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Highlights

What are the main findings?

• Developed a low-cost reference-less ion sensor using AAO films.
• Achieved 57.8 mV/pH sensitivity and demonstrated non-destructive monitoring for

milk freshness.

What are the implications of the main findings?

• Enables miniaturized, cost-effective ion sensors.
• Promises portable, disposable platforms for food safety and diagnostics.

Abstract

The detection and monitoring of ions are essential for a broad range of applications, in-
cluding industrial process control and biomedical diagnostics. Traditional ion-sensitive
field-effect transistors require bulky and expensive reference electrodes, which face several
limitations, including device miniaturization, high fabrication costs, and incompatibility
with semiconductor manufacturing processes. Here, we introduce a reference-less semicon-
ductor ion sensor (RELESIS) that utilizes anodic aluminum oxide film as both the sensitive
and dielectric layer. The RELESIS is composed of a metal-oxide-semiconductor field-effect
transistor and an interdigital electrode, which fundamentally eliminates the need for a
reference electrode, thereby enabling device miniaturization. During fabrication, the anodic
oxidation process is employed in place of the expensive atomic layer deposition method,
significantly reducing manufacturing costs while maintaining high surface quality. In
practical measurements, the RELESIS device demonstrated an excellent pH sensitivity of
57.8 mV/pH with a low hysteresis of 7 mV. As a proof-of-concept application, the RELESIS
device was employed for real-time, non-destructive monitoring of milk freshness, accu-
rately detecting pH changes from fresh to spoiled in milk samples. The combination of
reference-less structure, low-cost fabrication, and superior sensing performance positions
this technology as a promising platform for next-generation portable ion sensing systems
in food safety, environmental monitoring, and point-of-care diagnostics.
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1. Introduction
Ion monitoring plays a crucial role in modern society, spanning various applications,

including industrial process control, environment monitoring, and medical analyses [1,2].
Among various ion sensors, the Ion-Sensitive Field-Effect Transistor (ISFET), first demon-
strated by Piet Bergveld in 1970, has garnered significant attention due to its high sensitivity,
label-free process, and fast response time [3,4]. The structure of an ISFET is similar to that of
a Field Effect Transistor (FET), where the metal gate is substituted with a sensitive electrode
in direct contact with the analyte. When ions interact with the sensitive electrode, the
surface potential of the solid–liquid interface changes. Furthermore, the surface potential
modulates the channel conductance and drain current through the electrical field effect,
enabling the detection of target ion concentrations based on variations in the electrical
signal [5]. ISFETs have been successfully employed for the detection of a wide range of ana-
lytes, including hydrogen ions (H+), sodium ions (Na+), calcium ions (Ca2+), penicillin, and
antibodies [6–9]. In recent years, advancements in functional materials and semiconductor
fabrication technologies have significantly improved the sensitivity and integration capa-
bilities of ISFET-based sensors. Among the various applications, pH sensing remains the
most mature and widely adopted: in beverages and food, a decreasing pH often indicates
declining freshness; in human physiology, the pH of body fluid reflects metabolism, organ
function, and disease markers; in industrial processes, pH is a critical control parameter,
particularly in fermentation [10–12]. However, a stable reference electrode is indispensable
for conventional ISFETs to provide a fixed and reliable solution potential during mea-
surements [13]. The widely adopted silver/silver chloride (Ag/AgCl) standard reference
electrode offers good stability but suffers from inherent limitations, such as fragility, a lack
of miniaturization potential, and difficulty in on-chip integration [14–16]. Their relatively
high cost—typically several tens of US dollars per unit—also constrains the affordability of
ion-sensing systems. Recognizing these limitations, researchers have explored alternatives
in terms of electrode materials, structural designs, and operational mechanisms, leading to
the development of solid-state reference electrodes, planar reference electrodes, and pseudo-
reference electrodes [17–22]. Nevertheless, none of the existing alternatives simultaneously
addresses all the critical requirements: miniaturization capability, cost-effectiveness, and
semiconductor process compatibility.

Under these considerations, our group developed a fundamentally different architec-
ture: the reference-less semiconductor ion sensor (RELESIS), which is inherently distinct
from pseudo-reference or REFET approaches [23,24]. In RELESIS, the measurement relies
on the potential difference between two non-faradaic, dielectrically coupled interfaces,
rather than an absolute solution potential. Consequently, the bulk solution potential is
allowed to float freely, and no component in the system functions as a reference electrode.
Our initial RELESIS design, reported in 2018, combined an FET with a pair of interdigital
electrodes (IDE) [25]. These electrodes are coated with aluminum oxide (Al2O3) and gold
(Au) film, respectively, which exhibit significantly different sensitivities to H+. By measur-
ing the potential difference between the IDE rather than measuring absolute potentials,
the system eliminates the need for a stable reference potential. While the initial RELESIS
device showed promising results, it relied on atomic layer deposition (ALD) for fabricating
high-quality Al2O3 films. Although ALD produces exceptional film quality with precise
thickness control and excellent uniformity, this technique requires expensive equipment
($500 K–2 M per system), operates at slow growth rates (typically 0.1–1 nm/cycle), and
involves complex precursor chemistry [26]. To further reduce manufacturing costs and
improve the scalability of the technology, an anodic oxidation process was employed. This
method requires only simple equipment, operates at room temperature, and achieves
rapid film growth rates. Previous studies have demonstrated the potential of anodic alu-
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minum oxide (AAO) films in various applications. Chen et al. have reported a humidity
sensor based on AAO with good sensitivity and linearity, although the highly porous
morphology limits its applicability as gate dielectrics [27]. Cai et al. successfully employed
solution-processed AlxOy film as the gate dielectric in indium-gallium-zinc-oxide thin-film
transistors, achieving excellent electrical performance despite their films being extremely
thin (~3 nm) and the composition not being pure Al2O3 [28]. So far, no previous work has
systematically optimized anodic oxidation processes specifically for ion sensing applica-
tions, where the films simultaneously serve as both pH-sensitive layers and high-quality
gate dielectrics.

