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Abstract 

In recent years, there has been a focus on integrating and miniaturising complementary 

metal-oxide-semiconductor (CMOS) electrochemical sensors, particularly 

ion-sensitive field-effect transistors (ISFETs), for applications in healthcare and 

environmental monitoring. However, CMOS-based ISFETs do not always show stable 

behaviour, and their interface circuits are not suited to supply voltage variation. This 

work aims to develop a stable platform for sub-pH detection by addressing these 

challenges. 

This work presents two front-end architectures for pH signal frequency conversion, 

suitable for low supply voltage and pH-sensing arrays. These circuits offer nonlinear 

and linear responses to pH changes, with a focus on the linear version. CMOS 

post-processing steps are used to further improve the sensitivity in the sensing area. The 

linear pulse frequency modulator (LPFM) architecture exhibits the best outcome in 

long-term response against pH variations and a highly stable signal with up to 25% 

variation in the power supply range. This could be a very significant feature for 

implantable and other wireless applications. 

Two data acquisition techniques are employed to increase  long-term stability: the 

standard ‘Static Method’ and a ‘Dynamic Method’ using a pulsed reference signal. The 

Dynamic Method outperforms conventional techniques, addressing the common issue 

of the rapid pH signal decay in the time domain measurements evaluated in this work.  
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Lay Summary 

Electrochemical sensors play a significant role in today’s biomedical and 

environmental applications. These sensors help us comprehend and interact with the 

world around us by providing valuable insights into the composition of substances and 

their respective chemical processes. Whether measuring pH levels in a lake to monitor 

its toxicity or detecting glucose levels in the blood to manage diseases like diabetes, 

these sensors can significantly improve our lives. 

Recent advances in this area have been driven by the increasing demand for portable, 

affordable and accurate devices for various applications, including environmental 

monitoring, medical diagnostics and food safety, among others. This work provides a 

review of the technology and proposes an electronic architecture in CMOS technology 

using ISFETs as pH sensors to develop a platform with high sensitivity, stability and 

repeatability that can overcome some of the major challenges present in these devices. 

Electrochemical sensors allow us to see the invisible and understand the unknown in 

many applications, and they can have a fundamental impact in countless industries and 

fields. These sensors are shaping our future and are close to guaranteeing a significant 

improvement in people’s quality of life around the globe. 

  



 viii 

Table of Contents 

Declaration of Originality ........................................................................................... iii 

Abstract ....................................................................................................................... vi 

Lay Summary ............................................................................................................. vii 

Table of Contents ...................................................................................................... viii 

List of Figures ............................................................................................................. xi 

List of Tables............................................................................................................. xvi 

Abbreviations and Acronyms ................................................................................... xvii 

Chapter 1  ..................................................................................................................... 1 

1.1 Motivation .......................................................................................................... 1 

1.2 Research Objectives ........................................................................................... 3 

1.3 Contribution to Knowledge ................................................................................ 5 

1.4 Thesis Overview ................................................................................................. 5 

1.5 Publications Arising from the Research ............................................................. 7 

Chapter 2  ..................................................................................................................... 8 

2.1 Introduction ........................................................................................................ 8 

2.2 ISFET Microsensor ............................................................................................ 9 

2.2.1 ISFET Operation ........................................................................................ 9 

2.2.2 Electrolyte-insulator-semiconductor Interface ........................................ 13 

2.2.3 Site Binding Model .................................................................................. 15 

2.2.4 Common Challenges ................................................................................ 17 

2.3 ISFET Simulation Models ................................................................................ 21 

2.4 ISFET Instrumentation ..................................................................................... 22 

2.4.1 Single Architectures................................................................................. 22 

2.5 ISFET Sensing Layers ...................................................................................... 26 

2.6 ISFET Applications .......................................................................................... 28 

2.7 Summary .......................................................................................................... 29 

Chapter 3  ................................................................................................................... 31 

3.1 Introduction ...................................................................................................... 31 

