2 : HsPOs, [69].

006

005
N
£ 004
4
<003
Eom
001
100 200 300 400 500
time [s]
(a) (b)

Figure 9. (a) SEM image of the porous Al20s film, top view, (redrawn with Springer permission from [21]); (b)
the experimental current-time dependence during the aluminium film anodization, (redrawn with IEEE

permission from [69]).

The anodic y-type aluminum oxide offers two key advantages for chemosensors and biosensors:
its high adsorptive capacity facilitates effective immobilization of enzyme solutions, and its favorable
catalytic properties support the electro-oxidation of certain organic compounds.

Only relatively recent, some Field Effect Transistor FET based biosensors integrated Al2Os [24]
on MoS: semiconductor and bioreceptor elements [70]. Despite achieving a very low detection limit
for the prostate specific antigen (PSA) analyte, (LOD of 1 fg/ml), the use of atomic layer deposition

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(ALD) technology, multiple functionalization and the use of antigen receptors make it an expensive
sensor. On the other hand, the exposure to moisture led to the hydration of aluminum oxide,
demonstrating a rapid aging process. This phenomenon was observed in a sapphire gate ISFET [71].
A recent review paper on the ISFET [72] evolution stated that an optimized process use Al2Os sensing
film deposition, configured by the lift-off technology to laterally define this sensing layer.

To improve the adsorbent properties of the porous oxide, in 2025 some authors reported a novel
transistor with 10 nm AlOs layer on a Ga20s layer of different thicknesses between 10 nm and 230
nm, exploring the device performances and revealing efficient reliability for those transistor-based
biodetectors, with sub-10 nm Ga20s thickness, [73]. In general, there has been no particular focus on
nanoporous Al20s in ISFETs. Looking for a metal biocompatible with living tissues, we find Ti in
almost all prostheses [74,75]. Therefore, we will discuss the nano-structured titanium oxide, which is
more widely used in the construction of transistor-based biosensors.

3.3. Nano-Structured TiO2 Grown on Si-Wafer

Another oxide material that can be converted by anodizing into a nanoporous or nanostructured
material is titanium oxide. Our research group has been using nanostructured TiO:2 for enzyme
immobilization since 2011 [36]. It was later proven that the defects and cracks that appeared in the
enzyme membrane above the TiO: were not caused by the underlying oxide, but rather by the
adopted crosslinking method [76]. A SEM image of the Glucose-oxidase (GOX) enzyme immobilized
on a Si-wafer covered by successive layers of Si/S5iO2/TiOz/nafion is presented in Figure 10: (a) top
view 1 mm scale for the entire wafer covered by enzyme; (b) detail at 0.1 mm scale, revealing cracks
and fissures in the enzyme membrane.

(@) o (b)

Figure 10. SEM image of the Si/SiOz/ TiO:2 /nafion/GOX sample: (a) top view at 1000 pm scale; (b) detail at 100

um scale, (redrawn with Elsevier permission from [76]).

It is not at all efficient to purchase TiO2 nanoparticles from which to create a film in liquid or gel
states, which is then deposited on a Si wafer, because the adhesion of such a layer is poor. Instead, it
is much more efficient to deposit Titan directly on a Si-wafer, even if sometimes Si is coated with SiO2
or SisNg, [36]. In all these cases, the Ti surface can then be converted into nanoporous TiO: or
nanostructured TiOz, by anodization in different electrolyte agents, at different electrolysis currents.
By adopting such a method, nanoporous TiO: film, anatase phase, was created, and it is visible at
SEM in Figure 11a. In this case, a Ti film of 90 nm thickness was strongly anchored to the substrate
by sputtering deposition, on a Si-wafer, p-type, initially doped by 10'> cm=. The anodization cell had
a calomel reference electrode, against which the working electrode and counter electrode were
polarized at voltages from 0 to 10 V at a degree of 0.2 ... 0.4 V/s. The electrolyte was aqueous solution
of phosphoric acid mixed with oxalic acid, keeping the pH at 6.8+7.4, by a phosphate buffer [76]. Just
after the electrochemical process, the TiOz layer was amorphous.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1052.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 July 2025 doi:10.20944/preprints202507.1052.v1