In this work, we fabricated a cost-effective, reference-less semiconductor ion sen-
sor employing the optimized AAO film. The proposed RELESIS architecture completely
eliminates the need for a reference electrode, enabling miniaturization and compatibil-
ity with semiconductor fabrication processes. Furthermore, the device demonstrates
near-Nernstian sensitivity (57.8 mV/pH) with low hysteresis (7 mV) and a total fabri-
cation cost below $5 per unit. As a proof-of-concept demonstration, RELESIS was ap-
plied to real-time, non-destructive milk freshness monitoring, accurately tracking pH
decline during spoilage. The combination of reference-free operation, low-cost fabrication,
and strong sensing performance establishes this work as a promising platform for next-
generation portable ion-sensing systems in food safety, environmental monitoring, and
point-of-care diagnostics.

2. Materials and Methods
2.1. Sensor Structure and Materials

Figure 1a shows the schematic diagram of a completed RELESIS that can be manufac-
tured using mature semiconductor technology. It consists of a metal-oxide-semiconductor
field-effect transistor (MOSFET) and a pair of interdigital electrodes. The IDE structure
comprises an Al film as the conductive layer and an Al2O3 film as the dielectric layer. Specif-
ically, the upper comb of the IDE is connected to the gate of MOSFET, while the lower comb
is deposited with an additional Au layer. The Al2O3 film serves as a dielectric layer, ensur-
ing a non-Faradic character and maintaining the stability of the electrodes. In addition, the
distinct hydrogen ion sensitivities of Au and Al2O3 ensure an accurate response of RELESIS.
To simplify the fabrication process, a discrete commercial MOSFET (FT960T1, ON Semicon-
ductor Co., Ltd., Phoenix, AZ, USA) was integrated with the IDE to verify the performance
of RELESIS. As depicted in Figure 1b, a semiconductor parameter analyzer (4200SCS,
Keithley Co., Ltd., Solon, OH, USA) is connected to the MOSFET and IDE through a
custom-designed printed circuit board (PCB) during actual experiment measurements. This
configuration ensures precise electrical signal acquisition while minimizing parasitic effects
during measurement.

2.2. Working Principle of RELESIS

The fundamental working principle of RELESIS is schematically illustrated in Fig-
ure 1c and described as follows. Unlike traditional sensors that rely on a reference electrode
to maintain a stable electrolyte potential, RELESIS functions by measuring the potential
difference between two sensitive layers. Sensitive layer 2, which is coated with metal-
lic materials, is insensitive to hydrogen ions, while sensitive layer 1 is sensitive to them.
These two sensitive layers are placed close enough so that the applied potential, VM, can
effectively control the operation of FET. Moreover, the non-faradaic process is a prerequi-
site of RELESIS; both sensitive layers contain a dielectric layer, ensuring that no current
flows across the sensitive layer surface. According to the electrical double layer (EDL)
and site-binding model (SBM) theories, when the IDEs coated with sensitive layer 1 (e.g.,
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Al2O3) and sensitive layer 2 (e.g., Au) are exposed to an electrolyte, surface hydroxylation
occurs at the oxide–solution interface, leading to the formation of hydroxyl groups (–OH)
that can protonate or deprotonate depending on the hydrogen ion concentration. The
surface charge density is governed by the equilibrium of metal oxide groups on the Al2O3

surface, determining the corresponding surface potential. As pH increases, the depro-
tonation reaction dominates, resulting in a more negative surface potential. Conversely,
at low pH values, protonation occurs, rendering the surface potential more positive. In
contrast, the Au surface exhibits weak hydroxyl adsorption and negligible site-binding
behavior. Its potential is primarily determined by the electrostatic potential drop across
the EDL, with only minimal dependence on the solution pH. Accordingly, the potential
distribution profile is depicted in Figure 1c, where the black and red lines represent con-
ditions before and after a pH increase [29–31]. In this picture, φs, φe, φg are the potentials
in the semiconductor surface, electrolyte, and extended gate, respectively. Additionally,
φ1 and φ2 are the potential drop at the electrolyte-sensitive layer interface. Similarly to
the theoretical description of an ISFET, a change in pH in electrolyte causes a variation
of φ1 and φ2, thus, the variation value can be defined as ∆φ1 = φ′

1 − φ1 = −2.3α1
kT
q ∆pH

and ∆φ2 = φ′
2 − φ2 = −2.3α2

kT
q ∆pH respectively. Where k is the Boltzmann constant, and

α1(α2) is the sensitivity factor related to the sensitive layer material. In a giving input poten-
tial VM, two electrolyte/sensitive layer interface potential (∆φ1 and ∆φ2) is influenced by
the change in pH, thus the system potential distribution is reshaped accordingly. The bulk
potential φe and φ′

e is modified through electrostatic equilibrium and capacitive coupling.
Consequently, only the interfacial potentials at the sensitive layer/electrolyte interface are
directly responsive to variations in pH. Therefore, the change in electrolyte pH can affect
the difference in interfacial potential and modulate the channel conductance of FET. The
pH sensitivity in the linear regime can be expressed as:

∆φ

∆pH
=

∆φ2

∆pH
− ∆φ1

∆pH
= −2.3

kT
q
(α2 − α1) (1)

 

Figure 1. (a) Schematic diagram of an integrated RELESIS. (b) Schematic of the discrete RELESIS
structure and measurement equipment. (c) The working principle and potential distribution diagram
of RELESIS.
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In Equation (1), the difference in sensitivity factors (α1and α2) between the two sensi-
tive layers is a key determinant of sensor performance. The optimal configuration is one in
which a sensitive layer is entirely insensitive to hydrogen ions while the other exhibits an
ideal Nernstian response. It is worth noting that environmental conditions can influence
this mechanism. For instance, temperature variations affect both the Nernstian slope and
the dissociation constant of surface hydroxyl groups. Furthermore, prolonged operation
in aqueous environments may lead to gradual changes in sensitive surface chemistry or
contamination, which can cause slight hysteresis or drift. Overall, under well-controlled
experimental conditions, an appropriate combination of sensing-membrane materials (e.g.,
Al2O3 and Au) enables a stable, near-Nernstian response, eliminating the necessity for a
traditional reference electrode.