3.2 Overview of Foundry Technology ................................................................... 31 

3.3 ISFET Simulation Model ................................................................................. 32 



 ix 

3.4 Nonlinear Pulse-frequency Modulation Architecture ...................................... 33 

3.4.1 Front-end Architecture............................................................................. 34 

3.4.2 Simulation Results ................................................................................... 36 

3.4.3 Layout Design .......................................................................................... 40 

3.4.4 Electrical Characterisation ....................................................................... 41 

3.5 Linear Pulse-frequency Modulation Architecture ............................................ 45 

3.5.1 Front-end Architecture............................................................................. 45 

3.5.2 Simulation Results ................................................................................... 48 

3.5.3 Layout Design .......................................................................................... 52 

3.5.4 Electrical Characterisation ....................................................................... 53 

3.6 Summary .......................................................................................................... 55 

Chapter 4  ................................................................................................................... 56 

4.1 Introduction ...................................................................................................... 56 

4.2 ISFET Sensitivity ............................................................................................. 56 

4.3 Post-processing and Microfabrication Techniques .......................................... 57 

4.3.1 Unmodified Silicon CMOS Chip ............................................................ 57 

4.3.2 Tantalum Pentoxide Deposition .............................................................. 60 

4.3.3 Si3N4 Passivation Layer Thinning ........................................................... 67 

4.4 Packaging and Encapsulation ........................................................................... 70 

4.4.1 Housing .................................................................................................... 70 

4.4.2 Encapsulation ........................................................................................... 73 

4.5 Summary .......................................................................................................... 79 

Chapter 5  ................................................................................................................... 80 

5.1 Introduction ...................................................................................................... 80 

5.2 Experimental Setup Specifications ................................................................... 80 

5.3 Electrochemical Characterisation ..................................................................... 84 

5.3.1 Static Electrochemical Measurements ..................................................... 84 

a) Ta2O5 Layer CMOS-V1: NPFM-V1 ....................................................... 87 

5.3.2 Dynamic Electrochemical Measurements ............................................... 93 

a) Unmodified CMOS-V2: LFPM .............................................................. 96 

b) Thinned Passivation Layer CMOS-V2: LPFM ....................................... 99 

5.4 Summary ........................................................................................................ 105 

Chapter 6  ................................................................................................................. 106 

6.1 Overview of the CMOS ISFET Designs ........................................................ 106 



 x 

Chapter 7 .................................................................................................................. 110 

7.1 Introduction .................................................................................................... 110 

7.2 Array of CMOS Sensors ................................................................................. 110 

7.3 Cancellation of common-mode noise ............................................................. 111 

7.4 Subthreshold operation of an ISFET .............................................................. 111 

7.5 Event-driven (ED) Scheme ............................................................................ 112 

7.6 On-chip Signal Processing ............................................................................. 112 

7.7 Further Post-processing: Ta2O5 deposition, Microfluidics Channels and Surface 

Modification ................................................................................................... 113 

References ................................................................................................................ 115 

Appendices ............................................................................................................... 136 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xi 

List of Figures 

Figure 1.1 ISFET’s applications [8]. ............................................................................ 2 

Figure 1.2 Biomedical devices for implantable applications [10]. .............................. 3 

Figure 2.1 Cross-sectional view comparison between a MOSFET and an ISFET 

device [16]. ................................................................................................................. 10 

Figure 2.2 ISFET symbol and extended behavioural macromodel [9]. ..................... 12 

Figure 2.3 Potential distribution across electrolyte-insulator modelled by the Gouy-

Chapman-Stern model [31]. ....................................................................................... 14 

Figure 2.4 Schematic representation of site binding model for a SiO2 layer [34]. .... 15 

Figure 2.5 ISFET sensing parameters, including the most common challenges [36].18 

Figure 2.6 Left: Equivalent circuit of the ISFET structure; Right: I-V characteristic 

curve comparison between simulated and experimental data for different pHs with 

Si3N4 gate [24]............................................................................................................ 22 

Figure 2.7 Overview of the main analogue front-end architectures for single ISFET 

readouts categorised by type of transduction. ............................................................ 26 

Figure 3.1 Cross-sectional view of the 6-metal layer-0.18 µm TSMC CMOS process.

 .................................................................................................................................... 32 

Figure 3.2 Schematic view and simulation results of PSpice and Veriloga ISFET 

models. ....................................................................................................................... 33 

Figure 3.3 NPFM diagram-level schematic. .............................................................. 34 

Figure 3.4 Schematic representation of NPFM architecture control block. ............... 35 

Figure 3.5 NPFM transistor-level schematic. ............................................................ 35 

Figure 3.6 Simulation results of frequency response at different input voltages for a 

specific region. ........................................................................................................... 36 

Figure 3.7 Simulated data of frequency response with different output capacitances.

