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Abstract
The ion-sensitive field-effect transistor (ISFET) is a popular technology utilized for pH sensing applications. In this work, 
we have presented the fabrication, characterization, and electrochemical modeling of an aluminum oxide  (Al2O3)-gate 
ISFET-based pH sensor. The sensor is fabricated using well-established metal–oxide–semiconductor (MOS) unit processes 
with five steps of photolithography, and the sensing film is patterned using the lift-off process. The  Al2O3 sensing film is 
deposited over the gate area using pulsed-DC magnetron-assisted reactive sputtering technique in order to improve the sensor 
performance. The material characterization of sensing film has been done using x-ray diffraction, field-emission scanning 
electron microscopy, energy-dispersive spectroscopy, and x-ray photoelectron spectroscopy techniques. The sensor has been 
packaged using thick-film technology and encapsulated by a dam-and-fill approach. The packaged device has been tested in 
various pH buffer solutions, and a sensitivity of nearly 42.1 mV/pH has been achieved. A simulation program with integrated 
circuit emphasis (SPICE) macromodel of the  Al2O3-gate ISFET is empirically derived from the experimental results, and the 
extracted electrochemical parameters have been reported. The drift and hysteresis characteristics of the  Al2O3-gate ISFET 
were also studied, and the obtained drift rates for different pH buffer solutions of 4, 7, and 10 are 0.136 μA/min, 0.124 μA/
min, and 0.108 μA/min, respectively. A hysteresis of nearly 5.806 μA has been obtained. The developed sensor has high 
sensitivity along with low drift and hysteresis.
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Introduction

In recent years, there has been a surge in the demand of 
handheld point-of-care (POC) electrochemical devices for 
environmental, biomedical, and food quality monitoring 
applications. These devices are useful for chemical as well 
as biosensing applications, owing to several advantages such 
as small size, fast response and accuracy.1,2 Broadly, a chem-
ical/biochemical sensor captures physicochemical signals 
from an analyte and converts them to a measurable signal, 

comprising light emission, colorimetric readout, or poten-
tial/current modulation.2 There are various techniques for 
signal transduction using optical and non-optical techniques, 
such as surface plasmon resonance, quartz crystal micro-
balance, micro-cantilever, and electrochemical techniques. 
An ion-sensitive field-effect transistor (ISFET) is an electro-
chemical-based potentiometric technique which has poten-
tial to provide real-time and selective detection of chemical 
and biological analytes, along with the compatibility with 
the well-established complementary metal–oxide–semi-
conductor (CMOS) fabrication process.3,4 It is a solid-state 
device, which makes it rugged for the measurement of ion 
activities in analytes with the aid of a reference electrode,5 
and it has been widely used for pH measurements. pH is one 
of the most important parameters in agricultural, environ-
mental, biomedical, and potable water studies.6,7

The ISFET has attracted much interest due to the feasibil-
ity of facile integration with readout circuits.8 It is an alter-
native to the conventional glass membrane electrode-based 
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pH sensors,9 where it enables measurements in ultrasmall 
volumes with fast response.10 It is used for chemical as well 
as biochemical sensing applications by suitable surface func-
tionalization,8,11–14 and recently, it has been demonstrated 
for detecting severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) virus, which causes COVID-19.15,16 For 
pH sensing applications, various sensing film materials have 
been studied in the past, such as aluminum nitride (AlN), 
silicon dioxide  (SiO2), silicon nitride ( Si3N4 ), tantalum 
pentoxide ( Ta2O5 ), etc.9,17 Several physical and chemical 
deposition techniques are used to grow the thin films, such 
as pulsed laser deposition (PLD),18 magnetron sputtering,19 
chemical vapor deposition (CVD),20 sol–gel technique,21 and 
atomic layer deposition (ALD).22 Sputtering is a popular 
cost-effective process for depositing thin films. Sputtering 
is carried out by utilizing different variants of power sup-
plies, which include radio frequency (RF), direct current 
(DC), and pulsed-DC power supply.23,24 In order to deposit 
insulating thin films, the DC reactive sputtering process is 
not feasible due to the formation of an insulating film on the 
surface of the target, which results in an operating potential 
shift due to poisoning of the target, which is undesirable.25,26 
Although these problems have been resolved by using RF 
power supplies, they provide low deposition rates and 
require tedious process optimization to obtain desired net-
work matching required for an efficient sputtering process.25 
Pulsed-DC sputtering is a popular cost-effective technique 
which addresses these issues for depositing thin films.27 
Pulsed-DC sputtering facilitates easier process optimiza-
tion because it does not require costly and complex match-
ing networks required for the RF sputtering process, which 
makes it more widely adopted in the industrial production 
units worldwide.28 Moreover, when sputtering is assisted 
by a magnetron, the sputtering efficiency increases, leading 
to higher film growth rate, and the obtained film quality is 
better than the films grown under similar process conditions, 
viz., operating pressure and substrate temperature, in com-
parison to conventional sputtering techniques, as described 
by the structure zone model.29–31