2.3. Fabrication Process

Figure 2a illustrates the detailed fabrication process of the IDE in RELESIS device,
using anodic aluminum oxide as both the sensitive layer and dielectric layer. First, a glass
wafer with a diameter of 100 mm (Eagle XG, Corning Co., Ltd., NY, USA) was cleaned
using a standard cleaning procedure. A 200 nm-thick Al layer was then patterned onto
the glass wafer by thermal evaporation using a shadow mask. Subsequently, the Al layer
was anodized to form the Al2O3 gate dielectric. Anodization was performed at 70 V with a
current density of 60 mA/cm2 in citric acid electrolytes (10 mM/L) at 25 ◦C under normal
atmospheric pressure. Deionized water and ethylene glycol served as the solvent. The
Al films were used as the anode, and a graphite plate served as the cathode, with the
distance between the two plates kept fixed at 2 cm. In addition, the anodization processes
and voltage-time curves were recorded by a programmable DC power supply (PWS4000,
Tektronix Co., Ltd., Beaverton, OR, USA). And the experimental setup for the anodizing
process is presented in the Supplementary Material as Figure S1. Next, a 5 nm Cr layer,
followed by a 200 nm Au layer, was deposited through another shadow mask on one comb
of the IDE. The thickness of each film is shown in Figure 2b, and the physical diagram of
the IDE is depicted in Figure 2c.

 

Figure 2. (a) Fabrication procedure of IDE, in which two combs were, respectively, coated with two
distinct sensitive layers. (b) Schematic cross-section of an asymmetric IDE structure with Al, AAO,
and Au film. (c) Photograph of IDE array fabricated on a glass substrate.
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Additionally, the assembly process of RELESIS and test system was illustrated in
Figure S2. This step was designed to ensure a stable liquid environment on the surface of
the sensitive layer during measurements. Firstly, the glass wafer containing the fabricated
IDE structure was diced into smaller substrates (12.5 mm × 22 mm) using a dicing saw
(SYJ-400, KJ Group Co., Ltd., Shenyang, China). Then, a dispensing robot (TH-2004D-K,
Dahua Co., Ltd., Zhejiang, China) was employed to apply a 0.2 mm-thick epoxy resin
around the IDE region, forming a liquid containment chamber that also acted as a buffer
sealing layer. After curing the epoxy resin, a custom PMMA cover with microchannels and
a PCB testing board were fixed to the glass substrate using screws. Electrical connections
between the IDE pads and the PCB circuit were then made with a wire bonder (HS-853A,
Baixiangyuan Co., Ltd., Shenzhen, China). Finally, the PCB circuit was connected to the
semiconductor parameter analyzer (4200SCS, Keithley Co., Ltd., Solon, OH, USA) through
coaxial cables.

2.4. Electrical Measurement

The electrical characteristics of the devices were measured using a semiconductor
parameter analyzer (4200SCS, Keithley Co., Ltd., Solon, OH, USA). The test electrolyte was
commercial buffer solutions (Reagecon, Shannon Co., Ltd., Ireland)) with pH values ranging
from 4 to 9. Before pH measurement, all devices were preconditioned by immersion in a
pH 7 buffer solution for 1 h to acquire stable EDL interface. In the static measurements for
the sensors, the microfluidic system stands by for one minute after each solution exchange.
Furthermore, the pH buffer solution is controlled by solenoid valves, while the I-V curves
were real time measured.

3. Results and Discussion
3.1. Morphologies of AAO Film

In a typical anodization process, a bottom barrier alumina oxide and an upper porous
alumina oxide are produced successively. Through continued research over the last decades,
alumina oxide membranes with different structures can be obtained by controlling exper-
imental conditions (temperature, pH value, anodizing voltage, etc.). Porous AAO films
have been widely applied in hard nano-templates and structural coloration due to their
high density of ordered pores [32]. In contrast, barrier-type AAO films exhibit excellent
insulating properties and high breakdown voltages, making them well-suited for appli-
cations in the semiconductor industry [33]. For RELESIS devices, if the membrane is too
thin or contains defects, it may allow solution penetration, leading to total device failure.
Therefore, in this experiment, a dense and porous-free barrier AAO layer was required as
both a sensitive and insulating layer. According to previous experiments, weakly organic
acidic electrolytes benefit the production of the barrier AAO film, while ethylene glycol (EG)
enables the uniform growth of the alumina oxide [34]. Hence, anodizing was performed in
a mixed electrolyte of deionized water and EG with a constant concentration of citric acid
(10 mM/L).

Figure 3 shows the SEM images of anodic alumina film obtained using citric acid
electrolyte with different volume ratios of EG. In Figure 3a, small pores were observed
on the surface of the sample using a pure citric acid aqueous solution as the electrolyte.
This phenomenon is attributed to internal stress and micro-defects generated during the
aluminum deposition process, which leads to non-uniform current distribution during
anodization, resulting in over-oxidation and point defects on the film surface. As shown in
Figure 3b–d, with increasing EG content in the electrolyte (10–30 vol%), both defect density
and size on the film surface decrease significantly. Notably, the point defect disappears
entirely when EG content further increases to 30 vol%. This improvement is attributed
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to EG’s ability to regulate the solubility of aluminum ions, thereby reducing the etching
effect of the electrolyte on the oxide layer. When the EG content is further increased to
40–50 vol% (Figure 3e,f), the surface of the anodic aluminum oxide film remains in good
condition, with no significant changes. This is because a stable and uniform electric double
layer has already formed on the aluminum film surface at a particular EG concentration,
facilitating the uniform distribution of free aluminum ions near the anode. Increasing the
EG concentration beyond this level does not further enhance the film surface quality. It may
even reduce the oxide growth rate due to the decreased mobility of aluminum ions. Figure
S3a displays the Atomic Force Microscope (AFM) image of the optimized AAO film, and
the surface flatness was evaluated based on the root mean square roughness (Rq). The Rq

value of the film surface was measured to be 2 nm, indicating a high degree of smoothness.
The Transmission Electron Microscopy (TEM) image shown in Figure S3b also revealed a
dense and uniform surface of AAO film. Hence, a 10 mM/L citric acid aqueous electrolyte
containing 30 vol% EG was used in the following experiments.

Figure 3. Surface SEM images of the AAO film, which was anodized in citric acid electrolyte with n%
volume ratio of EG: (a) n = 0, (b) n = 10, (c) n = 20, (d) n =30, (e) n = 40, (f) n = 50.