10 of 25

He © Goized 58 8 Mesdas
I N
2014
=
=)
g1 0.10
E ]
§_ 0.06
ﬁ 1
1 0.02
2500 2000 1500 1000 500
Wavenumber (¢cm-1)
(b)

Figure 11. (a) The TiO2 anatase phase achieved on Si-wafer, in a SEM top view image; (b) ATR-FTIR spectroscopy

for the nano-structured TiO: after anodization. (adapted and redrawn with permission from [76]).

After a thermal process at 500°C, the amorphous film gets TiO: anatase phase, with deep vertical
nanotubes, and homogenous nano pores of 10 - 30 nm diameter from a top view, Figure 11.a. A FTIR
spectrometer working in the spectral area of 4000 - 370 cm, confirms the nanostructured TiO:
presence, Figure 11.b.

In order to immobilize the GOX enzyme above, the cross-linker was changed from nafion to
glutaraldehyde, keeping the same nanostructured TiO: formula. The present spectra were recorded
by FTIR, to prove the GOX - glutaraldehyde anchoring on the Si/SiO2/ TiO: surface, Figure 12.(a).
The bands of 1161 cm! and 1118 cm! are allocated to the stretched Ti-O-C bond, demonstrating a
strong anchoring of the GOX cross-linker to substrate. A top uniform film without defects is visible
in a SEM view, Figure 12.b.
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Figure 12. (a) FTIR spectrum of the sample with glutaraldehyde on Si/SiO2/TiO:z structure; (b) SEM image of the

enzyme membrane immobilized above. (adapted and redrawn after [76] with permission).

But nanostructured TiO: was also studied outside the goal of its enzyme binding. Compared to
the case of nanoporous TiO: annealed at 500 °C from Figure 11.(a), a study of modifying the
technological parameters was continued. If the anodizing potential between the electrodes is varied
in larger range of 2 — 25 V, keeping 500 °C post-annealing temperature, the surface morphology at
the wafer edge presents 40 nm pores, Figure 13a.
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o 450020045 () :

Figure 13. (a) SEM image of the nano-structured- TiO2 film at an edge of a Si wafer, when the work electrode
was biased between 2 - 25V; (redrawn after [76] with permission); (b) Our SEM images of the synthesized TiO:z

film by anodization, after annealing at 800 °C in N2 atmosphere.

If additionally, the post-anodization temperature was increased to 800 °C in the nitrogen
atmosphere, the surface morphology proves better uniformity, but similar pores size, Figure 13b.

The nanoporous aspect on the surface should be explained by the nanotube roots, anchored deep
inside the oxide, after anodization [77]. Cross-section images of anchored TiO: nanotubes achieved
by anodization in aqueous and glycerol electrolyte at four voltages are presented in Figure 14.

In the case of glycerol as electrolyte, the TiO:z surface is not so rough, it is more superficially
anchored, but it is more ordered. These observations lead to the recommendation of aqueous
electrolytes for chemo- and bio-sensor applications.
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Figure 14. FESEM images of titanium oxide nanotubes in a cross-section view, for different applied voltages of
anodizing in an electrolyte aqueous solution: (A) 10V, (B) 15V, (C) 20 V, (D) 30 V, and in glycerol as electrolyte:
(E)5V,(F)10V,(G) 15V, (H) 20 V. (redrawn after [77] with permission).

In 2019, a pH sensor, ISFET-based with extended gate area, covered by TiO: film, was reported
[78]. The TiO2 nanostructures were prepared on a fluorine-doped tin oxide as substrate, resulting in
so called TiO2 nanoflowers, Figure 15.