In this work, we have deposited aluminum oxide  (Al2O3) 
thin film using pulsed-DC magnetron-assisted reactive sput-
tering technique. Aluminum oxide is amphoteric in nature 
and has a wide bandgap,32,33 with excellent mechanical, 
optical, and electrical properties.34,35 It is a robust material 
which is chemically stable and wear resistant, which enables 
it to be used for widespread applications, such as abrasive 
materials, electrical insulators, cutting tools, etc.36–38 Moreo-
ver, it is a biocompatible material, which allows it to be 
used for dentistry and orthopedic applications.36,39,40  Al2O3 
material has also been studied for pH sensing applications, 
where it has been demonstrated to have very good hyster-
esis characteristics and low long-term drift, which makes 
it a promising material to be used as a sensing film of an 

ISFET.41,42 We have fabricated an  Al2O3-gate ISFET pH 
sensor using the self-aligned process, with the sensing film 
patterned using a lift-off process. The experimental results 
are empirically validated through Simulation Program with 
Integrated Circuit Emphasis (SPICE) macromodeling,43 and 
the extracted electrochemical parameters have been reported.

We obtained a high sensitivity and low drift using  Al2O3 
as a sensing film of the ISFET. To the best of our knowledge, 
this is the first time  Al2O3 sensing film grown using cost-
effective pulsed-DC magnetron-assisted reactive sputtering 
approach has been demonstrated for ISFET pH sensor appli-
cations. In the past,  Al2O3 thin films have been deposited 
using  CVD44–47 and  ALD48–50 processes in order to be used 
as sensing films for ISFET pH sensor applications. Both 
CVD and ALD processes have inherent disadvantages in 
comparison to sputtering processes, although the quality of 
deposited films are good. CVD processes involve high tem-
peratures for the deposition of  Al2O3 thin films. The high-
temperature processing is not acceptable in the presence of 
metallic layers such as aluminum in the device structure, 
which makes the CVD incompatible with the developed 
self-aligned process in this work, where the sensing film is 
deposited and patterned as the last step by using the lift-off 
process. Moreover, CVD requires specialized precursors, 
which increases the process complexity. In addition, the 
precursors and the by-products are toxic and pyrophoric, 
which is undesirable for commercial production of ISFET 
pH sensors.24 ALD processes for deposition of thin films are 
very costly due to the requirement of high-grade precursors 
which are toxic and pyrophoric. They also provide a very 
slow growth rate, which is its major limitation. Moreover, it 
involves tedious process optimization and is commercially 
not viable due to low throughput.51,52 In contrast, sputtering 
is a simpler, low-temperature, cost-effective, and environ-
mentally friendly process for thin-film deposition, suitable 
for commercial production of ISFET pH sensors.

The paper is further organized as follows: Section “ISFET 
Principles and Theory” discusses the theory of ISFET sensor 
operation and the site binding model. Section “Material and 
Methods” describes the process optimization of sensing film 
deposition and fabrication process of the sensor. Results and 
discussion have been presented in the section “Results and 
Discussion,” which consists of material and device charac-
terization results. Finally, conclusions are presented in the 
section “Conclusions.”

ISFET Principles and Theory

ISFET is a FET-based chemical sensor popularly used for pH 
sensing applications. Unlike a metal–oxide–semiconductor 
field-effect transistor (MOSFET), the gate electrode is absent 
in an ISFET, and the gate region is left exposed during device 
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packaging to allow interaction of the gate oxide with analyte 
solutions. The sensor is immersed in the analyte along with a 
reference electrode, where the solution comes in contact with 
the exposed gate  region10,17,53 as shown in Fig. 1. A reference 
potential is applied to the solution with the aid of a reference 
electrode.9 When immersed in analyte, due to the formation 
of charges at the insulator–electrolyte interface, the channel 
conductivity is modulated, leading to accumulation or deple-
tion of charges near the oxide–silicon interface, which causes a 
shift in the threshold voltage ( VTH ) of the transistor.43,54,55 The 
threshold voltage of an ISFET depends upon the electrochemi-
cal parameters and surface potential at the solid–electrolyte 
interfaces; i.e. between the analyte and the gate oxide on one 
side, and the analyte and the reference electrode on the other 
side.9,56

The expression for current between drain and source of 
the ISFET in the unsaturated region is given by:43

where IDS is the drain current; Kn is the transconductance 
parameter; VGS is the gate source voltage; VTH is the  thresh-
old voltage; and VDS is the  drain source voltage.

The threshold voltage expression for the ISFET is given 
as:10

(1)IDS = Kn

[

(VGS − VTH) −
VDS

2

]

VDS

(2)
VTH = Eref − Ψ0 + Xsol −

�Si

q

−
QSS + QOX + QB

COX

+ 2�F

where Eref  is the reference electrode potential; Ψ0  is the 
surface potential at the insulator–electrolyte interface; Xsol  
is the surface dipole potential of the solution; �Si is the work 
function of Si (substrate); q  is the elementary charge; QSS  is 
the accumulated charge at the O2∕Si interface;  QOX  is the  
accumulated charge in the oxide; QB  is the  depletion charge 
in the silicon; COX  is the  oxide capacity per unit area; and 
�F  is the Fermi potential. Here, Ψ0 is the only parameter 
which depends on the pH of the solution. The surface poten-
tial of the electrolyte/insulator interface can be calculated 
using the site-binding model,57 and which was further eluci-
dated by Bousse et al. and Fung et al. to characterize ISFETs 
with various gate insulators.58,59 Figure 2 shows a schematic 
of the surface sites of  Al2O3 sensing film, where the surface 
of sensing film has amphoteric sites capable of accepting or 
donating protons, and where Al represents the metal. The 
resultant surface charge density depends upon the pH of the 
analyte and the electrochemical parameters of the sensing 
film, consisting of dissociation constants and the intrinsic 
buffer capacity.13 Thus, the surface sites have three differ-
ent forms which are negatively charged ( AlO− ), positively 
charged ( AlOH+

2
 ), and neutral sites (AlOH).