3.2. Thickness of AAO Film

In this RELESIS device, the employed commercial MOSFET gate exhibits an oxide
capacitance of approximately 65 pF. To ensure efficient signal transduction, the capacitance
of the IDE must be significantly higher than that of the MOSFET gate oxide. When the AAO
film thickness is approximately 100 nm, the corresponding IDE capacitance is estimated
to be 35 nF, which satisfies the high-capacitance coupling requirement. Moreover, further
increasing the oxide thickness leads to a reduction in capacitance due to the inverse pro-
portionality to thickness, ultimately weakening the response. On the other hand, although
thinner films (below 50 nm) can improve capacitance, they suffer from reduced dielectric
integrity. In such cases, electrolyte penetration and dielectric breakdown were observed
after several days during long-term tests, resulting in device failure. Therefore, a thickness
of around 100 nm provides an optimal compromise between high capacitive coupling effi-
ciency and long-term stability. For a given anodization potential, the barrier layer thickness
(tbarrier) is proportional to the anodization termination current, which corresponds to the
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total anodization time. Figure 4a–d shows the cross-section SEM images of AAO films
prepared with different anodization termination currents. Figure 4b presents the interface
of the sample obtained with a termination current of 50 mA, where a clear boundary is
observed between the oxide layer and the original Al metal layer. The corresponding
barrier-type AAO film exhibits a thickness of 75 nm. When the reaction time is extended
and the termination current is reduced to 40 mA, the barrier layer thickness increases to
89 nm. With a further decrease in termination current to 30 mA, the film thickness reaches
101 nm. These results indicate a positive correlation between the reduction in termina-
tion current (extended reaction time) and the increase in the thickness of the barrier-type
AAO film.

Figure 4. Cross-sectional SEM images of (a) Al film and AAO films with the anodization termination
current of (b) 50 mA, (c) 40 mA, and (d) 30 mA. XPS spectra of (e) survey spectrum (f) Al 2p
and (g) O 1S recorded for AAO film. (h) The result of atomic concentration profile with depth.

3.3. Characterizations of AAO Film

To clarify the surface composition of AAO film, the sample surface was pre-treated
by Ar+ ion sputtering (2 keV, 10 s) to eliminate surface-adsorbed contaminants and the
native oxide layer. Subsequently, X-ray photoelectron spectroscopy (XPS) survey scans
were performed to identify the elemental composition of the film (Figure 4e). The spectra
revealed that the films were composed mainly of Al and O, indicating high chemical
purity. The observed Ar peak results from Ar+ sputtering, and the C KLL Auger peak
is attributed to minor residual surface carbon, commonly present due to atmospheric
exposure. Furthermore, more detailed high-resolution XPS spectra were further acquired
for Al and O elements. As shown in Figure 4f, the binding energy of Al-2p is 74.3 eV,
which is consistent with the Al3+ state in typical Al2O3 (Eb = 74.2–74.6 eV). According
to Figure 4g, the O-1s spectrum can be decomposed into two peaks: one at 530.9 eV,
corresponding to the Al–O bond, and another at 533.3 eV, which is likely attributed to
surface-adsorbed hydroxyl groups (H–O bonds) [35]. These features are consistent with the
reported characteristics of barrier-type anodic aluminum oxide films. To further investigate
whether the elemental composition of the AAO film changes during the growth process,
depth profiling analysis was conducted. As shown in Figure S4, the binding energies
of Al-2p and O-1s remain constant throughout the depth of the film. In particular, the
Al-2p binding energy consistently remains at 74.3 eV, further confirming that the anodic



Sensors 2025, 25, 6690 9 of 15

aluminum oxide at different depths primarily exists in the form of Al–O bonds. Figure 4h
presents the depth–composition profile of the sample, illustrating the variation in elemental
content at different etching times. As observed, the concentrations of Al and O remain
stable, indicating that the anodically formed aluminum oxide film is compositionally
uniform. And the atomic ratio of Al to O is approximately 2:3, which is consistent with the
stoichiometric composition of Al2O3 [36].

3.4. pH Response

The pH sensing performance of RELESIS was measured by a microfluidic test system.
The drain-source voltage (Vds) was fixed at 0.1 V, and the modulation voltage (VM) was
swept from 0 V to 4 V in 0.025 V increments. Figure 5a illustrates the transfer characteristics
of this device: the transfer curves shift to the right as the pH value increases, indicating that
the surface potential of the sensitive layer increases with hydrogen ion concentration. The
threshold voltage (Vt) of the RELESIS was defined as the input voltage of the insensitive
electrode when the drain current reached 1 × 10−7 A. As shown in Figure 5b, the sensitivity
was obtained by linearly fitting the Vt with different pH values. And the sensitivity of
RELESIS was 57.8 mV/pH for the pH value variation of 4 to 9. This sensitivity closely
corresponds to the theoretical sensitivity difference between Al2O3 and Au film, indicating
that the anodically grown Al2O3 film possesses excellent pH responsiveness and favorable
electrical performance.

 
Figure 5. (a) Static state transfer characteristics and (b) sensitivity characteristics of RELESIS with
different pH value buffer solutions. (c) Interference effect of K+, Na+, Cl−, and SO42−. (d) Long-term
stability test.

The hysteresis during dynamic response is another key parameter in evaluating device
performance. Due to differences in device structures and measurement conditions, the
definition of hysteresis varies across the literature. In this study, hysteresis is defined as
the voltage difference between two measurements in neutral buffer solutions (pH = 7),
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representing the device’s response consistency. As illustrated in Figure S5, the response
curve is smooth and stable, indicating good dynamic performance. Moreover, the device
exhibits a low hysteresis of 7 mV, which indicates that both the AAO film and the deposited
Au layer possess high density and uniformity.