(@) (b)

Figure 15. (a) HR-SEM image, top view of the fabricated TiO2 nano-flowers, which show the randomly oriented
flower-like nanostructures. (b) The high-magnified HR-SEM image. (redrawn after [78] with MDPI permission).

The TiO: precursor solution was premixed with DI water and 36% hydrochloric acid, while
titanium(IV) n-butoxide (>99%, 2 mL) was added. The best variant of this sensor measures pH
between 2 - 12, with an almost perfect linearity of 99.91%, having a maximum sensitivity of 46
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mV/pH, [78], while other nanoporous TiO: sensors, created in the same period, offered only 19.3
mV/pH sensitivity, [79].

Very recent technological studies describe a 1.5 um thick titanium layer sputtered onto the 5iOz
surface, which was previously grown by thermal processes, [80]. The electrolyte for anodization
comprised ethylene glycol with 0.35 wt% NHA4F and 1 wt% deionized water. Finally, titanium dioxide
nanotubes get a height of 1.2 um and an inner diameter of the tube of 46 nm, Figure 16. Usual post-
anodization thermal treatments were applied at 450°C, to obtain the

S ) A\ - A BN Y

crystalline state.

(@) k)

Figure 16. Our SEM image of TiO2 nano-tubes grown from thick layers: (a) top view; (b) lateral view.

4, Other Oxides Used in ISFET and Related-Transistors Construction

Other nanostructured oxides have been used, too, as a sensitive element for ISFET transistors.
Here are a few examples. A transistor that avoids the construction of a reference electrode inside the
gate space, uses ZnO prepared in sol-gel method to provide a pH sensitive element and offers a
sensitivity of 27 mV/pH [81]. However, to be able to immobilize an enzyme within an EGFET
biosensor, the oxide must be nanostructured in a so called ZnO nano-array, for the glucose detection
[82].

Although created in 2009, a pH ISFET based on vanadium oxide, placed over a hexadecylamine
membrane within the gate space, offered superior sensitivity of 38 mV/pH, [83]. However, in 2025,
the vanadium oxide combined with graphene oxide (GO) nano-compound is coming back to the
attention of glucose biosensor manufacturers, due to its excellent selectivity and sensitivity [84]. In
all cases, the synthesis of Mn(V206)/GO started from NHsVOs as a precursor, following a simple and
cheap technology.

Another oxide borrowed from modern transistor technology, which is part of the class of high-
k dielectrics, was applied in the construction of an EGFET biosensor for blood marker proteins. This
is HfOx.

By recent technology, the deposition of thin HfO: film in the gate space can be performed at a
thickness of 20nm by high-power pulsed magnetron sputtering [85]. The performances allow the
clinical detection of Parkinson’s biomarkers: a linear response 99.45 % degree, in the detection range
of 0.0001-1 ng/mL, a limit of detection of 198 fg/mL and a sensitivity of 12.11 mV/decade.

In order to fabricate a highly sensitive FET-based dopamine biosensor, another oxide plays the
role of semiconductor. Consequently, an ultrathin In,O; film of approximately 4 nm thick was
fabricated using a sol-gel method, under an inexpensive, large-area spin-coating process [86]. The
technology consisted in chemical lift-off lithography, utilizing self-assembled monolayers of alkane-
thiols on gold. The ingenious integration technique allowed a bottom-gate, bottom-contact FET
coupling with an oxide surface functionalization, capable of immobilizing DNA aptamers, as
dopamine receptors [86].

The semiconductor properties of this nanostructured In20s material, which can effectively bind
certain analytes, have been previously demonstrated, too [87,88]. The transfer characteristics reveal
high drain currents stimulated by moderate operation gate voltages, Iorr =2 x 101! A at Ves <0 V to
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Ion =70 pA at Ves =30 V, while Vos =30 V. The transistor parameters, like lon/Iorr ratio of 107, carriers
mobility sub-10cm?/Vs, and threshold voltage around 4 V are in agreement with the transistor size -
35 pm channel width and 15 um length, plus constituent materials - Au electrodes on SiO2 on Si-
wafer, heavily doped Si substrates as back-gate electrode. Also, the output characteristics of this In2Os
transistor shows a saturation of the drain current to 15 nA, when Vs was 20 V and Vps was greater
than a saturation voltage of 16 V, which is in agreement with usual values for a thin film transistor
bottom-gate commanded [89-92].