SPICE Macromodel Formulation

The ISFET device is considered as a combination of two 
stages, i.e. an electrochemical stage, which contains the 
electrolyte/insulator interface, and an electronic stage, 
which consists of a MOSFET. Let �diff  , �0 , and �s represent 

Fig. 1  Cross-sectional schematic of an ISFET (adapted with permis-
sion from Ref. 17, copyright 2019, Springer Nature).

Fig. 2  Schematic diagram of the surface sites according to site-bind-
ing model.
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the charge densities in the diffuse layer, at the electrolyte/
insulator interface, and in the semiconductor, respectively. 
By using the condition of charge neutrality of the structure:

Assuming �s to be much smaller than �diff and �0 , and con-
sidering it to be constant with pH,58 Eq. 3 reduces to:

Using the electrical double-layer theory and site-binding 
model,57,59–61 we obtain

where �rd  is the potential across the diffuse layer; �w and  �0  
are the permittivity of the electrolyte and free space, respec-
tively; T is the temperature (kelvin); k is the Boltzmann con-
stant; Cb  is the concentration of bulk solution (no./lit); z is 
the valence of the ion; and q is the elementary charge.

where Ns is the surface site density; Ka and Kb  are the intrin-
sic dissociation constants for deprotonation and protonation 
reactions, respectively; and aH+

s
  is the proton activity near 

the electrolyte/insulator interface. Figure 3 shows a potential 
diagram for the ISFET, depicting the potential across the 
diffuse layer ( �rd ) and the surface potential ( �o).

Equation 4 can also be written as :

where CDiff  represents the double-layer capaci-
tance, which is a series combination of diffuse layer 
capacitance and Stern capacitance. As stated by the 

(3)�diff + �0 + �s = 0

(4)�diff + �0 = 0

(5)�diff =
√

8�w�0kTCbsinh(
zq�rd

2kT
)

(6)�o = qNs

( a2
H+

s

− KaKb

KaKb + KbaH+
s
+ a2

H+
s

)

(7)�diff = −�0 = −CDiff .�0

Gouy–Chapman–Stern–Graham model, an electrical double 
layer is formed in the electrolyte near the electrolyte/insula-
tor interface due to the presence of surface charges, consist-
ing of an inner Helmholtz plane (IHP) and outer Helmholtz 
plane (OHP), which are the locus of centers of adsorbed ions 
and solvated ions, respectively; and a diffuse layer is present 
away from the OHP towards the bulk of the electrolyte.9,17,63 
This leads to the formation of Stern capacitance ( CHelm ) 
and diffuse layer capacitance ( CGouy ) in the electrolyte,58,62 
whose expressions are given as follows:

where �OHP and �IHP are the relative permittivity of the OHP 
and IHP, respectively; dOHP and dIHP  are the locus of the 
center of planes of the OHP and IHP, respectively; k is the 
Boltzmann constant; W and L are the gate width and gate 
length of the ISFET sensor, respectively; �w  is the dielectric 
constant of water; �0  is the permittivity of free space; VT  is 
the thermal voltage; and Cb  is the concentration of the elec-
trolyte. Thus, the expression for CDiff is given by:

By using 6, 7, and 10, we obtain the potential of the electro-
lyte/insulator interface as:

The SPICE macromodel is simulated using the electrical 
equivalent model of coupled electrochemical and electronic 
stages as discussed in the section “SPICE Macromodel 
Formulation,”17 where a new subcircuit block is defined. 
The subcircuit block consists of five terminals, viz., source, 
drain, bulk, an independent pH input terminal, and a ref-
erence electrode.43 The electrochemical parameters of the 
ISFET are empirically extracted from the experimental 
results by parametric sweep, and the closely fitted results 
are reported. The electrical device parameters are extracted 
using MOSFET test structures fabricated alongside ISFET 
devices on the same wafer and validated using process simu-
lations performed in SilvacoⓇ AthenaTM . The device param-
eters of fabricated ISFET devices are listed in Table I.