3.5. Selectivity and Stability

In addition to sensitivity and hysteresis, the anti-interference capability and long-term
stability are crucial parameters for practical applications. During the interference testing
process, various interfering ions, including Na+, K+, Cl−, and SO4

2− were selected for
testing. Salt solutions (pH = 6) containing different interfering ions at a concentration
of 1 mM/L were prepared. These salt solutions and neutral buffer solution (pH = 7)
were sequentially introduced into the microfluidic test system. The results, illustrated in
Figure 5c, demonstrate that the output signal shows minimal drift when exposed to these
common ions. In contrast, a significant and rapid response was observed only when the
pH of the solution was changed. This test confirms that the RELESIS possesses good anti-
interference capabilities, ensuring reliable pH measurements in a complex ion environment.
Additionally, a 14-day stability test was performed with a standard pH buffer solution, and
its sensitivity was measured periodically. As shown in Figure 5d, the sensor maintained
excellent stability throughout the testing period, with sensitivity variations less than 2%
from the initial value, indicating robust electrical stability of the AAO film.

3.6. Comparative Evaluation

To further clarify the novelty and advantages of our device, we added a compre-
hensive comparison with previously reported FET-based pH sensors. The comparison
includes sensing material, fabrication cost, reference electrode requirement, sensitivity, and
hysteresis. As summarized in Table 1, conventional ISFET devices typically rely on costly
fabrication processes or bulky Ag/AgCl reference electrodes. In contrast, our RELESIS
device uniquely combines a reference-less structure with low-cost AAO dielectric/sensitive
layers. Notably, this device demonstrates both high sensitivity (close to the theoretical
Nernstian limit) and low hysteresis, highlighting its distinct advantage of maintaining
outstanding sensing performance while significantly reducing manufacturing costs.

Table 1. The comparison with other reported FET-based pH sensors.

Sensing
Material

Fabrication
Method pH Range Sensitivity

(mV/pH)
Hysteresis

(mV) Cost Reference
Electrode Ref.

Al2O3 ALD 3–11 54.7 1.85 High Ag/AgCl [37]

AZO RF Sputtering 1–3 57.9 - High Ag/AgCl [38]

Si3N4 LPCVD 4–10 58.7 16 High Ag/AgCl [39]

APTES/SiO2
Thermal
oxidation 4–10 50.9 4 Low Ag/AgCl [40]

CuS Solution
process 4–10 23.3 0.48 Low Ag/AgCl [41]

SiO2 LPCVD 4–10 54.8 9 High Ag/AgCl [42]

TiN DC sputtering 2–12 58 2 High Ag/AgCl [43]

HfO2 ALD 5–9 59.6 44.2 High Ag/AgCl [44]

ZnGa2O4 RF Sputtering 2–12 23.14 - High Ag/AgCl [14]

Ta2O5 ALD 2–10 56 5 High Ag/AgCl [15]

Al2O3 Anodizing 4–9 57.8 7 Low Reference-less This work
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3.7. Demonstration

Food-quality monitoring has garnered considerable attention in modern society. Milk
is widely accepted as a healthy food, but its high nutritional value also contributes to the
growth of bacteria that can lead to spoilage [45]. Fresh milk has a nearly neutral pH of
6.5–6.7, but as spoilage progresses, the pH gradually decreases and can even drop to as low
as 4 [46]. Therefore, the RELESIS device can be used for real-time measurements of fresh
milk. Figure 6a depicts the design schematic of the RELESIS-based milk packaging. The
sensing area was fabricated on the inner surface of a milk container lid, while the remaining
components of the detection system are provided by a single external detection unit. The
sensing module is temporarily connected to the external unit through contact pads on the
outer surface of the lid, allowing for the detection of milk freshness without damaging
the packaging. Moreover, after measuring one container, the external unit can be quickly
repositioned to the next, realizing a single detection unit to identify multiple packaging
boxes, significantly reducing operational costs.

 

Figure 6. The design concept of RELESIS device in milk freshness detection: (a) design schematic
of novel carton box which integrates RELESIS sensing area in inner surface, enabling real-time,
non-destructive detection of milk freshness. (b) Static transfer characteristics and (c) dynamic output
characteristics of RELESIS with different milk samples, which were stored for n days (n = 0, 1, 2, 3, 4,
5, 6, 7).

As a proof of concept, the RELESIS device was employed to detect milk samples with
varying freshness. The milk samples were conditioned in an experimental box with a
constant temperature of 25 ◦C and a relative humidity of 80% to simulate open storage
conditions. Milk samples with different storage times (0, 1, 2, 3, 4, 5, 6, and 7 days) were
sequentially introduced into a microfluidic system and tested by the RELESIS device. As
shown in Figure 6b, the transfer curves shift gradually to the left as storage time increases,
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indicating a consistent decline in the pH value of the milk. Subsequently, dynamic testing
was carried out on the milk samples at different storage times, and at each time point the
pH values were also measured using a commercial pH meter for direct comparison. As
shown in Figure 6c, the pH value noticeably decreases on the first day. From the second
to the fourth day, the rate of decrease accelerates, while from the fifth to the seventh day,
the acidic environment inhibits microbial activity, resulting in a gradual slowdown of
the pH decline. This trend accurately reflects the expected spoilage process of milk. In
addition, the measured data were extracted and normalized, as presented in Figure S6a.
The normalized curves clearly indicate that the output of the RELESIS device closely
matches the commercial pH meter, with the maximum pH deviation being within ±0.06 pH
units, confirming high measurement accuracy. The response time was approximately 8 s
(comparable to 3 s for the commercial pH meter), and five repeated measurements in
neutral buffer yielded a standard deviation below 2%. Furthermore, after completing the
milk tests, four independent RELESIS devices were recalibrated using standard pH buffer
solutions to assess their reproducibility. As illustrated in Figure S6b, the sensitivities of the
four devices remain highly consistent, indicating superior reproducibility.

4. Conclusions
In this study, a cost-effective and high-performance RELESIS device was successfully

fabricated using an optimized anodic oxidation process. By incorporating ethylene glycol
into a citric acid-based electrolyte, the surface quality of the AAO film was significantly
improved, resulting in a dense, pore-free morphology at an ethylene glycol volume ratio
of 30%. The film thickness was precisely controlled by changing the terminal anodization
current, yielding a uniform 100 nm AAO layer. Therefore, a RELESIS device was fabricated
using this optimized AAO film as the sensitive and dielectric layer. In static conditions,
the device exhibited excellent pH responsiveness, achieving a near-Nernstian sensitivity of
57.8 mV/pH. In dynamic testing, the device revealed a low hysteresis of 7 mV. Additionally,
a practical application was proposed by integrating the RELESIS into a milk carton box,
enabling real-time, non-destructive detection of milk freshness. Validation experiments
demonstrate that this device could accurately detect pH changes in milk samples at different
times, confirming its potential for food quality monitoring. Furthermore, due to its ability
to detect pH variations in real time, the RELESIS shows strong potential for deployment in
fermentation-based food industries such as yogurt and pickled vegetables.

