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Abstract—This paper presents ISFET array based pH-sensing
system-on-ultra-thin-chip (SoUTC) designed and fabricated in
350 nm CMOS technology. The SoUTC with the proposed current-
mode active-pixel ISFET circuit array is desined to operate at 2 V
and consumes 6.28 µW per-pixel. The presented SoUTC exhibits
low sensitivity to process, voltage, temperature and strain-induced
(PVTS) variations. The silicon area occupancy of each active-pixel
is 44.9 × 33.5 µm2 with an ion-sensing area of 576 µm2. The design
of presented ISFET device is analysed with finite element modeling
in COMSOL Multiphysics using compact model parameters of
MOSFET in 350 nm CMOS technology. Owing to thin (∼30 µm)
Si-substrate the presented SoUTC can conform to curvilinear sur-
faces, allowing intimate contact necessary for reliable data for mon-
itoring of analytes in body fluids such as sweat. Further, it can op-
erate either in a rolling shutter fashion or in a pseudo-random pixel
selection mode allowing the simultaneous detection of pH from dif-
ferent skin regions. Finally, the circuits have been tested in aqueous
Dulbecco’s Modified Eagle Medium (DMEM) culture media with
5–9 pH values, which mimics cellular environments, to demonstrate
their potential use for continuous monitoring of body-fluids pH.

Index Terms—pH measurement, ultra-thin chip, ion-sensitive
field effect transistors (ISFET), COMSOL, CMOS integrated
sensors, sensor arrays.

I. INTRODUCTION

W EARABLE microsystems with sensors and integrated
signal processing and data transmission capability could

boost digital health by providing non-invasive tools for continu-
ous and real-time monitoring of health parameters [1], [2]. This
is also aided by recent progress in flexible electronics as they
allow such sensor systems to conform to curvilinear surfaces,
such as human skin, which is necessary for robust physiological
measurements [3], [4]. Some of these technological advances
have been already exploited to develop devices for real time
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monitoring of various health parameters such as heart rate [5],
blood oxygen and pressure [6], [7], respiration rate [8], body
posture [9], skin stretching [10], skin temperature [11], [12] and
brain activity [13]. These existing solutions mainly focus on
measurement of physiological parameters. They could be further
advanced to develop a complete monitoring and diagnostic tool
by adding the devices that monitor complementary biochemical
parameters from bio-fluids such as sweat [14], which can be a
treasure trove for the detection of several chronic ailments. As
a result, a few recent studies have focussed on the wearable epi-
dermal electronics for continuous measurements of electrolytes
and metabolites in body fluids [15]–[17].

Among various parameters in body fluids, the pH in sweat
is critical as it can reflect metabolic activity, body’s exercise
intensity and dehydration level. Most of the reported epider-
mal electronic systems, developed so far to measure pH, have
used printed ion-selective electrodes (ISEs) in conjunction with
rigid commercial off-the-shelf electronics for signal process-
ing and digitisation [18]–[20]. Whilst printed passive ISEs
offer an attractive route for electrochemical measurements,
the ion-sensitive field-effect transistors (ISFETs) could be a
better alternative, owing to their complementary metal-oxide-
semiconductor (CMOS) compatibility and the possibility of
having full system on chip. The ISFETs have been mainly
used for label-free detection of H+ ions [21]. However, with
a stack of silicon oxide and silicon nitride (deposited primarily
as passivation at the surface of the chip) they can be designed
for pH measurement. Using pH to current/voltage conversion
circuits, integrated analogue-to-digital converters (ADCs) and
multiplexing techniques for proper signal-to-noise ratio (SNR),
it is possible to obtain a complete ISFET based microsystem.
Whilst avoiding off-chip parasitic and interferences, this will
also significantly reduce the power consumption, area and over-
all cost of the system [22]–[24]. However, in the current rigid
form-factors, it is challenging to use the CMOS-based ISFETs as
an epidermal electronic system, which require conformal contact
with curvy skin surface. This challenge could be overcome by
using suitable wafer or chip thinning techniques, which can lead
to silicon dies to have<50 µm thickness [25]–[27]. The bending
or strain-induced variations in the devices’ performance of such
ultra-thin chips (UTCs) could also be exploited to calibrate the
instabilities such as drift in ISFETs [26], [28], [29]. Conformal
chips are also required for the fabrication of systems deployed
on surfaces with a high curvature such as fingertips, biological
tissues and electronic pills [30]. Furthermore, ultra-thin chips
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Fig. 1. (a) Signal chain of ISFET array in current-mode readout from pH recording stage to digital conversion for data analysis, (b) individual pixel circuit
topology, (c) drift compensation using correlated double sampling (CDS), (d) Folded cascode configuration for settling kickback occurring due to the ADC at the
start of the acquisition period.

are utilized for 3D stacking of chips in order to increase device
density without occupying larger areas [31].