From the bio-sensing point of view, the dopamine biosensor with ultrathin In2Os film used a
bottom-gate configuration with interdigitated drain and source electrodes, to increase the contacted
area [76,81,93]. The DNA aptamers were the dopamine receptors. They were entrapped on In20s top
film by intermediate linkers (3-aminopropyl)trimethoxysilane and 3-maleimidobenzoic acid N-
hydroxysuccinimide) [86]. The aptamers attachment onto the channel surfaces produced ten times
decreasing in the transistor current [86]. The effect can be clarified by the electrostatic
attraction/repulsion induced at the channel surface by the negatively charged DNA molecules.
Finally, they repel electrons and push the n-type In20s film in a depletion work regime [94].

On the other hand, environmental parameters can hardly affect the preservation of sensitive
electrodes, making them vulnerable to moisture. Therefore, humidity sensors have recently been
proposed, either based on nano-porous materials [95], polymers [96], or combinations [97].
Nanotechnology has significantly improved the performance of humidity sensors by enabling highly
porous structure with a large specific surface area, which enhance the adsorption of the water
molecules. For this purpose, tantalum oxide, TaO2, was recently used to protect the SiO2 oxide in the
gate of an ISFET dedicated to ion or free radical measurements in agriculture from soil [98]. Figure
17a-b presents the structure of the Front-Gate-Field Effect Transistor (FGFET), using functionalized
Multi-Walls Carbon Nano-Tubes (MWCNT). Bioactivation of MWCNT by chemical bonding between
Micro-Cystin-LR (MC-LR) targeted aptamers (MCTA) and carboxylated MWCNT is drawn in Figure
17a.

BSA
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(1.5 h, 24 °C) K.}

Gate Gate
= MC-LR .
— —_— [ . —
Source &V\ > Source .P'\ 7
Drain Drain
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Figure 17. (a) Representation of successive bonding between analyte MC-LR to aptamers MCTA and
carboxylated MWCNT; (b) Selective interactions between MC-LR and the MCTA attached within FGFET; (c)
The fabricated FGFET transistor with 3 terminals - Gate (down), Source (left) and Drain (right contact); (d) SEM
details of MCTA-MWCNT nanotubes of 26 nm. (all redrawn with MDPI permission from [98]).

Figure 17c shows the fabricated FGFET sensor possessing interdigitated Source and Drain
electrodes as in other practices [82,95], but here distanced at 20 um [98]. Figure 17d shows details of
MCTA-MWCNT nanotubes with 26 nm width, by SEM imaging [98].

An impact parameter is the sensor stability, as the time after which the sensor response remains
stable over time. For example, measurements of H2POx« ions have revealed stability times of 50 sec
for the ISFET sensor [98].

Aided by nanotechnology, ISFET transistors are in continuous development, both in terms of
modeling [8,51-54], nanoporous materials comprehension [99], technology, [100] and applications
[101]. Combining new nanoporous materials that increase sensor sensitivity, with ISFETs that are
fabricated by ultimate standard technologies (e.g. 180 nm for analog applications), some researchers
produced a non-invasive sweat sensor for 4 different ionic analytes, consuming only 2 pico-Watts
[101]. To form a sensitive layer to the hydrogen ions, the deposited metal was Al, followed by
anodization to form nanoporous Al2Os, a material previously described. In order to make it selective
to other three ions, the nano-porous oxide was separately functionalized, embedding an ionophore
receptor in a polyvinyl-chloride / bis (2-ethylhexyl) sebacate selective membrane [101]. The analytes
detection (H*, Na*, K*, and Ca?") was achieved with the following sensitivities: 58 mV/dec for H*, 57
mV/dec for Na*, 48 mV/dec for K+, and 26 mV/dec for Ca?, [101].