Despite these promising results, several limitations remain to be addressed. One
limitation is that a discrete configuration was employed, in which the IDE and MOSFET
were separately assembled to simplify fabrication, rather than being fully integrated on a
single semiconductor chip. In addition, although long-term stability was demonstrated
under controlled solution conditions, prolonged exposure to complex biological environ-
ments may lead to surface fouling or dielectric degradation, potentially affecting sensing
reproducibility. Therefore, future work will focus on the semiconductor integration pro-
cess to realize a fully on-chip RELESIS system. Furthermore, antifouling or self-cleaning
strategies will be explored to enhance durability under biofouling-prone conditions, and
functionalization of the IDEs will be investigated to enable biochemical sensing. Overall,
the combination of low manufacturing cost, reference-less architecture, and extensibility po-
sitions this technology as a promising platform for next-generation portable and disposable
ion sensing systems in environmental monitoring and point-of-care diagnostics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/s25216690/s1, Figure S1: Equipment of anodic oxidation; Figure S2:
The assemble process; Figure S3: AFM and TEM image; Figure S4: XPS spectrum; Figure S5: Dynamic
measurement; Figure S6: Comparison of RELESIS and commercial pH meter.

https://www.mdpi.com/article/10.3390/s25216690/s1
https://www.mdpi.com/article/10.3390/s25216690/s1


Sensors 2025, 25, 6690 13 of 15

Author Contributions: Conceptualization, Y.Z. and D.W.; methodology, Y.Z. and D.W.; software,
Y.Z. and P.S.; validation, Y.Z. and P.S.; formal analysis, Y.Z. and P.S.; investigation, Y.Z. and Z.H.;
resources, D.W. and P.S.; data curation, Y.Z. and M.Y.; writing—original draft preparation, Y.Z.;
writing—review and editing, D.W.; visualization, Y.Z.; supervision, D.W.; project administration,
Y.Z. and Z.H.; funding acquisition, D.W. and P.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (62374044)
and Natural Science Foundation of Henan Province (242300420692).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within this article.

Acknowledgments: We wish to thank all colleagues at our institute for taking part in this experiment.
We would also like to thank the anonymous reviewers and the editors for their comments.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Kassal, P.; Steinberg, M.D.; Steinberg, I.M. Wireless chemical sensors and biosensors: A review. Sens. Actuators B Chem. 2018,

266, 228–245. [CrossRef]
2. Mukherjee, S.; Mukherjee, A.; Bytesnikova, Z.; Ashrafi, A.M.; Richtera, L.; Adam, V. 2D graphene-based advanced nanoarchi-

tectonics for electrochemical biosensors: Applications in cancer biomarker detection. Biosens. Bioelectron. 2024, 250, 116050.
[CrossRef] [PubMed]

3. Bergveld, P. Development of an ion-sensitive solid-state device for neurophysiological measurements. IEEE Trans. Biomed. Eng.
1970, 17, 70. [CrossRef] [PubMed]

4. Cao, S.L.; Sun, P.; Xiao, G.; Tang, Q.; Sun, X.Y.; Zhao, H.Y.; Zhao, S.; Lu, H.B.; Yue, Z. ISFET-based sensors for (bio)chemical
applications: A review. Electrochem. Sci. Adv. 2023, 3, 2100207. [CrossRef]

5. Bergveld, P. Thirty years of ISFETOLOGY–What happened in the past 30 years and what may happen in the next 30 years. Sens.
Actuators B Chem. 2003, 88, 1–20. [CrossRef]

6. Chen, X.; Wang, C.; Zheng, Q.Y.; Hu, W.-C.; Xia, X.-H. Emerging advances in biosensor technologies for quorum sensing signal
molecules. Anal. Bioanal. Chem. 2025, 417, 33–50. [CrossRef]

7. Gest, A.M.M.; Sahan, A.Z.; Zhong, Y.; Lin, W.; Mehta, S.; Zhang, J. Molecular spies in action: Genetically encoded fluorescent
biosensors light up cellular signals. Chem. Rev. 2024, 124, 12573–12660. [CrossRef]

8. Zou, J.; Hu, J.; Shen, Y.; Zhang, L.M.; Bai, W.Y.; Wang, L.; Li, J.L.; Yan, L.; Zhang, Z.F.; Bai, H.; et al. ISFET biosensor with
loop-mediated isothermal amplification for electronic rapid detection of mycoplasma pneumoniae. Sensors 2025, 25, 1562.
[CrossRef] [PubMed]

9. Kim, Y.U.; Cho, W.J. Smart pH sensing: A self-sensitivity programmable platform with multi-functional charge-trap-flash ISFET
technology. Sensors 2024, 24, 1017. [CrossRef]

10. Chang, Y.H.; Iyama, Y.; Kawaguchi, S.; Takarada, T.; Sato, H.; Nomoto, R.; Tadenuma, K.; Falina, S.; Syamsul, M.; Shintani, Y.;
et al. Ion-sensitive stainless steel vessel for all-solid-state pH sensing system incorporating pH-insensitive diamond solution gate
field-effect transistors. IEEE Sens. J. 2023, 23, 9110–9119. [CrossRef]

11. Bataka, E.P.; Maletsika, P.; Nakas, C.T. Formal assessment of agreement and similarity between an open-source and a reference
industrial device with an application to a low-cost pH logger. Sensors 2024, 24, 490. [CrossRef]

12. Shylendra, S.P.; Wajrak, M.; Alameh, K.; Kang, J.J. Nafion modified titanium nitride pH sensor for future biomedical applications.
Sensors 2023, 23, 699. [CrossRef]

13. Janata, J. Thirty years of CHEMFETs–A personal view. Electroanalysis 2004, 16, 1831–1835. [CrossRef]
14. Chen, C.H.; Liu, S.B.; Chang, S.P. Performance improvement of a ZnGa2O4 extended-gate field-effect transistor pH sensor. ACS