 .................................................................................................................................... 37 

Figure 3.8 Train of pulses and Cmem voltage response for pH 4 and 10. ................... 39 

Figure 3.9 Simulation data of the frequency response for different threshold voltages.

 .................................................................................................................................... 39 



 xii 

Figure 3.10 Output frequency response of improved NPFM architecture from pH 3 to 

12. ............................................................................................................................... 40 

Figure 3.11 NPFM architecture layout....................................................................... 41 

Figure 3.12 Micrograph of the fabricated NPFM architecture in the chip................. 41 

Figure 3.13 Schematic diagram of the setup to perform an electrical characterisation 

on the CMOS chips. ................................................................................................... 42 

Figure 3.14 NPFM response of defective chip. Top: original output frequency before 

external comparator. Bottom: output frequency after external comparator. .............. 42 

Figure 3.15 NPFM frequency output response against input voltage. ....................... 43 

Figure 3.16 NPFM response of improved CMOS chip.............................................. 44 

Figure 3.17 NPFM frequency output at different Vthres. ............................................ 45 

Figure 3.18 LPFM diagram-level schematic. ............................................................. 46 

Figure 3.19 Schematic representation of LPFM architecture control block. ............. 47 

Figure 3.20 LPFM transistor-level schematic. ........................................................... 47 

Figure 3.21 Simulated pulse output signal and Cmem voltage response for pH 4 and 

10. ............................................................................................................................... 48 

Figure 3.22 Simulation data of the frequency response for different ΔV between VH 

and VL. ....................................................................................................................... 49 

Figure 3.23 Output frequency for different pH values using the Veriloga model. .... 50 

Figure 3.24 Output stability with a ~25% power supply variation. ........................... 50 

Figure 3.25 a) Frequency variation with a noise scale factor (NSF) of 0, 1 and 10; 

and b) power spectral density (PSD) of the frequency response at different pH values

 .................................................................................................................................... 51 

Figure 3.26 Monte Carlo analysis of frequency output for the entire pH range. ....... 52 

Figure 3.27 LPFM architecture layout. ...................................................................... 53 

Figure 3.28 Micrograph of the fabricated LPFM architecture in the chip. ................ 53 

Figure 3.29 LPFM pulsed output signal response. ..................................................... 54 

Figure 3.30 Electrical characterisation of the LPFM architectures with different ΔV.

 .................................................................................................................................... 54 

Figure 4.1 TSMC documentation for passivation thickness. ..................................... 58 

Figure 4.2 ZEISS Crossbeam 550 FIB-SEM. ............................................................ 58 

Figure 4.3 Micrographs of a cross-sectional view of chip samples with FIB/SEM. . 59 



 xiii 

Figure 4.4 Energy dispersive composition (EDS) for elemental composition analysis.

 .................................................................................................................................... 60 

Figure 4.5 Schematic diagram of the etching technique to remove the passivation 

layer over the electrodes of a CMOS chip. ................................................................ 62 

Figure 4.6 Virtual masks designed for the etching and lift-off process for both tape-

outs. ............................................................................................................................ 63 

Figure 4.7 Schematic diagram of CMOS chips' metal deposition and lift-off 

techniques for both cases. Right side: CMOS chip with passivation layer. Left side: 

CMOS chip without passivation layer. ...................................................................... 65 

Figure 4.8 Ta2O5 deposition in first batch without passivation layer. ....................... 66 

Figure 4.9 Ta2O5 deposition in second batch with the passivation layer. .................. 66 

Figure 4.10 Micrographs of the CMOS chip’s surface for different etching times. .. 68 

Figure 4.11 Dektak analysis to evaluate the thickness of the passivation layer with 

different etching times. a) Unmodified chip; b) 1 min etch; c) 3 min etch; and d) 5 

min etch. ..................................................................................................................... 69 

Figure 4.12 Etching times against passivation thickness of TSMC CMOS chips. .... 70 

Figure 4.13 CMOS chips with in-house wire bonding. Left: full view of wire-bonded 

CMOS chip. Right: zoom view of the CMOS chip surface. ...................................... 72 

Figure 4.14 CMOS chips with automated wire bonding provided by Alter 

Technology. ................................................................................................................ 72 