(8)CHelm =
�IHP�OHP

�IHPdOHP + �OHPdIHP
WL

(9)CGouy =

√

8�w�okTCb

2VT

(10)CDiff =
CHelmCGouy

CHelm + CGouy

(11)�0 =
qNs

CDiff

[ a2
H+

s

− KaKb

KaKb + KbaH+
s
+ a2

H+
s

]

Fig. 3  Schematic of ISFET showing the potential diagram (adapted 
with permission from Ref. 62, copyright 2000, Elsevier).
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Material and Methods

ISFET-based pH sensors have the advantage of being batch 
fabricated using well-established MOS unit processes, 
which significantly reduces the production cost of these sen-
sors. Moreover, the fabrication process and device design 
is simple, which reduces elaborate unit process optimiza-
tion requirements. In this work,  Al2O3-gate ISFET-based 
pH sensors were fabricated using the self-aligned process. 
The self-aligned process involves five levels of lithography, 
where the final step of lithography step involves a lift-off 
process to pattern the  Al2O3 thin film. The sensing film 
was deposited using pulsed-DC magnetron-assisted reac-
tive sputtering technique. The sensing film material was 
characterized using x-ray diffraction (XRD), field-emission 
scanning electron microscopy (FESEM), energy-dispersive 
spectroscopy (EDS), and x-ray photoelectron spectroscopy 
(XPS) techniques.

Process Optimization for the Deposition of Sensing 
Film

Pulsed-DC magnetron-assisted reactive sputtering technique 
has been used for the deposition of  Al2O3 thin film. The tar-
get potential switches in the frequency range of 10–350 kHz 
from negative potential to either positive or ground potential 
in a pulsed-DC power supply.30 This is helpful in avoiding 
target poisoning. During the negative potential cycle, a thin 
layer of dielectric is formed over the target, which reduces 
the sputtering efficiency of bombarding ions. Moreover, the 
ions begin to charge the dielectric, which may lead to dielec-
tric breakdown over the target surface, leading to melting 
and ejection of droplets of target material, which degrades 
the quality of thin film deposited over the substrate. How-
ever, when the potential switches to a positive value, the 
secondary electrons in the plasma get attracted towards the 
target and neutralize the charged dielectric, and during the 
next negative cycle, the ions bombard the target and remove 
the dielectric layer formed on target surface. Thus, the 
pulsed-DC power supply enables target cleaning during the 

reverse pulse duration. The film quality, deposition rate, and 
stoichiometry of the deposited film are influenced by several 
process parameters, which include operating power,64 sub-
strate temperature,31 target-to-substrate distance,65 operating 
frequency,66 and reverse time.66 The process parameters are 
experimentally optimized to obtain the desired stoichiom-
etry, film quality, and thickness. It has been reported that a 
higher operating frequency, longer reverse time, and higher 
deposition temperature is desirable to obtain good quality of 
thin-film growth.17,31

The deposition process for  Al2O3 sensing film has been 
developed using the TFSP-840Ⓡ sputtering system (VST, 
Israel) using a bipolar pulsed-DC power source. A number 
of iterations were carried out for optimizing the  Al2O3 film 
deposition process. A number of combinations of pulsed-DC 
power in the range of 200 W to 500 W were used with vary-
ing flow rates of argon and oxygen gases for the deposition 
of the  Al2O3 thin film. We used a 99.99% pure aluminum 
target for the thin-film deposition. Initially, a base pressure 
of 1.25x10−7 kPa was achieved in the process chamber of 
the sputtering system. After achieving the base pressure, the 
substrate was maintained at 100◦C during the deposition pro-
cess. A process pressure of nearly 0.82 Pa was maintained 
by controlling the gas flow of argon (Ar) and oxygen ( O2 ) 
in the ratio 4:1. On achieving stable chamber pressure, a 
350-W pulsed-DC power was applied to the target with an 
operating frequency of 100 kHz and a reverse time of 3 μs. 
On the stabilization of applied power, the shutter in front 
of the aluminum target was opened to begin the deposition 
process. The substrate holder was rotated at 20 RPM at a 
distance of 60 mm the target to achieve uniform thin-film 
deposition. The deposition process was carried out for 10 
min to achieve nearly 100-nm thickness of  Al2O3 sensing 
film. Table II lists the optimized parameters used for the 
deposition of the sensing film.

ISFET Device Fabrication

The fabrication process of an ISFET is similar to a MOS-
FET; however, the fundamental difference is the absence of 
gate electrode in an ISFET. In addition to this, a sensing film 
is stacked on top of the gate oxide to enhance the sensing 
performance. Moreover, the encapsulation and packaging 
process of an ISFET is different from a MOSFET because 
the gate region having sensing film must be exposed to the 
electrolyte to allow the formation of an electrolyte/insulator 
interface in order to measure the pH sensitivity.

Figure 4 shows the fabrication process of an ISFET sen-
sor. We use a p-type < 100 > silicon wafer with resistiv-
ity of 1–10 Ω-cm for device fabrication (Fig. 4a). Firstly, 
using thermal oxidation method, a 1-μm-thick oxide layer 
was grown on both sides of the wafer using a wet oxida-
tion process (Fig. 4b). Next, the source and drain regions 

Table I  ISFET device parameter values.