Considering the above advantages of UTCs, herein we present
a pH-sensing system-on-ultra-thin-chip (SoUTC) designed and
fabricated in 350 nm CMOS technology. The presented pH-
sensing microsystem is realised on ∼30 µm thick UTC using an
“unmodified” CMOS process. The chip contains a current-mode
in-pixel ISFET readout and a switched-capacitor correlated dou-
ble sampling (CDS) circuit in the signal-chain to compensate
for low-frequency instabilities, such as drift and strain-induced
variations [32]. The initial results related to this paper were
presented at IEEE ISCAS 2021 [32]. In this extended paper,
we present further details and analysis of the ISFET chip,
particularly the device analyses with finite element modelling
in COMSOL Multiphysics using compact model parameters
of MOSFET in 350 nm CMOS technology. The utilisation of
numerical simulations paves the way towards physics-oriented
design of complex systems comprising of solid-state physics in
conjunction with mass transfer and thermodynamic phenomena.
The limitations of circuit level simulators such as SPICE render
them in-efficient towards ISFET design. Furthermore, intricate
systems constituting of multi-ionic species and their transport in
fields cannot be captured via complete analytical models most
of which require numerical analysis. In addition to simulations
targeted towards the ISFET device, system level simulations
have been carried out taking into account mechanical bending
of the integrated circuit based on our previously published
results [27]. The simulation results show good resilience to-
wards PVT variations and small deviations in the SNR and
total harmonic distortion (THD) of the active-pixel topology
at different strained conditions. The presented ISFET based
SoUTC is tested in aqueous Dulbecco’s Modified Eagle Medium
(DMEM) solution and it shows a sensitivity of ∼10 mV/pH in a
5–9 pH range and a reference electrode voltage bias 1.5–1.7 V.
Experimental results also show an acceptable degradation in
figures of merit (FoM) constituting of the signal-to-noise ratio
(SNR) and total harmonic distortion (THD) of the analogue
front-end on the thin die compared to its bulky counterpart with
reduced standard deviation in the FoM across all pixels of the
ISFET array.

The remainder of this paper is organised as follows. Section II
presents the overall design of the ISFET as well as the presented
system along with details of the key blocks. Detailed multi-
physics simulations of the ISFET are presented in Section III.
The fabrication of the SoUTC and the experimental results are
described in Section IV. This section also presents the compati-
bility between the experimental and simulated sensitivity of the
ISFET device. Finally, a summary of key outcomes and future
prospects are given in Section V.

II. ISFET AND SYSTEM DESIGN

A. Overall System Architecture

The block diagram of the presented pH microsystem, having
current-mode readout circuitry interfaced with the ISFET Mc4,
is shown in Fig. 1(a). The first block is an 8 × 8 pixel array.
Each pixel (shown in Fig. 1(b)) is selected via external column
addresses functioning as inputs to a 3:8 decoder for column
select via the pixel transistor Mc7. The pixel output is transferred
to the next stage via an analog multiplexer consisting of a set
of transmission gates utilised for row-select. The transmission
gates have been designed to provide low on-resistance, low THD
and high SNR. The output of the pixel is filtered using a passive
low pass filter (LPF), which is subsequently connected to the
drift compensation circuit (Fig. 1(c)) via a unity gain buffer
(Fig. 1(d)). The analog output of the buffer is converted to a
digital signal by an on-chip 10-bit successive approximation
register (SAR) ADC. Each pixel is selected via a bias voltage
provided by a 10 bit DAC. The ADC and DAC are standard
cells with an SNR of above 50 dB. Each IC of area 16 mm2

consists of 512 ISFET pixel circuits distributed over the chip
in a split-array format with a pitch of 40 µm between two
adjacent individual pixel circuits of each array. This arrangement
allows for the deposition of on-chip miniaturized reference
electrodes with the ISFET. The split-array format of the chip
allows for improved compartmentalization which can be utilized
for multi-analyte detection and turning off of unused arrays, thus
saving power. Furthermore, the array programmability can be
utilized for recording small variations in pH while accounting
for electrochemical drift via a compensation circuit.
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Fig. 2. Schematic of a single CMOS ISFET with nitride sensing membrane
placed in DMEM biased with a reference electrode (source-drain contacts and
thin-oxide are not shown for simplicity).