Omega 2024, 9, 15304–15310. [CrossRef] [PubMed]
15. Grudtsov, V.P.; Eganova, E.M.; Gubanova, O.V.; Goryachev, A.V.; Puchnin, K.V.; Ryazantsev, D.V.; Kuznetsov, A.E.; Komarova,

N.V. On the atomic layer deposition of tantalum oxide for field effect sensors. Semiconductors 2024, 58, 13–18. [CrossRef]
16. Arya, S.K.; Wong, C.C.; Jeon, Y.J.; Barisal, T.; Park, M.K. Advances in complementary-metal-oxide-semiconductor-based integrated

biosensor arrays. Chem. Rev. 2015, 115, 5116–5158. [CrossRef]

https://doi.org/10.1016/j.snb.2018.03.074
https://doi.org/10.1016/j.bios.2024.116050
https://www.ncbi.nlm.nih.gov/pubmed/38301543
https://doi.org/10.1109/TBME.1970.4502688
https://www.ncbi.nlm.nih.gov/pubmed/5441220
https://doi.org/10.1002/elsa.202100207
https://doi.org/10.1016/S0925-4005(02)00301-5
https://doi.org/10.1007/s00216-024-05659-1
https://doi.org/10.1021/acs.chemrev.4c00293
https://doi.org/10.3390/s25051562
https://www.ncbi.nlm.nih.gov/pubmed/40096358
https://doi.org/10.3390/s24031017
https://doi.org/10.1109/JSEN.2023.3257348
https://doi.org/10.3390/s24020490
https://doi.org/10.3390/s23020699
https://doi.org/10.1002/elan.200403070
https://doi.org/10.1021/acsomega.3c09965
https://www.ncbi.nlm.nih.gov/pubmed/38585084
https://doi.org/10.1134/S1063782625700034
https://doi.org/10.1021/cr500554n


Sensors 2025, 25, 6690 14 of 15

17. Okazaki, S.; Yoshida, K.; Kodera, N.; Ujiie, S.; Nishimatsu, Y.; Tanaka, Y.; Gomei, T.; Yamada, M.; Sakuraba, S.; Masuko, T.
Potentiometric free chlorine detection without using conventional reference electrodes. J. Electrochem. Soc. 2021, 168, 117516.
[CrossRef]

18. Marecek, V. A polarizable reference electrode. Electrochem. Commun. 2022, 141, 107354. [CrossRef]
19. Bartoszewicz, B.; Lewenstam, A.; Migdalski, J. Solid-contact electrode with composite PVC-based 3D-printed membrane.

Optimization of fabrication and performance. Sensors 2021, 21, 4909. [CrossRef]
20. Tintelott, M.; Kremers, T.; Ingebrandt, S.; Pachauri, V.; Vu, X.T. Realization of a PEDOT:PSS/graphene oxide on-chip pseudo-

reference electrode for integrated ISFETs. Sensors 2022, 22, 2999. [CrossRef]
21. Rovira, M.; Lafaye, C.; Demuru, S.; Kunnel, B.P.; Aymerich, J.; Cuenca, J.; Serra-Graells, F.; Margarit-Taulé, J.M.; Haque, R.;

Saubade, M.; et al. Assessing the performance of a robust multiparametric wearable patch integrating silicon-based sensors for
real-time continuous monitoring of sweat biomarkers. Biosens. Bioelectron. 2024, 262, 116560. [CrossRef]

22. Gubanova, O.; Poletaev, A.; Komarova, N.; Grudtsov, V.; Ryazantsev, D.; Shustinskiy, M.; Shibalov, M.; Kuznetsov, A. A novel
extended gate ISFET design for biosensing application compatible with standard CMOS. Mater. Sci. Semicond. Process. 2024,
177, 108387. [CrossRef]

23. Zeng, R.X.; Zhang, J.K.; Yang, H.; Sun, C.L.; Xu, M.; Zhang, S.L.; Wu, D.P. Modelling and characterization of novel reference-less
semiconductor ion sensor for pH sensing. Sens. Actuators B Chem. 2019, 281, 60–71. [CrossRef]

24. Cui, S.W.; Yang, H.; Wu, D.P. Carbon ion implantation-modified hafnium oxide to construct a RELESIS for pH sensing. IEEE
Electron Device Lett. 2024, 45, 2522–2525. [CrossRef]

25. Zeng, R.; Zhang, J.; Sun, C.; Xu, M.; Zhang, S.-L.; Wu, D. A reference-less semiconductor ion sensor. Sens. Actuators B Chem. 2018,
254, 102–109. [CrossRef]

26. Vasilyev, V.Y. Review: Atomic layer deposition of silicon dioxide thin films. ECS J. Solid State Sci. Technol. 2021, 10, 053004.
[CrossRef]

27. Chen, S.W.; Khor, O.K.; Liao, M.W.; Chung, C.K. Sensitivity evolution and enhancement mechanism of porous anodic aluminum
oxide humidity sensor using magnetic field. Sens. Actuators B Chem. 2014, 199, 384–388. [CrossRef]

28. Cai, W.S.; Park, S.; Zhang, J.W.; Wilson, J.; Li, Y.P.; Xin, Q.; Majewski, L.; Song, A.M. One-volt IGZO thin-flm transistors with
ultra-thin, solution-processed AlxOy gate dielectric. IEEE Electron Device Lett. 2018, 39, 375–378. [CrossRef]

29. Bergveld, P.; Vanhal, R.E.G.; Eijkel, J.C.T. The remarkable similarity between the acid-base properties of ISFETs and proteins and
the consequences for the design of ISFET biosensors. Biosens. Bioelectron. 1995, 10, 405–414. [CrossRef]

30. Fung, C.D.; Cheung, P.W.; Ko, W.H. A generalized theory of an electrolyte-insulator-semiconductor field-effect transistor. IEEE
Trans. Electron Devices 1986, 33, 8–18. [CrossRef]

31. Yates, D.E.; Levine, S.; Healy, T.W. Site-binding model of electrical double-layer at oxide-water interface. J. Chem. Soc. Faraday
Trans. I 1974, 70, 1807–1818. [CrossRef]