5. Discussions About Future Directions

Such beneficial results, such as Nernstian detection limits, sub-picomolar sensitivities, and sub-
pico-Watts consumed power, can only be successfully achieved by combining nano-porous or
nanostructured materials and miniaturized transistors, which are currently reaching 2 nm technology
[102]. The voltage sensitivity Sv, called the Nernstian limit, defined as: Sv = dVG/dloguo(ions conc.)
and measured in mili-volts per decade of ions concentration, reaches an upper limit value, [101]. If
additionally, the ISFET transistors will be operated in the subthreshold regime, where an exponential
current-voltage dependence occurs, I ~ exp(qVc/kT) [101], an almost limit-Nernstian sensitivity, Sv
of 59 mV/decade will be reached. Only few ISFETs exceed the Nernstian limit and become super-
Nernstian devices, being published in a few papers [103,104]. Other theoretical demonstrations prove
that super Nernstian sensitivity is rather based on a circuit amplification, than a nano-materials
optimization [105]. The pH sensitivity can be directly computed from the log(Ip)-Vc curves, in terms
of shift of V¢ for a decade decreasing the drain currents, in weak inversion [101]. The pH ISFET for
sweat offered a subthreshold slope of 85.3 mV/ dec, when the drain current was represented at
logarithmic scale, [101].

Recently, another oxide has been investigated to become a sensitive layer within an ISFET,
namely tin oxide SnO2. However, the resulted ISFET device combined multiple oxides to decorate
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both top gate (TG) and bottom gate (BG) space [105]. A high-k dielectric material was selected in the
TG space: SiO, 20 nm covered by Ta,Os 80 nm, to improve the silicon/oxide interface, especially near
the channel location. The SnO: 50 nm was used as sensitive insulator for an extended gate
configuration. To achieve a 5:1 amplification ratio, the top oxides were engineered to possess an
equivalent oxide thickness less than one-fifth that of the SiO; film from the bottom gate, Figure 18a.
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Figure 18. (a) The schematic of the ISFET with extended gate as sensitive part; (b) the fabricated biosensor; (c)

BSA biosensor working with previous ISFET; (d) extraction for the sensitivities emphasize a remarkable super-

Nernstian performance for DG configuration. (all redrawn with MDPI permission from [105]).
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The starting substrate for the sensitive part was a glass wafer covered by 300 nm indium tin
oxide (ITO), then coated by 50 nm SnO: by radio-frequency magnetron sputtering. Further
functionalization added some OH groups on the surface, followed by APTES exposure, under the
vapor-phase reaction method [106]. The final ISFET structure is presented in Figure 18b, and the BSA
biosensor aided by ISFET with extended gate is shown in Figure 18c. When the ISFET transistor was
operated without analyte, in the Single Gate (SG) configuration, it offered slightly better electrical
device parameters than when it was Double Gate (DG) operated, giving just one example: SS|sc =137
mV/dec < SSlpc = 213 mV/dec [105]. From the sensing point of view, the situation reversed for SnO:
based biosensor DG actioned. DG ISFET with sensitive SnO:z reached a maximum super-Nerstian
sensitivity of 141.19 mV / decade of BSA concentration, versus the optimal SG variant that reached
29.08 mV / decade of BSA concentration, Figure 18d. However, Figure 18d also reveals inferior
sensitivities for the DG ISFET with sensitive SiO:z reaching 71.59 mV/dec, while a minimum sub-
Nernstian sensitivity of 14.83 mV /dec is offered by the biosensor with SiO: layer acted by a single
gate.

The 10 times sensitivity amplification, only in the presence of SnO: layer, open new visions of
biosensors without any additional external electronic circuits.