B. CMOS ISFET Sensor Design

The target ISFET is fabricated in 4 metal layer 350 nm CMOS
technology. The silicon die is not packaged and hence, the
passivation layer is available for exposure to the surrounding
electrolyte. The top sensing stacked dielectric consists of a sili-
con nitride layer above the silicon oxide, each of 1 µm thickness
as shown in Fig. 2. The total sensing area of the ISFET in contact
with the surrounding cell culture media is 576 µm2. In order
to achieve sensor-device level analysis, in-depth multiphysics
simulations have been carried out, of which the details are
given in Section III. The compatibility between the experimental
results and simulations will be demonstrated.

C. Current-Mode ISFET Pixel Design

The presented active pixel topology of which the transistors
are shown by Mci (Fig. 1(b)) operates in the current-mode
allowing for accelerated signal processing of recorded signals.
The choice of a current-mode readout over a voltage- mode
read-out is motivated by complexity levels required for main-
taining a constant drain current under strain. Furthermore, the
proposed 8-Transistor (8T) addressable current-mode pixel cir-
cuit reduces sensitivity to the power supply noise and enables
rapid signal processing. Existing voltage-mode read-outs using
source follower exhibit low power supply rejection ratio. The
maximum number of transistors between supply and ground is
3 in the presented pixel circuit. Hence, the supply voltage is
reduced to 2 V and therefore, the power consumption of the
pixel circuit is reduced. The low input impedance common-gate
amplifier acts as both a column-select and a current-buffer. The
transistor Mc1 is biased by an external signal Vbias via a 10-bit
digital-to-analog converted (DAC) and a unity gain amplifier,
increasing programmability of the active pixel for calibration
purposes. Each pixel, of which the ISFET is operating in the
weak inversion region, consumes only 6.28 µW of power with a
supply voltage of 2 V. The rest of the circuit blocks are designed
for a high SNR (above 50 dB).

The pixel’s dimensions are 44.9 µm × 33.5 µm with an
ion-sensing electrode of size 24 µm × 24 µm. Each recording
pixel operates according to the following mechanism: Variation
of the effective surface charge density of ISFET Mc4 due to
pH variation will cause a corresponding change in its drain

TABLE I
DIMENSIONS OF TRANSISTORS UTILISED IN EACH PIXEL

current. The current is mirrored through transistors Mc5 and
Mc6 to the branch constituting common-gate transistor Mc7 with
diode-connected load Mc8 as shown in Fig. 1(b). Effectively,
transistors Mc6 and Mc7 form a cascode stage reducing the
current mirroring error. Table I lists the sizes of all transistors
in the pixel circuit. The expression for the relative error of the
mirrored drain current (ΔIDS/IDS) taking into account random
mismatch effects in β (i.e., μCoxW/L) and threshold voltage is
given by Eq. 1

ΔIDS

IDS
=

Δβ

β
− gm

IDS
ΔVth (1)

where gm and Vth denote the average transconductance and
threshold voltage of the current-mirror transistors. The noise at
the output of the current mirror constituting of Mc5 and Mc6 is
the summation of the noise current generated in the channels of
ISFET Mc4, and transistors Mc5 and Mc6. Hence, an increased
overdrive voltage contributes to noise minimisation, which is
required for the detection of low variations in the fluid pH on
the chip. In the low-frequency regime, transistors Mc6 and Mc8
are the primary contributors to the input referred noise of the
cascode structure given by Eq. 2
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where gmi denotes the transconductance of transistor Mci. The
flicker noise coefficients for n-channel and p-channel devices are
given by Kn and Kp, respectively. In order to analyse the SNR
and THD of the presented circuit, the compact model derived in
our previous studies is used [24], [27], [33].

On an average, the extracted variation in the SNR and THD of
the pixel circuit output in the compressed state are −0.9 dB and
6.29 dB, respectively. Similarly, variations of 0.24 dB in SNR
and−2.23 dB in THD are observed in the tensile state indicating
less susceptibility to process variations and strain. The primary
parameters contributing to variations in the noise performance
of strained circuits are the transconductance of transistors Mc6
and Mc8 as it is evident from Eq. 2. Strain alters mobility and
threshold voltage of the transistors as the chip is bent. The SNR
and THD of the current-mode readout topology for an input
voltage range of 0-5 mV superimposed on Vref is extracted from
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Fig. 3. Simulated (a) SNR and (b) THD of each pixel topology versus input
voltage under no stress (planar), and tensile and compressive stress.

simulation. The simulation results are shown in Fig. 3(a) and (b),
respectively. The output voltage of the pixel is then transmitted
to the drift compensation circuit via a low pass filter and analog
buffer, as shown in Fig. 1.