Parameters Value

Width 500 μm
Length 20 μm
Gate oxide thickness 50 nm
Aluminum oxide thickness 100 nm
Sheet resistance (source and drain) 1.74 Ω∕◻
Substrate doping 2E+15 cm−3

Junction depth 1.2 μm
Lateral diffusion 0.96 μm
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were patterned using photolithography, followed by etching 
of oxide using buffered hydrofluoric acid (BHF) (Fig. 4c). 
Phosphorus diffusion and the drive-in process were carried 
out in the source and drain regions while masking the other 
regions with field oxide, and a sheet resistivity of nearly 

1.74 Ω∕◻ (Fig. 4d) was obtained. Next, after performing 
second-level lithography, the oxide in the gate region and 
backside were etched using BHF (Fig. 4e). In order to grow 
gate oxide, dry oxidation was carried out to obtain a  SiO2 
layer thickness of around 50 nm (Fig. 4f). Further, contact 
windows were patterned using third-level lithography, and 
the oxide was etched using BHF solution (Fig. 4g). Alu-
minum was further deposited using the DC sputtering pro-
cess on both sides of the wafer for making electrical contacts 
(Fig. 4h). The aluminum was patterned using fourth-level 
lithography, and the metal was etched away using aluminum 
etchant (Transene, MA, USA) (Fig. 4i), followed by sinter-
ing in forming gas. Next, the final level of lithography was 
carried out to form a lift-off pattern for the sensing film 
(Fig. 4j).  Al2O3 sensing film was deposited using the opti-
mized process recipe as discussed in “Process Optimiza-
tion for the Deposition of Sensing Film” (Fig. 4k), and the 
lift-off process was carried out to pattern the sensing film 
(Fig. 4l). Finally, the wafer was diced, and individual devices 
were packaged in order to use the sensor for pH sensing 
applications.

Packaging of Sensor

The device was packaged using thick-film alumina technol-
ogy.67 Graffy HYDEⓇ software was used to make the layout 
design used to fabricate screen masks for the screen-printing 
process. The base was fabricated using screen printing on 
alumina substrates of size 2  × 2 in., where the conductor 
tracks and lead attachment pads were fabricated using Pd-Ag 
paste, followed by firing and dicing. The wire bonding pads 
were fabricated using Au paste, and the conductor tracks 
were protected using alumina substrate. The lead attachment 
was done using a reflow soldering process, and the devices 
were die-bonded using conductive adhesive compound. 
This was followed by the wire bonding process using 1-mil-
diameter Au wire and conductive adhesive compound, and 
curing was done for 10 min at 120◦C . Finally, an alumina 
cap was placed over the conductor tracks to isolate the elec-
trical contact leads. The device was encapsulated using the 
dam-and-fill process, which is used to create a dam around 
the device using a high-viscosity potting compound, which 
prevents flow of epoxy into the gate area, surrounded by a 
low-viscosity  compound68 (Fig. 4m). The curing time was 
experimentally optimized.

Results and Discussion

Material Characterization

The sensing film was characterized by various material char-
acterization techniques. For XRD characterization, grazing 

Table II  Process parameters for  Al2O3 thin-film deposition by reactive 
sputtering technique.

Parameter Value

Operating power 350 W
Base pressure 1.25x10−7 kPa
Operating pressure 0.82 Pa
Ar flow rate 4.8 sccm
O2 flow rate 1.2 sccm
Operating frequency 100 kHz
Reverse voltage 10% of pulse on voltage
Reverse time 3 μs
Substrate temperature 100oC
Time taken for deposition 10 min
Target-to-substrate distance 6 cm

Fig. 4  Fabrication process flow of an  Al2O3-gate ISFET pH sensor.
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angle x-ray diffraction (GAXRD) was used. As shown in 
Fig. 5, the peak of the XRD spectrum of the sensing film was 
obtained at 45o , and the corresponding plane of the  Al2O3 
thin film was (400).69,70 The surface morphology of the sens-
ing film was characterized using FESEM. The obtained film 
was uniform, as shown in Fig. 6.

EDS analysis was also carried out to determine the stoi-
chiometry of the deposited sensing film. The elemental com-
position is listed in Table III which includes O2 , Al, and Si 
elements. Figure 7 shows the obtained EDS spectra of  Al2O3 
thin film.

XPS is a popular technique used to study the chemical 
composition of surfaces. Here, we analyze the oxidation 
state of the sensing film. The XPS spectral lines of  Al2O3 
thin film are shown in Fig. 8c. Figure 8a shows the spectrum 
of the Al 2p energy region of the aluminum oxide. The peak 
is observed around 75.6 eV, which matches closely with the 
earlier reported data, where the binding energy of the Al 2p 
for  Al2O3 thin film is around 74.4 eV to 75.8 eV.71–73 The 

typical XPS spectrum of the O 1s is shown in Fig. 8b. Two 
oxygen peaks are observed using the peak deconvolution 
method. The deconvoluted peaks are observed at 532.3 eV 
and 532.8 eV. The peak at 532.3 eV originated from the 
Al–O bond due to the adsorbed oxygen.71,74 The other peak 
at around 532.8 eV originated from the Al–OH hydroxyl 
group due to exposure of the film to the atmosphere (mois-
ture) before the XPS characterization.75

Al2O3‑gate ISFET Characterization

The packaged  Al2O3-gate ISFET was immersed in pH buffer 
solutions (Merck) of pH values 4, 7, and 10 along with a Ag/
AgCl reference electrode ( MetrohmⓇ ). The drain terminal 
was supplied a fixed voltage (1 V), while the source and bulk 
terminals were grounded. The reference voltage was swept 
from –1 V to +1 V. A KeysightⓇ B2902A source measure 
unit (SMU) was used for measuring the electrical character-
istics of the ISFET sensor, and the electrical schematic of the 
test setup is shown in Fig. 9.17 We utilized a 1-kΩ current-
limiting resistor to prevent high current flow through the 
device. The obtained transfer characteristics of the device 
are shown in Fig. 10. We obtained a sensitivity of nearly 
42.1 mv/pH using the following relationship:

The sensitivity was calculated at a constant current of IDS = 
0.55 mA using the constant-current voltage method.17 The 
sensor has a nonlinear behavior over the pH range 4–10.