Figure 4.15 Manual encapsulation of CMOS chips. The right-side case partially 

covered the electrodes. ............................................................................................... 73 

Figure 4.16 Printed mask taped to a glass substrate for CMOS chip encapsulation. . 74 

Figure 4.17 Printed mask alignment encapsulation, showing the misalignment of the 

exposure. .................................................................................................................... 75 

Figure 4.18 Illustration of the vertical alignment issue. Top view of the wafer and 

cross-sectional view of the loaded mask aligner. Top: wafer without reference 

package, making it tilt the levelling. Bottom: wafer with reference package, setting 

the height correctly. .................................................................................................... 76 

Figure 4.19 Mask layout for multiple layouts. Patterns of interest are highlighted in a 

larger size. .................................................................................................................. 77 



 xiv 

Figure 4.20 Top: high-quality mask alignment of CMOS chips in different JLCC 

packages. Bottom: higher magnification of actual sensor opening for each case. ..... 78 

Figure 4.21 Batch of encapsulated post-processed CMOS chips. ............................. 78 

Figure 5.1 Final stage of CMOS chips for electrochemical characterisation. ........... 81 

Figure 5.2 3D representation of custom PCB design. ................................................ 81 

Figure 5.3 Schematic diagram of the setup used to test the CMOS chips under 

solution. ...................................................................................................................... 83 

Figure 5.4 Picoscope deep measurement feature in LFPM architecture. ................... 84 

Figure 5.5 Time diagram of static electrochemical measurement. ............................ 85 

Figure 5.6 NMOS source-follower architecture......................................................... 86 

Figure 5.7 Simulation of NMOS SF output response at different passivation 

capacitances................................................................................................................ 86 

Figure 5.8 Simulation of NMOS SF output response under different Vrefs using static 

measurement. ............................................................................................................. 87 

Figure 5.9 Initial setup for first electrochemical characterisation.............................. 88 

Figure 5.10 NPFM electrochemical characterisation with Ta2O5 sensing layer. a) 

Zoomed-in view with noise interference in the signal; and b) intermittent noise in the 

signal. ......................................................................................................................... 88 

Figure 5.11 Electrochemical characterisation of NMOS SF under different Vrefs using 

static measurement. .................................................................................................... 90 

Figure 5.12 Frequency response of LPFM at different reference electrode voltages 

over time..................................................................................................................... 92 

Figure 5.13 Time diagram of dynamic electrochemical measurement: continuous 

VDD and pulsed Vref. ................................................................................................. 93 

Figure 5.14 Instantaneous frequency of LPFM architecture detected by Picoscope 

software. ..................................................................................................................... 94 

Figure 5.15 Time diagram of dynamic electrochemical measurement: pulsed VDD 

and pulsed Vref. ........................................................................................................... 95 

Figure 5.16 Simulation of NMOS SF output response under different Vrefs using 

dynamic measurements. ............................................................................................. 96 

Figure 5.17 Electrochemical characterisation of NMOS SF under different Vrefs using 

dynamic measurements. ............................................................................................. 97 



 xv 

Figure 5.18 Electrochemical measurements of unmodified LPFM architectures. 

Right: test on LPFM-1 for 60 min, showing the last 15 min. Left: test on LPFM-2 for 

90 min, showing the last 30 min. ............................................................................... 98 

Figure 5.19 Sensitivity of non-etched LPFM architectures for different CMOS chips.

 .................................................................................................................................... 99 

Figure 5.20 Electrochemical measurements of one-minute etched LPFM 

architectures. Right: test on LPFM-1 for 60 min, showing the last 15 min. Left: test 

on LPFM-2 for 90 min, showing the last 30 min. .................................................... 100 

Figure 5.21 Sensitivity of 1-min etched LPFM architectures for different CMOS 

chips. ........................................................................................................................ 100 

Figure 5.22 Electrochemical measurements of three-minute etched LPFM 

architectures. Right: test on LPFM-1 for 60 min, showing the last 15 min. Left: test 

on LPFM-2 for 90 min, showing the last 30 min. .................................................... 101 

Figure 5.23 Sensitivity of 3-min etched LPFM architectures for different CMOS 

chips. ........................................................................................................................ 101 

Figure 5.24 Electrochemical measurements of 5-min etched LPFM architectures. 