D. Strain and Drift-Induced Compensation Circuit

The combined effects of drift due to ultra-low frequency ionic
diffusion across the sensing membrane and dielectric stack as
well as strain due to bending of chips placed on non-planar
surfaces leads to temporal variations of pixel output even under
constant pH and temperature conditions. In order to reduce the
drift in the system, correlated double sampling (CDS) circuit is
used with two non-overlapping clock phases with the reference
voltage controlled by the bias of the bulk solution (Fig. 1(c))
[34]. The output voltages in the sampling phase φ1 and hold
phase φ2, are given by equations (3) and (4) respectively under
the assumption of C1 = C2.

Vout (n) at φ1 = Vin (n)− Vin (n− 1) + Vref (3)

Vout (n) at φ2 = (Vin (n− 1)) (4)

As expressed by Eq. 3, the analog signal at the input of
the CDS (Vin) is sampled and the difference between the two

TABLE II
DIMENSIONS OF TRANSISTORS UTILISED IN FOLDED CASCODE AMPLIFIER

consecutive samples of Vin is available at φ1 to cancel the
common-mode drift and strain-induced variations. The CDS
circuit is followed by a low-pass filter. To remove the kickback
caused during charge rebalancing at the input of the CDS circuit,
a two-stage folded-cascode circuit with active load is utilised
for the buffer stage [35]. This is incorporated at the input of the
drift compensation block. Transistor sizes constituting the folded
cascode are given in Table II. The open loop gain and CMRR
of the general purpose folded cascode amplifier are 53 dB and
132 dB, respectively while providing 68.1° phase margin. Its
open loop output resistance is 80 kΩ and consumes a power of
1.2 mW.

At low frequencies, the input-referred thermal noise density is
given by Eq. 5. Further, the input referred offset due to process-
induced random mismatch and mechanical strain in the chip is
expressed by Eq. 6

e2n
Δf
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3g2m1
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where, gmi and σVthMi denote the transconductance and stan-
dard deviation of threshold voltage of transistor Mi. During
integration with platforms which undergo dynamic bending
(for example in wearable devices), the PMOS differential pair
M1-M2, current sink M9-M10 and M7-M8 exhibit variations
in their transconductance, which is reflected as a change in the
input-referred thermal noise density and offset as seen in Eqs.
5 and 6. Hence, strained circuits provide an effective way in
designing topologies of which the electrical properties are con-
trolled by mechanical deformations. The simulated response of
the transmission gate to strain exhibits no significant variations
in THD as shown in Fig. 4(b) while its SNR is shifted by 0.5 dB
in tension and −1.3 dB in compression as seen in Fig. 4(a). It
must be noted that while the CDS circuit effectively removes
the low-frequency drift depending on its switching frequency, it
may additionally filter small variations in pH changes recorded
over an extended period of time. However, the ability of the
chip to be programmed externally coupled with the CDS circuit
can be utilised to perform stable measurements. Furthermore,
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Fig. 4. Simulated (a) SNR and (b) THD of transmission gate versus input
voltage under no stress (planar), and tensile and compressive stress.

reactions leading to pH variations occur at comparatively higher
frequencies of 0.1–1 Hz as compared to drift, which further
enhances the effectiveness of the CDS circuit [36].

At the final stage a second-order Gm-C bi-quad is used to filter
the output of the circuit which is subsequently digitised at 90 kS/s
via a 10 bit SAR ADC. In order to remove kickback at the begin-
ning of acquisition due to charge rebalancing on the converter,
a second folded cascode buffer is used. The micrograph of the
chip fabricated in Austria Microsystems (AMS) 350 nm CMOS
technology is shown in Fig. 5(a). The chip has been designed
with a pixel pitch of 40 µm wherein on-chip reference electrodes
can be deposited on the CMOS chip as shown in Fig. 5(b).

III. MULTIPHYSICS NUMERICAL SIMULATION OF ISFETS

A. Electrochemical Simulations

In order to evaluate the response of the ISFET Mc4 (Fig. 1(b))
to surrounding media, we used the Electrochemistry Module
of COMSOL Multiphysics v5.6. This study builds upon our
previous analytical work on ion sensitive RuO2 membranes [24].
This implementation has been carried out by considering the
ionic composition of DMEM (11995, ThermoFisher Scientific)

Fig. 5. (a) Chip micrograph of 8 × 8 ISFET pixel arrays along with read-out
circuitry, buffers, ADC, DAC and drift compensation architectures (b) Layout
of a single array consisting of 8 × 8 ISFET pixel circuits with gap for reference
electrode deposition shown in white.

for robustness and includes the presence of sodium chloride
(110.34 mM) and sodium bicarbonate (44.04 mM) molecules
which respond to electric fields in the media at room tempera-
ture. It may be noted that crowding effects in the system have
been neglected and the Boltzmann model is applicable. This
assumption is suitable in this study since the electrolyte under
consideration is not highly concentrated and the surface of the
silicon nitride layer forms a buffering interface with the sur-
rounding media. Silicon nitride consists of two primary binding
sites, namely silanol and primary amine. Eq. 7 describes the
variable surface charge density on the silicon nitride surface [37].