(12)Sensitivity =
ΔVRef

ΔpH

Fig. 5  XRD spectrum of  Al2O3 thin film.

Fig. 6  FESEM image of  Al2O3 thin film.

Fig. 7  EDS spectra of  Al2O3 thin film.

Table III  EDS analysis of  Al2O3 
sensing film.

Element Weight % Atomic %

O K 20.66 31.16
Al K 19.39 17.33
Si K 59.95 51.50
Total 100.00
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Figure  11 shows the output characteristics of the 
 Al2O3-gate ISFET for different pH buffer solutions (pH = 
4, 7, and 10). A variation in the drain current is observed 
for different pH values, indicating the dependence of chan-
nel conductance on the pH of buffer solutions. For a given 

pH buffer solution, the drain current is strongly dependent 
upon the applied reference voltage. Since the fabricated sen-
sor is a depletion-mode ISFET, we obtained a considerable 
drain current for negatively biased VRef  , while the current 
magnitude increased at higher VRef due to the formation of 
higher inversion charge near the semiconductor–insulator 
interface. The drain current saturates for higher VDS values, 
indicating operation of the ISFET in the saturation region. 
As the pH of buffer solutions are varied from pH = 4 (acidic) 
to pH = 10 (basic), we obtained a lower drain current for 
the corresponding VRef values due to the reduction in the net 

Fig. 8  XPS characterization of  Al2O3 thin film: (a) Al 2p; (b) O 1s; 
(c) XPS spectra for aluminum oxide showing core levels of Al 2p, C 
1s, and O 1s.

Fig. 9  Electrical schematic of test setup for ISFET pH sensor char-
acterization, where R, D, S, and B represent the reference electrode, 
drain, source, and bulk terminals, respectively.

Fig. 10  Transfer characteristics of  Al2O3-gate ISFET pH sensor.
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positive charges formed at the insulator–electrolyte inter-
face, on account of reduced  [H+] ion concentration, as we 
move from acidic to basic solution. The charges formed at 
the insulator–electrolyte interface are a function of the pH 

of the solution, as described in Eq. 6, which influences the 
channel conductance due to the generation of surface poten-
tial as derived in Eq. 11. From Eq. 11, it can be deduced 
that a net positive charge in acidic solution will reduce the 
threshold voltage of the ISFET, as explained in Eq. 2, lead-
ing to higher drain current for acidic solutions in comparison 
to basic solutions.

The obtained sensor performance is better than an AlN-
gate ISFET, where the reported sensitivity is 33 mV/pH,17 a 
ZnO nanostructure-based pH sensor, which has a sensitivity 
of 31.81 mV/pH,76a  SiO2-gate ISFET where a sensitivity of 
35 mV/pH was obtained,77 and a Si3N4 sensing film-based 
ISFET sensor, where a sensitivity of 40.35 mV/pH was 
achieved.78 Table IV provides a performance comparison 
of pH sensors using sensing films grown by the sputtering 
process.

Al2O3‑gate ISFET Macromodeling

The SPICE macromodel of the  Al2O3-gate ISFET is empir-
ically derived from the experimental results. The electro-
chemical parameters are swept to fit the obtained experi-
mental results, and the optimized parameters are listed in 
Table V. As shown in Fig. 12, the empirical SPICE macro-
model matches closely with the experimental transfer char-
acteristics of the ISFET. The nonlinear characteristics of the 
sensor are attributed to the effect of various electrochemical 
parameters, such as surface site density and dissociation con-
stants for surface sites, which influence the overall surface 
charge on the sensing film. The macromodel was simulated 
using HSPICEⓇ and did not face any convergence issues.

The surface site density ( Ns ), deprotonation ( Ka ), and 
protonation (  Kb ) dissociation constants are material-
dependent parameters. In the past, surface site densities 
for different sensing films, such as  SiO2, Si3N4 ,  Al2O3, 
AlN, and Ta2O5 have been reported,17,62,83 where the films 
have been deposited using various processes, includ-
ing CVD, ALD, sputtering, and thermal oxidation tech-
niques. The characteristics of the sensing film are strongly 

Fig. 11  Output characteristics of the  Al2O3-gate ISFET in different 
pH buffer solutions: (a) pH 4; (b) pH 7; (c) pH 10.

Table IV  Sensing performance comparison of  Al2O3 thin film with 
other sensing films grown by sputtering techniques.