32. Ku, C.A.; Yu, C.Y.; Hung, C.W.; Chung, C.K. Advances in the fabrication of nanoporous anodic aluminum oxide and its
applications to sensors: A review. Nanomaterials 2023, 13, 2853. [CrossRef] [PubMed]

33. Sagar, S.; Mohammadian, N.; Park, S.; Majewski, L.A.; Das, B.C. Ultra-thin anodized aluminium dielectric films: The effect of
citric acid concentration and low-voltage electronic applications. Nanotechnology 2020, 31, 255705. [CrossRef] [PubMed]

34. Yang, Y.; Xu, D.W.; Liu, Q.Q.; Wang, Q.; Yu, H.W.; Zhu, X.F.; Song, Y. Bipolar electrochemical anodization route for the fabrication
of porous anodic alumina with nanopore gradients. Langmuir 2021, 37, 4340–4346. [CrossRef]

35. Kloprogge, J.T.; Duong, L.V.; Wood, B.J.; Frost, R.L. XPS study of the major minerals in bauxite: Gibbsite, bayerite and (pseudo-
)boehmite. J. Colloid Interface Sci. 2006, 296, 572–576. [CrossRef]

36. Lin, Y.P.; Hwu, J.G. Using anodization to oxidize ultrathin aluminum film for high-k gate dielectric application. J. Electrochem. Soc.
2003, 150, 389–394. [CrossRef]

37. Jang, H.J.; Cho, W.J. Fabrication of high performance ion-sensitive field-effect transistors using an engineered sensing membrane
for bio-sensor application. Jpn. J. Appl. Phys. 2012, 51, 02BL05. [CrossRef]

38. Wang, J.L.; Yang, P.Y.; Hsieh, T.Y.; Hwang, C.C.; Juang, M.H. pH-sensing characteristics of hydrothermal Al-doped ZnO
nanostructures. J. Nanomater. 2013, 2013, 152079. [CrossRef]

39. Chen, H.J.H.; Chen, C.Y. Ion-sensitive field-effect transistors with periodic-groove channels fabricated using nanoimprint
lithography. IEEE Electron Device Lett. 2013, 34, 541–543. [CrossRef]

40. Lee, T.N.; Chen, H.J.H.; Hsieh, K.C. Study on sensing properties of ion-sensitive field-effect-transistors fabricated with stack
sensing membranes. IEEE Electron Device Lett. 2016, 37, 1642–1645. [CrossRef]

41. Sabah, F.A.; Ahmed, N.M.; Hassan, Z.; Almessiere, M.A. Influences of substrate type on the pH sensitivity of CuS thin films
EGFET prepared by spray pyrolysis deposition. Mater. Sci. Semicond. Process. 2017, 63, 269–278. [CrossRef]

42. Lee, T.N.; Chen, H.J.H.; Huang, Y.C.; Hsieh, K.C. Electrolyte-insulator-semiconductor pH sensors with arrayed patterns manufac-
tured by nano imprint technology. J. Electrochem. Soc. 2018, 165, 767–772. [CrossRef]

https://doi.org/10.1149/1945-7111/ac384c
https://doi.org/10.1016/j.elecom.2022.107354
https://doi.org/10.3390/s21144909
https://doi.org/10.3390/s22082999
https://doi.org/10.1016/j.bios.2024.116560
https://doi.org/10.1016/j.mssp.2024.108387
https://doi.org/10.1016/j.snb.2018.07.175
https://doi.org/10.1109/LED.2024.3471172
https://doi.org/10.1016/j.snb.2017.06.152
https://doi.org/10.1149/2162-8777/abffab
https://doi.org/10.1016/j.snb.2014.03.057
https://doi.org/10.1109/LED.2018.2798061
https://doi.org/10.1016/0956-5663(95)96887-5
https://doi.org/10.1109/T-ED.1986.22429
https://doi.org/10.1039/f19747001807
https://doi.org/10.3390/nano13212853
https://www.ncbi.nlm.nih.gov/pubmed/37947698
https://doi.org/10.1088/1361-6528/ab7fd1
https://www.ncbi.nlm.nih.gov/pubmed/32168504
https://doi.org/10.1021/acs.langmuir.1c00405
https://doi.org/10.1016/j.jcis.2005.09.054
https://doi.org/10.1149/1.1577545
https://doi.org/10.1143/JJAP.51.02BL05
https://doi.org/10.1155/2013/152079
https://doi.org/10.1109/LED.2013.2245624
https://doi.org/10.1109/LED.2016.2619714
https://doi.org/10.1016/j.mssp.2017.02.032
https://doi.org/10.1149/2.1401814jes


Sensors 2025, 25, 6690 15 of 15

43. Wang, C.W.; Pan, T.M. Sensing performance of stable TiN extended-gate field-effect transistor pH sensors in a wide short
annealing temperature range. IEEE Electron Device Lett. 2020, 41, 489–492. [CrossRef]

44. Cui, S.W.; Yang, H.; Zhang, Y.F.; Su, X.; Wu, D.P. Effect of microwave annealing on the sensing characteristics of HfO2 thin film
for high sensitive pH-EGFET sensor. Micromachines 2023, 14, 1854. [CrossRef] [PubMed]

45. Laenge, K. Bulk and surface acoustic wave biosensors for milk analysis. Biosensors 2022, 12, 602. [CrossRef] [PubMed]
46. Kosikowski, F.V. Induced and natural inhibitory behavior of milk and significance to antibiotic disc assay testing. J. Dairy Sci.

1963, 46, 95–101. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/LED.2020.2969690
https://doi.org/10.3390/mi14101854
https://www.ncbi.nlm.nih.gov/pubmed/37893291
https://doi.org/10.3390/bios12080602
https://www.ncbi.nlm.nih.gov/pubmed/36005001
https://doi.org/10.3168/jds.S0022-0302(63)88980-8

	Introduction 
	Materials and Methods 
	Sensor Structure and Materials 
	Working Principle of RELESIS 
	Fabrication Process 
	Electrical Measurement 

	Results and Discussion 
	Morphologies of AAO Film 
	Thickness of AAO Film 
	Characterizations of AAO Film 
	pH Response 
	Selectivity and Stability 
	Comparative Evaluation 
	Demonstration 

	Conclusions 
	References