σnit = Nsi

(
[H+

s ]
2 −K+K−[

H+
s

]2
+ K+

[
H+

s

]
+K+K−

)

+Nni

(
[H+

s ][
H+

s

]
+KN+

)
(7)

The constants Nsi and Nni in Eq. 7 denote the surface densities
of the silanol and amine sites respectively while Ki denote the
dissociation constants of the sites. The activity of the hydrogen
ions at the surface of the sensing layer is denoted by [Hs

+] and is
a function of the nitride surface potential. The schematic of the
2D model with a dielectric and out-of-plane thickness of 24 μm
and 2 μm (t1 = t2 = 1 μm), respectively is shown in Fig. 6. For
better accuracy of the model, very fine boundary sub-nm mesh
elements have been used at the interface of the electrolyte and the
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Fig. 6. (a) Schematic of ion-sensitive dielectric stack and DMEM. (b) Bound-
ary layered mesh at interface. (c) First mesh boundary height is 10 pm.

sensor. The first mesh boundary height into the electrolyte was
chosen to be in the same order of magnitude as the ionic radius
of hydrogen ion in order to efficiently capture the dynamics of
the system. From therein, a geometric progression was utilised
on the mesh into the electrolyte solution thus ensuring a high
mesh density. This ensures accurate computations at the double
layer interface and takes into account complete wetting of the
surface, similar to our experimental setup. Biasing of the ISFET
has been numerically carried out using the Electrostatics physics
with a user-defined bulk potential (Vref). The surface charge
density, σnit, is defined across the entire electrolyte-insulator
interface boundary. The migration of ions on application of
electric fields is modelled using Transport of Dilute Species
(TDS) physics with bulk ionic concentration defined on the
basis of pH and DMEM composition. Multiphysics coupling
between the electrostatics and TDS modules ensures the correct
derivation of voltage drop across the Stern layer and pH depen-
dent surface potential using the Poisson-Nernst- Planck equa-
tion. User-defined differential equations are used to numerically
derive the surface potential with an appropriate initial value. The
potential computed in the first electrostatics step, φl, is coupled
to the surface potential of the sensing membrane, φN , via Eq. 8.

φN = φl +
Dn

Cstern
(8)

The presence of the Stern layer, of which the capacitance is
denoted by Cstern, entails continuity in the normal component
of the electric displacement field, Dn. The latter is computed
in the electrostatics physics and fully coupled to the differential
equation describing the potential developed on the nitride layer
after deviations from electroneutrality. The initial value of the
surface potential is taken as the applied bulk potential. Eq. 8 can
be further expanded to take into account static as well as dynamic
drift in the system via Eq. 9. In our numerical studies we have
assumed near-zero drift so as to not deviate from the assumptions
of quasi-equilibrium studies i.e., the damping coefficients, a1
and a2 are zero.

φN = φl +
Dn

Cstern
− a1

∂2φN

∂t2
− a2

∂φN

∂t
(9)

Fig. 7. Potential drop across the ISFET (blue: potential of bulk electrolyte
and interface drop, green: potential drop in the nitride layer up to oxide layer,
orange: potential drop in the oxide layer up to the floating gate).

Fig. 8. Surface potential of sensing interface versus pH varying from 5 to 9
(sensing interface is extended for visual clarity).

The drop in potential across the interface, the dielectric stack
and the floating gate with a reference voltage of 1.7 V and pH
equal to 7.5 is shown in Fig. 7. This drop occurs due to the pres-
ence of the passivation capacitance, double layer capacitance
as well as the transistor-introduced capacitive division due to
oxide and depletion capacitances. It is important to take into
account this potential drop as it is coupled to the voltage seen
by the floating gate of the transistor. Furthermore, the surface
potential of the nitride layer is dependent on the pH as shown
in Fig. 8, wherein acidic solutions exhibit a higher potential at
the interface. The results of the electrochemical study are then
coupled to the semiconducting physics as is explained in the
following sub-section.