Test on LPFM-1 for 60 min, showing the last 15 min. ............................................ 102 

Figure 5.25 Sensitivity of 5-min etched LPFM architecture using a single CMOS 

chip. .......................................................................................................................... 103 

Figure 5.26 Frequency sensitivity against LPFM architecture etching time. .......... 103 

 

 

  



 xvi 

 

List of Tables 

Table 2-1 Most common pH sensing layers in CMOS in the last two decades. ........ 27 

Table 4-1 JLS RIE 80 conditions for the etching process of CMOS chips................ 62 

Table 4-2 RF sputtering conditions for Ta2O5 film deposition in CMOS chips. ....... 64 

Table 5-1 AMS/TSMC technology parameters for Cpass calculation. ........................ 91 

Table 5-2 Passivation layer thickness and their respective average sensitivity. ...... 104 

Table 5-3 Comparison of pH-to-frequency architectures.*Preliminary results of [82] 

were in agreement with the simulations. .................................................................. 105 

 

 

 

  



 xvii 

 

Abbreviations and Acronyms 

Vabs Absolute Potential of the Standard Hydrogen Electrode 

T Absolute Temperature 

AER Address-Event Representation 

Al2O3 Aluminium Oxide 

A Area 

ALD Atomic Layer Deposition 

AMS Austria Microsystems 

BEOL Backend-of-the-Line 

BCD Bipolar CMOS DMOS 

k Boltzmann Constant 

Vcap Capacitor Voltage 

CF4 Carbon Tetrafluoride 

CVD Chemical Vapour Deposition 

CMOS Complementary Metal Oxide Semiconductor 

γ Constant Chemical Term 

CVCC Controlled-Voltage Controlled-Current 

DI Deionised Water 

DNA Deoxyribonucleic Acid 

Cd Depletion Capacitance 

DRC Design Rules Check 

DC Direct Current 

Ka Dissociation Constant for Deprotonation 

Kb Dissociation Constant for Protonation 

DPI Dots per Inch 

Vd Drain Voltage 

DIL Dual-in-line 

DMO Durham Magneto Optics 

E Effective Division of the Surface Potential due to the Oxide,  



 xviii 

 Depletion and Passivation Capacitances 

𝑽𝑮
”  Effective Gate Voltage 

Ceq Equivalent Capacitance 

EDL Electrical Double Layer 

EIS Electrolyte-Insulator-Semiconductor Interface 

𝝌𝒆 Electrolyte-Insulator Surface Dipole Potential 

EMI Electromagnetic Interference 

q Electron Charge 

EDS/EDX Energy Dispersive X-Ray Composition 

ED Event-Drive 

FET Field-Effect Transistor 

𝑽𝑭𝑩 Flat-band Voltage 

FIB Focused Ion Beam 

𝜺𝟎 Free Space Permittivity 

VGC Gate Capacitor Voltage 

Vg Gate Voltage 

GB Gigabytes  

CGouy Gouy-Chapman or Diffuse Layer Capacitance 

HfO2 Hafnium Oxide 

CHelm Helmholtz Layer Capacitance 

HDMS Hexamethyldisilazane 

HDP High Density Plasma 

VH High Voltage 

HCl Hydrogen Chloride 

Sn Ideal Sensitivity 

IHP Inner Helmholtz Plane 

𝑪𝒊 Insulator Capacitance 

𝑸𝒊 Insulator Effective Charge per Unit Area 

IC Integrated Circuit 

βint Intrinsic Buffer Capacity 

ISFET Ion-Sensitive Field-Effect Transistor 

VISFET ISFET Voltage 



 xix 

JWNC James Watt Nanofabrication Centre 

LVS Layout Versus Schematic 

LCC Lead/Leadless Ceramic Chip Carriers 

LED Light Emitting Diode 

LPFM Linear Pulse Frequency Modulator 

𝝋𝒍𝒋 Liquid-Function Potential Difference between Reference Solution  

 and Electrolyte 

VL Low Voltage 

MB Megabytes 

Cmem Membrane Capacitor 

MET Metal 

MOS Metal Oxide Semiconductor 

MOSFET Metal Oxide Semiconductor Field-Effect Transistor 

MEK Methyl-Ethyl Ketone 

MS Mixed Signal 

MPW Multi Project Wafer 

NMOS N-Channel Metal Oxide Semiconductor 

N2 Nitrogen 