Another technological issue faced for the reliable realization of ISFETSs is the occurrence of traps
and defects at the semiconductor/oxide interfaces. These defects considerably reduce the current and
the sensitivity of the sensor. Usually, thermal treatments up to 800 °C are applied for standard MOS
transistors [52,107], but these methods are no longer compatible with the co-integration of sensitive
materials, especially biomaterials. Recent state-of-the-art approaches employing UV radiation to
remove oxide-trapped charges have yielded satisfactory results [108]. However, the time processing
for a device-to-device calibration took 17 hours of UV radiation per ISFET transistor.

Nanostructured materials have also been cleverly integrated to achieve super Nernstian
sensitivity by a label-free sensor, accompanied by double gate CMOS transistor. The sensor contained
silicon nanowires arrays co-integrated on silicon on insulator (SOI) wafer, to detect the C-reactive
protein (CRP). The sensor shows excellent stability (20pA/min) and an outstanding current sensitivity
up to 1.2 nA/decade for CRP proteins, in the linear range of detection [109]. Silicon nano-wires based
sensors were applied for the detection of other proteins, too, like troponin [110], deoxyri-bonucleic
acid (DNA) [111], micro-RNA [112], viruses [113], and also it has been used for the CRP detection,
but for poorer concentration range [114]. The linearity interval of detection was 60 ng/mL - 100
ug/mL, covering the whole concentration range of human CRP, from the clinical samples [109].

Another target for the near future is reaching a sub-pico-molar detection limit. Sensors based on
silicon junctionless transistors in nanowire configuration were able to detect concentrations as low as
580 zM zeptomolar of the streptavidin protein, at a close level to a single molecule detection [115,116].

As a conclusion to this section, it can be said that the development of ISFET sensors in the future
will necessarily be interdisciplinary, combining micro- and nano-electronics, ultimate scaled nano-
transistors [117], nanomaterials, nanoporous or nano-structured structures with increasingly refined
receptors.

6. Conclusions

The paper reviewed the evolution of chemosensors with ion-sensitive transistors, like ISFETs,
which integrate a sensitive layer made by nanoporous, nanostructured or specific oxides, near the
electronic device. One of the main technological goals was to highlight those methods capable of
anchoring the nanoporous layer to the substrate, usually a Si-wafer. The general technique would
consist of depositing metal layers with high adhesion to the substrate, by classical microelectronics
methods, which have proven reliable over time: chemical vacuum deposition, lift-off, sputtering,
laser deposition. The usual thicknesses of the deposited metal vary in the range of 4 nm - 90 nm.
Then, the surface of the metal electrode is converted into nanoporous oxide, with deep anchors of
nanotubes from the constituent material. For this purpose, an electrochemical cell is used, as inert as
possible as the material of the cell, in which the surface of the metal that must become nanoporous

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1052.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 July 2025 d0i:10.20944/preprints202507.1052.v1

18 of 25

plays the role of the working electrode. Using various electrochemical currents, various polarization
voltages and a wide range of electrolytes, various porosities, various geometries, which have an
exponentially multiplied surface and are sensitive to an analyte, were obtained. By combining
material optimizations with the use of extremely small transistors, a quasi-uni-molecular detection
limit can be achieved. The use of Si nanowire transistors has pushed this detection limit to the atto-
molar (10 M) and even zepto-molar (102! M) range for streptavidin detection. On the other hand,
the ISFETs actioned by two gates, which includes sensitive oxide of SnO: too, offers a maximum
super-Nernstian sensitivity of 141.19 mV/dec. This 10 times sensitivity amplification opens the
further development of biosensors free of additional external electrical circuits, with huge advantage
for the device price.

It seems that the only successful way to develop chemosensors transistor-based in the future
can only come from the collaboration of nanotechnologies with the study of new materials,
biochemistry, micro-nano-electronics and co-integration technologies.
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