B. Semiconductor Simulations

With the aim of efficient modelling the semiconducting as-
pects of the ISFET, device model parameters obtained from
350 nm CMOS technology are incorporated into the COMSOL
framework, which are also utilised during chip design. Transistor
Mc4 (Fig. 1(b)) is separately biased at VDS = 1 V with a sweep
on Vref from 1.7 V to 2 V and its drain current is recorded
experimentally via a source measuring unit. The experimental
gate voltage corresponds to the externally probed reference
voltage, Vref. To test the applicability of the numerical model,
the same biasing conditions are chosen during simulations. The
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Fig. 9. Capacitive division in ISFET due to dielectric stack and FET capaci-
tance. The body voltage, VB, is set to zero.

capacitive division occurring at the floating gate of the ISFET is
shown in Fig. 9. The floating gate voltage, VFG is given by Eq.
10 at VB = 0. The variable Veff takes into account the applied
reference voltage as well as the pH dependent chemical potential
Vchem [38].

VFG = Veff
Cchem

Cchem + CFET
(10)

The electrochemical capacitance, Cchem, is a function of
the sensing layer properties and depends on the Stern layer
capacitance comprising the inner and outer Helmholtz layer
capacitances, the diffuse layer capacitance as well as the drop
within the dielectric stack which are computed in the electro-
chemistry physics. In addition to the capacitance of the sensing
aspect of the ISFET, the transistor contributes an additional
capacitance, CFET, which can be expressed as a function of
the oxide capacitance, Cox and depletion capacitance Cdep as
seen in Eq. 11.

CFET =
CoxCdep

Cox + Cdep
(11)

Furthermore, scattering and lateral electric fields in the chan-
nel are taken into account via field-dependent mobility varia-
tions. The designed channel length of the device is 500 nm across
which a drain-source voltage of 1V is applied. Due to the effect of
the lateral electric field as well as scattering, four semiconductor
material models are taken into account: Arora, Fletcher, Lom-
bardi and Caughey-Thomas mobility models, in the mentioned
order [39], [40]. It must be noted that the efficiency of the study
relies on the order in which the mobility models are defined.
Hence, an effective nested mobility is defined wherein the input
mobility of each model is the computed mobility of the previous
model. This approach is particularly useful in simulating tran-
sistors fabricated on piezoresistive materials due to the inclusion
of mobility variations occurring due to external stresses during
UTC bending.

A complete simulation linking the electrochemical and semi-
conducting physics is performed and the drain current is derived
as a function of the reference voltage taking into account capac-
itive division as well as channel response at VDS equal to 1V at

Fig. 10. (a) Ultra-thin and bulky chips. (b) UTC on the flexible PCB followed
by epoxy encapsulation. (c) UTC ball bonded on the flexible PCB without epoxy
encapsulation.

pH equal to 7.5. Furthermore, the change in the surface potential
of the sensor is derived as a function of pH. In continuum with
the electrochemical-semiconducting analysis, this model can be
further expanded to efficiently analyse the effects of strain on
the ISFET via coupling with the Solid Mechanics physics.

This approach is particularly useful in the design of sensors
on anisotropic materials such as Si, which exhibit variable mo-
bilities along different crystal directions in the planar as well as
strained state. The simulation results of this model are compared
with that of the experimental in Section 4b. The device behaviour
can then be extracted and coupled in Verilog-A to systematically
predict system level performance of ISFETs utilising high-k
dielectrics, 2D materials as well as non-planar devices such as
gate-all-around ISFETs.

IV. FABRICATION AND EXPERIMENTAL RESULTS

A. System-on-Ultra-Thin-Chip (SoUTC)

The fabricated chip with a thickness of ∼250 μm is thinned to
∼30 μm using in-house processing involving lapping [24], [41].
Lapping, unlike mechanical exfoliation, exhibits low to negli-
gible affects on the leakage current of devices with substrates
thinned down to thickness larger than that of the electrical chan-
nel and is often used by the optoelectronics industry wherein a
high degree of precision is required [41]. Backside chip thinning
was carried out using the PM5 Logitech precision lapping and
polishing machine. The chips were attached to the sample hold-
ing jig by bonding wax of ∼1 μm thickness. Slurried aluminium
oxide particles of diameter ∼3 μm were utilised to physically
etch away the chip at the rate of 9μm/min. Once the desired chip
thickness was achieved, the bonding wax was melted and the
chips were slid out using a PDMS stamp as shown in Fig. 10(a).
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Fig. 11. (a) Electrical setup for PSD measurements. (b) Electrochemical
interfacing for extraction of pH and drift.

Due to the stacked nature of FETs, which consists of layer
made of unequal stiffness materials such poly-Si, dielectrics
and metals, the thinning process is likely to induce a non-zero
radius of curvature in the chip which causes the chip to become
inherently non-planar. The maximum radius of curvature of the
IC under no force is 2 μm as measured using profilometry. After
thinning, the chip was glued with low stress epoxy (Epo-TEK
301-2) and wire bonded to a polyamide based flexible PCB
(FPCB) with the pads encapsulated in room temperate cured
epoxy (Epo-TEK 302-3M) as shown in Fig. 10(b). The ball
bonding of the UTC without epoxy is shown in Fig. 10(c). As the
the UTCs obtained through this post-processiog step can bend
and conform to curved surfaces such as the skin, they are likely
to lead to improved recording of data related to body fluid pH.