NPFM Nonlinear Pulse Frequency Modulator 

NSF Noise Scale Factor 

𝜹𝝌 Number of Variations of 𝜒 Potentials 

OTA Operational Transconductance Amplifier 

OHP Outer Helmholtz Plane 

𝑭𝒐𝒖𝒕 Output Frequency 

Vout Output Voltage 

Cox Oxide Capacitance 

O2 Oxygen 

Apass Passivation Area 

Cpass Passivation Capacitance 

𝑺𝒑𝑯 pH Sensitivity 

PVD Physical Vapour Deposition 

PECVD Plasma Enhanced Chemical Vapour Deposition 



 xx 

PVC Polyvinyl Chloride 

KCl Potassium Chloride 

𝝍𝟎 Potential Drop in the Electrolyte at the Insulator-Electrolyte  

 Interface 

pH Potential of Hydrogen 

𝝋𝒆𝒐 Potential of the Electrolyte-Insulator Interface 

PSD Power Spectral Density 

VDD Power Supply 

PSRR Power Supply Rejection Ratio 

PCB Printed Circuit Board 

PGMEA Propylene Glycol Methyl Ether Acetate 

PFM Pulse Frequency Modulation 

PWM Pulse Width Modulation 

RF Radio Frequency 

RIE Reactive-Ion Etching 

Vref Reference Electrode Potential 

Vrel Reference Electrode’s Potential Relative to the Hydrogen Electrode 

REFET Reference Field-Effect Transistor 

𝜺𝒓 Relative Permittivity 

RST Reset 

RC Resistor-Capacitor Circuit 

RuO2 Ruthenium Oxide 

G Scaling Factor 

SEM Scanning Electron Microscope 

SMC Scottish Microelectronics Centre 

RS Set-Reset 

Si Silicon 

SiO2 Silicon Dioxide 

𝜖𝑆𝑖𝑂2 Silicon Dioxide Permittivity 

Si3N4 Silicon Nitride 

𝜖𝑆𝑖3𝑁4 Silicon Nitride Permittivity 

Ag/AgCl Silver/Silver Chloride 



 xxi 

NaOH Sodium Hydroxide 

SF Source Follower 

Vs Source Voltage 

SF6 Sulphur Hexafluoride 

𝝈𝑶𝒙 Surface Charge Density 

𝑵𝑺 Surface Site Density 

TSMC Taiwan Semiconductor Manufacturing Corporation 

Ta2O5 Tantalum Pentoxide 

VT Thermal Voltage 

3D Three Dimension 

Vthres Threshold Voltage 

TiN Titanium Nitride 

TiO2 Titanium Oxide 

UV Ultraviolet Light  

ΔV Voltage Range 

V-to-I Voltage to Current 

𝛟𝑺𝒊 Work Function of the Metal Gate (ref. electrode) Relative to  

 Vacuum 

ZnO Zirconium Oxide 

 

 

 

 

The work presented in this thesis was manufactured in two different CMOS Chips: 

CMOS-V1 and CMOS-V2. CMOS-V1 contained the NPFM-V1 circuit and was used 

for the Ta2O5 deposition process, while CMOS-V2 had the NPFM-V2 circuit 

(improved version) and the LPFM circuit and was used for the thinning passivation 

process.
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Chapter 1  

Introduction 

The need for precision health care and monitoring environmental threats has pushed 

the scientific industry to seek technological improvements to develop devices at low 

cost and high performance. Since the invention of the semiconductor transistor, 

research for biomedical, environmental and industrial applications has been exploited 

to create novel technologies for different purposes, like glucose monitoring, detection 

of water contamination, and in-line control of gas mixtures, among others [2].  

1.1  Motivation  

In recent decades, the semiconductor industry has been working on developing 

integrated systems capable of providing high performance at high speed, low cost and 

low power consumption for applications in telecommunications, healthcare and 

intelligent systems. Until recently, the development of integrated circuits (IC) had been 

dictated by Moore’s Law, which establishes a correlation between the number of 

transistors on a chip and the time it takes for the industry to reach them [3]. However, 

more promising More-than-Moore technologies and integration systems are emerging 

that have potential advantages over the existing technology. 