Sensing film Deposition technique Sensitivity Reference

AlN Pulsed-DC reactive sput-
tering

33 mV/pH 17

ZnO RF sputtering 42.45 mV/pH 79
CeO2 RF sputtering 48.62 mV/pH 80
ZnO RF sputtering 31.81 mV/pH 76
TiO2 RF sputtering 37.73 mV/pH 81
Dy2O3 Reactive sputtering 48.6 mV/pH 82
Al2O3 Pulsed-DC reactive sput-

tering
42.1 mV/pH This work



7094 S. Sinha et al.

1 3

dependent upon the deposition technique and process tem-
perature,24,31 which significantly influences the material’s 
electrochemical parameters.84,85 As discussed in “Process 
Optimization for the Deposition of Sensing Film,” we 
utilized a low-temperature sputtering process for deposit-
ing  Al2O3 sensing film, which is desirable for commercial 
production of sensors. We obtained the electrochemical 
parameters for the sensing film using a parametric sweep 
in order to achieve a close fit with the experimental data. 
The obtained silanol surface site density is higher than 
AlN sensing film,17 which is expected due to the higher 
sensitivity obtained using  Al2O3 sensing film.86 The sensi-
tivity of the ISFET pH sensor is strongly dependent upon 
the surface site density.9 As discussed by Van Hal et al., 
the higher site density leads to increased intrinsic buffer 
capacity ( �int  ) of the sensing film, which reflects the abil-
ity of the sensing film to respond to the changes in pH 
values with corresponding potential changes at the insula-
tor–electrolyte interface.83 The theoretical expression for 
sensitivity of the ISFET pH sensor is given by:9,87

where

(13)

��o

�pHB

= −
2.3kT∕q

(

2.3kTCDiff∕q
2�int

)

+ 1

= −2.3
kT

q
.

(

1

1 + �

)

Here, pHB represents the pH of the solution, k is the Boltz-
mann constant, T is absolute temperature, and q is the ele-
mental charge. �int represents the intrinsic buffer capacity, 
which determines the capability of sensing film to rapidly 
respond to changes in the surface pH.88 The intrinsic buffer 
capacity is strongly dependent upon the surface site density, 
which is given by Eq. 15.9,12,89

The dimensionless sensitivity parameter � varies from 0 to 1, 
depending upon the value of �int and CDiff  . The double-layer 
capacitance ( CDiff  ) is nearly constant for different sensing 
films, as reported by van Hal et al.,83 and thereby the mag-
nitude of intrinsic buffer capacity ( �int ) plays a critical role 
in determining the sensitivity of the ISFET and significantly 
affects the surface potential �o , which is responsible for the 
shift in threshold voltage of the sensor. In comparison to 
 SiO2 sensing film, the reported �int of  Al2O3 film is much 
higher, which is responsible for higher sensitivity of the 
 Al2O3-gate ISFET pH sensor.83 Moreover, a small differ-
ence between the surface dissociation constants maximizes 
the intrinsic buffer capacity, as seen in Eq. 15, and a higher 
value of �int is desirable. As stated by Fung et al., the dis-
sociation constants Ka and Kb for  Al2O3 film are closer to 
each other in comparison to  SiO2 sensing film, which aids 
in obtaining higher sensitivity for the  Al2O3-gate ISFET pH 
sensor.59

Sensor Drift and Hysteresis Characterization

Figure 13 shows the drift characteristics of the sensor in 
pH 4, 7, and 10 buffer solutions. In order to study the drift 
behavior, both the drain voltage and the reference voltage 
were fixed at 1 V, while the source and bulk terminals were 
grounded, and the drain current was recorded using a Key-
sight B2902A dual-channel SMU. The measurements were 
recorded for 3600 s for each of the pH buffer solutions. The 
drift rates were calculated by dividing the total drift by the 
elapsed time. The accuracy of the sensor is limited by drift 
and hysteresis values.46,59

The primary causes for sensor drift are attributed to 
the slow continuous hydration of the sensing film and the 
transport of ionic species through the sensing film, which 
affects the overall insulator capacitance.46,56,59 Thus, due 
to the transport of ionic species through the sensing film, 
we obtained a chemical modification of the gate insulator.47 
The transport of ionic species is explained by a trap-limited 

(14)� =

(

2.3kTCDiff

q2�int

)

(15)�int = 2.3aH+
s
Ns

Kba
2
H+

s

+ 4KaKbaH+
s
+ KaK

2
b

(KaKb + KbaH+
s
+ a2

H+
s

)2

Fig. 12  Comparison of experimental results and SPICE macromodel 
for  Al2O3-gate ISFET.

Table V  Al2O3-gate ISFET 
electrochemical parameter 
values.