B. Experimental Results

The electrical and electrochemical characterization of bulky
ICs and UTCs was carried out in a Faraday cage using DMEM
solutions of volume 50 μL having a pH in the range of 5–9 as
shown in Fig. 11(a) and (b), respectively. DMEM is a standard
solution, of which the chemical content closely resembles bio-
logical fluids [42]. The solution consists of amino acids, glucose,
vitamins and inorganic salts [42]. This pH range is used as it
mimics the body fluid make-up. Additionally, the power spectral
density of each pixel was computed via FFT of recorded signals
on an oscilloscope (MSO-X, 4154A) with a sampling rate of
5GSa/s. The reference voltage of each pixel was biased using
an Ag/AgCl (3M KCl) electrode (MF-2056, Alvatek) connected
to an arbitrary waveform generator (T3AFG120 from Teledyne
LeCroy) providing a small-signal input voltage of amplitude
10mVp-p at 1 kHz as shown in Fig. 11(a). The obtained PSD plots
are in-turn utilised to compute the SNR and THD of each pixel
circuit of which the results are shown in Fig. 12(a) and Fig. 12(b),
respectively. The spread in SNR and THD can be attributed to
the trapped charges present in the sensing membrane, which
induce an offset in each pixel measurement. The reduction in the
standard deviation of SNR after chip thinning could entail that
the inherent curvature introduced in the IC resulted in bending
induced enhancement reducing offset variability, which was also

Fig. 12. Array level measurements of (a) SNR and (b) THD of CMOS ISFET
chip before and after thinning.

previously observed in our thinned extended gate ISFETs [26].
Furthermore, the THD standard deviation remained unaffected
suggesting that variability in signal harmonics was unchanged
after thinning.

Pixel-wise data acquisition was carried out via a digital mul-
timeter (Keysight 34461A) and a custom LABVIEW program
as shown in Fig. 11(b). Similarly, the drift was recorded over a
period of 42 minutes under carefully controlled biasing condi-
tions. The signal chain associated with drift measurement results
constitutes the on-chip DAC, addressed pixel circuit, low pass
filter, unity gain amplifier and the drift compensation circuit. The
pH sensitivity of the “unmodified” CMOS ISFET is∼10 mV/pH
with a drift of 0.07 mV/min as shown in Figs. 13 and 14(a),
respectively. The latter is reduced to 0.02 mV/min once the drift
compensation circuit has been activated as is observed from
Fig. 14(b). Furthermore, the same drift compensation circuit can
be utilized to remove the offset introduced by trapped charges
at the beginning of each measurement [36]. The current-mode
read-out circuit is designed to be linear with a gain of unity and
hence the magnitude of change in the input and output voltage
can be considered approximately equal. It can be seen that the
simulated results are in good agreement with experimentally
derived values as shown in Figs. 15 and 16. The differences in
the drain current between the predicted and derived values can
be linked to the presence of buried traps and in-homogeneity
of the PECVD silicon nitride layer as well as interface traps
between the oxide-nitride layer.
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Fig. 13. Average output voltage of each pixel versus pH of surrounding
DMEM solution.

Fig. 14. Drift response of each pixel (a) without CDS active (0.07 mV/min)
(b) with CDS active (0.02 mV/min).

Based on the measured noise power spectral density of the
bulky and UTC chip shown in Fig. 17(a), the flicker noise
spectrum of the UTC is ∼0.5–1 dB above that of the bulky chip.
Similarly, thermal noise floor in the UTC was ∼1 dB higher as
compared to the bulky chip. Output noise PSD of the final folded
cascode unity gain amplifier on both bulky and ultra-thin chip
has also been measured, wherein the amplifier load mimics the
input impedance of the on-chip SAR ADC, of which the results
are shown in Fig. 17(b). It is observed that variation in noise PSD
of the signal chain output between the two types of chips follows
an acceptable change similar to that of the active pixel circuit
further confirming the suitability of ultra-thin CMOS chips for

Fig. 15. Simulated floating gate voltage with a sensitivity of ∼9.8 mV/pH
(experimental sensitivity is equal to ∼10 mV/pH).

Fig. 16. Experimental and simulated ISFET drain current versus externally
applied reference voltage at pH = 7.5.

Fig. 17. Noise power spectral density of (a) current-mode pixel circuit and
(b) final folded cascode unity gain amplifier on bulk and ultra-thin chip.
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TABLE III
COMPARISON OF ISFET SENSING PIXELS

pH sensing. The SNR and THD of each current-mode pixel
has been extracted from the PSD of the output signal using an
in-house algorithm developed in Python. In terms of the FoM of
the circuit on UTCs, the mean SNR dropped by 5.16 dB and the
THD increased by 1.31 dB as compared to bulky or conventional
chips. This may have occurred due to non-uniform strain present
in the UTC. However, there are no observable changes in the
operation of the chip in terms of pH sensitivity and drift. Hence,
the acceptable deterioration of the FoM can be neglected as
compared to the advantages the UTC provides, particularly
in terms of lowered stiffness, conformability, integration with
flexible substrates and biological tissues as well as chip stacking.
Furthermore, the piezoresistive nature of silicon can be utilized
to enhance the response of the device as was indicative in the
lowered variability of the FoM in the ultra-thin chips. We have
compared the presented pixel circuit with existing state of-the-art
CMOS ISFET pixels fabricated on bulky substrates in Table III.
In terms of system power information, the power consumption
division is as follows. ADC: 250 µW, DAC: 1.1 mW, CDS:
1.3 mW, LPF: 200 µW. The pixel circuit which is the core of
the system, is designed for low power consumption and hence
is used for a harmonious comparison. It is observed that the
response of the proposed pixel circuit is comparable to that of
previously reported results, with lowered power per pixel circuit,
lowered drift and an ultra-thin substrate which is suitable for
development of conformable high density ISFET arrays on a
chip.

V. FUTURE PROSPECTS AND CONCLUSION

This paper successfully presents the design and implementa-
tion of a fully integrated pH-sensing system-on-ultra-thin chip
(SoUTC) for potential use in epidermal electronics or wear-
able systems. An in-pixel current-mode readout topology has
been used to achieve linear pH-to-current conversion and good
resilience towards PVT and strain-induced variations. The 8T
pixel architecture ensures proper ISFET biasing and high output
impedance while the non-ideal effects of drift and strain-induced
variations are compensated with a CDS architecture. The sensors

Fig. 18. Super-inkjet printed Ag/AgCl pattern on silicon nitride sensing sur-
face for on-chip biasing of solution under test.

used in the “unmodified” CMOS format exhibit a ∼10mV/pH
sensitivity towards H+ ions and a 0.07mV/minute drift in
DMEM solutions, which was reduced to 0.02mV/minute with
the CDS topology active. The drop in variability of the FoM
across the active pixels after chip thinning is indicative of offset
reduction due to inherent stresses developed in the piezoresistive
silicon substrate.

In order to achieve complete flexibility, we have carried
out the initial steps required for the deposition of an on-chip
non-polarizable reference electrode via super inkjet printing
thus removing the need for an external reference electrode as
an extension to our previous study [45]. The reference elec-
trode pattern was printed on silicon nitride membranes utilis-
ing electrohydrodynamic printing with Cyclododecene solvent
(SIJTechnology, Inc.). A voltage bias of 600 V was applied to
the nozzle with the substrate grounded and the printing was
carried out at a frequency of 200 Hz. This step is pivotal towards
the packaging of the sensor as well as its potential use as an
implantable device towards the continuation of this research. An
additional advantage provided by printed reference electrodes
for CMOS ISFETs is their pixel-like compartmentalization.
This leads to localized biasing of the electrolyte thus further
reducing the effect of trapped charges [46]. The printed Ag/AgCl
pattern on Silicon Nitride is shown in Fig. 18 comprising of
the split-array format of the chip with seven 8 × 8 arrays with
a minimum line width of 25 µm. In order, to prevent short
circuits between the electrolyte and the bonded wires during
bending, polymeric chambers will be deposited on the chip via
high precision printing of flexible and biocompatible materials.
Based on design specifications the effects of strain on the overall
SoUTC can be minimized by placing the chip in the neutral plane
during packaging.

The presented in-depth numerical analysis of the ISFET tak-
ing into account electrolyte composition as well as mobility
variations in the transistor provides an efficient method for
gauging the response of designed ISFETs prior to fabrication and
provides further insight into potential drops occurring as a result
of the fabrication process. The electrical and electrochemical
performance of the in-pixel topology on UTCs (∼30 µm thick)
was compared with the same topology on bulky (∼250 µm)
chips and an acceptable degradation of the SNR and THD in the
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readout circuit on the ultra-thin die was observed. Additionally,
numerical results provide an adequate modelling framework
capable of predicting variations in the surface potential of the
sensor as well as drain current of the transistor under varying
pH conditions. The presented SoUTC paves the way towards the
next generation of wearable point-of-care devices.
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