Parameter Value

Ka 12.6 ×  10−10

Kb 79.9 ×  10−06

Ns 0.4E18  m−2
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transport and/or hopping mechanism known as dispersive 
diffusion.90 Dispersive transport is commonly observed in 
disordered materials, where the ion transport can arise due 
to trap-limited transport due to the presence of trap sites 
underneath the surface of the sensing film and/or hopping 
motion through localized states, which is reviewed in detail 
by Jamasb et al.46 This leads to the formation of a modi-
fied surface layer whose dielectric constant differs from 
the bulk insulator, where the diffusing species undergo dis-
persive transport across the modified surface layer formed 
previously in order to reach the insulator interface where 
further reaction occurs. Given the transport of ionic spe-
cies is limited by the dispersive transport mechanism, the 
kinetics of growth of the modified surface layer follow a 
stretched-exponential time dependence in the presence of 
sites/traps.56 The thickness of the modified surface layer var-
ies with time, which modifies the overall insulator capaci-
tance. Thus, we obtained a temporal variation in the overall 
insulator capacitance, where a gradual reduction in the insu-
lator capacitance causes monotonic variation in the ISFET 
threshold voltage, which gives rise to temporal drift in the 
drain current. Bousse et al. have reported that drift charac-
teristics in  Al2O3-gate ISFET pH sensors arise from bulk of 
the  Al2O3 thin film and that it is not a surface phenomenon.45 
Jamasb et al. have reported that the thickness of the chemi-
cally modified surface layer near the insulator–electrolyte 
interface is a few angstroms thick.91 The measured drift rates 
for different pH buffer solutions of 4, 7, and 10 are 0.136 
μA/min, 0.124 μA/min, and 0.108 μA/min, respectively, as 
shown in Fig. 13. The obtained drift rates are better than 
TiN-gate ISFETs,88 which shows high hydration resistance 
of  Al2O3 sensing film, which is in agreement with Jang and 
Cho’s study.92

Hysteresis occurs due to the interaction of the surface 
of the sensing film with the ions present in the solution.45 
Bousse et al. have reported that the imperfections in the 

 Al2O3 sensing film cause some degree of porosity in the 
film, which creates interior sites. These buried sites interact 
slowly with the ions in the solution, as ionic diffusion needs 
time to reach the buried sites underneath the insulator sur-
face,93 causing irreversible small changes in the drain cur-
rent. The imperfections in the  Al2O3 thin film may arise due 
to dissolution of the sensing film in pH buffer solutions.94 
The hysteresis study is carried out for the pH cycle: pH 7 
→ pH 4 → pH 7 → pH 10 → pH 7 for a duration of 50 
min. In order to carry out the measurements for hysteresis, 
the  VRef and  VDS were fixed as 1 V each, and the current 
was recorded with a Keysight B2902A SMU. The hysteresis 
was measured as the change in the current from the initial 
to the final time duration in the pH cycle: pH 7 → pH 4 → 
pH 7 → pH 10 → pH 7. The obtained rate of hysteresis was 
nearly 5.806 μA, as shown in Fig. 14. We also calculated the 
acidic and basic rate of hysteresis. The acidic and the basic 
hysteresis values are measured separately for the pH cycle 
pH 7 → pH 4 → pH 7 and pH 7 → pH 10 → pH 7. The 
measured hysteresis values for acidic and basic solutions are 
nearly 4.401 μA and 1.405 μA, respectively. Therefore, the 
acidic and basic rate of hysteresis are obtained as 0.244 μA/
min and 0.078 μA/min, respectively. The asymmetrical hys-
teresis of the pH sensor is due to the different diffusion rates 
of  H+ and  OH− ions in the buried sites of the sensing film.95

Conclusions

In this work, we have reported the fabrication, characteriza-
tion, and modeling of an  Al2O3-gate ISFET pH sensor. The 
ISFET sensor was fabricated through five levels of lithogra-
phy using the self-aligned process. A pulsed-DC magnetron-
assisted reactive sputtering process was used to deposit the 
sensing film, which was characterized by XRD, FESEM, 

Fig. 13  Drift studies of  Al2O3-gate ISFET for pH = 4, 7, and 10. Fig. 14  Hysteresis study of  Al2O3-gate ISFET for the pH cycle: pH 7 
→ pH 4 → pH 7 → pH 10 → pH 7.
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EDS, and XPS techniques to determine the film character-
istics and surface morphology. Sensor characterization was 
performed in different pH buffer solutions, and the sensitiv-
ity was found to be nearly 42.1 mV/pH in the pH range 4–10. 
A behavioral macromodel of the sensor was built in SPICE 
to empirically extract various electrochemical parameters 
from the experimental results, and the experimental and 
simulated characteristics were found to be closely matching. 
Drift and hysteresis characteristics have also been studied, 
where the drift rates for different pH buffer solutions 4, 7, 
and 10 are 0.136 μA/min, 0.124 μA/min, and 0.108 μA/min, 
respectively, and a hysteresis of nearly 5.806 μA has been 
obtained. Thus, the developed sensing film is a promising 
material for chemical sensors and can be adopted for other 
popular applications of  Al2O3 thin film, which include elec-
trical insulation and abrasion protection.

In summary, the main contributions of the paper are as 
follows: 

1. Optimization of the deposition process of  Al2O3 sensing 
film using cost-effective pulsed-DC magnetron-assisted 
reactive sputtering technique and its integration with the 
fabrication of ISFET-based pH sensor.

2. Development of a facile fabrication process for an 
 Al2O3-gate ISFET pH sensor using five steps of lithog-
raphy, where the sensing film is patterned using the lift-
off process.

3. Formulation of a SPICE macromodel for the fabricated 
 Al2O3-gate ISFET pH sensor by incorporating the elec-
trochemical parameters, which have been empirically 
obtained based on the experimental data.
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