One of the applications that have been exploited is the fabrication of large arrays of 

ISFETs used in the Ion Torrent and Ion Proton DNA sequencing systems [4]. An 

ISFET is an electrochemical sensor used to measure ionic concentrations of hydrogen 

in a solution. This sensor requires a reference electrode, which provides a stable and 

well-known potential that controls the device’s conductance, determining its active or 

saturation stage. It is commonly made of silver/silver chloride (Ag/AgCl) [5]. 

Bergveld developed this device more than 40 years ago [6]. Since its inception, 

researchers have tried to exploit its benefits, mainly its high sensitivity, and improve 

its limitations as a chemical sensor to develop novel applications. 
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ISFETs have become particularly relevant in the last couple of decades since they can 

be used as a sensing platform for multiple applications, from environmental 

monitoring, like water contamination, food waste and soil sampling, to point-of-care 

and biomedical applications, like deoxyribonucleic acid (DNA) sequencing, pH 

monitoring, and a variety of biosensors for healthcare. This device’s inherent 

advantages include its miniaturisation capabilities, large-scale integration and 

cost-effectiveness [7]. These types of sensors can be designed as ion sensors, 

electrochemical sensors, biosensors, and wearable sensors, depending on the practical 

applications of each proposed design. A summary of ISFET applications is presented 

in Figure 1.1. 

 

Figure 1.1 ISFET’s applications [8]. 

However, these devices have shown fundamental challenges, needing improvement in 

their current designs to overcome some or all of them. These challenges include noise 

corruption, capacitive attenuation, drift, light sensitivity, trapped charge and thermal 
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dependence. The current literature provides some solutions that include complex 

circuit architectures [9], but better instrumentation is still needed to take full advantage 

of its benefits as an electrochemical sensor. This is even more necessary if more 

advanced applications are intended to work (like wearable and implantable devices for 

healthcare monitoring, as shown in Figure 1.2) for a long time, under unreliable power 

supplies and in large arrays.  

 

Figure 1.2 Biomedical devices for implantable applications [10]. 

1.2 Research Objectives 

This research seeks to develop a microchip capable of monitoring pH for 

environmental or biomedical applications by fabricating ultra-small size, ultra-low 

power sensors. The main objective is to create a front-end architecture that can 

accurately sense pH variations by overcoming some of the main challenges presented 

in ISFET technology. The work in this thesis involved both instrumentation designs 

and microfabrication processes to achieve a reliable and acceptable outcome in terms 

of sensitivity, accuracy, repeatability and stability.  

This research aims to develop a sensing platform with this front-end architecture that 

can be functionalised to work with environmental applications, such as food waste or 

water contamination, and healthcare applications for personalised medicine, such as 

chronic disease monitoring through the sensing of metabolites in implantable devices. 

This research focuses on developing the technology to transduce multiple pHs into 
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readable signals by fabricating CMOS designs that can then be functionalised to create 

sensors for various applications. 

The specific objectives of the research are the following: 

• Chip Design 

o Develop ISFET front-end architectures that can overcome some of the 

main challenges of the technology, like electronic transient noise, 

capacitive attenuation, light sensitivity and drift, as well as giving 

added benefits compared to other designs in terms of sensitivity, 

repeatability and power consumption. 

o Simulate and characterise the proposed ISFET front-end architectures 

with accurate ISFET chemical models using high-level simulation 

software. 

o Generate the IC layout of the proposed CMOS chips, considering 

factors like floor planning and placement optimisation for a specific 

area under 5 µm x 5 µm. Perform design rule check (DRC), layout 

versus schematic (LVS), and parasitic extraction tests for the 

verification process. 

• Chip Post-processing 

o Test different sensing layers for sensitivity improvement using 

post-processing techniques for their deposition and thin the original 

passivation layer for the technologies used to manufacture the Ics. 

• Chip Packaging  

o Develop hermetic packaging to ensure the device’s correct 

functionality under solution and prevent potential damage.  

• Chip Analysis 

o Characterise the microchip to get information about the signal’s 

linearity, sensitivity, power consumption and stability. 

o Verify the stability of the output signals in wet conditions using pH 

buffers by performing long-time measurements to evaluate their 

behaviour over time and compare them to the simulated results to 

analyse their behaviour. 
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1.3  Contribution to Knowledge 

In this study, integrated CMOS sensor architectures were developed as a single sensing 

platform to detect pH changes using pH-to-frequency transduction in two different 

designs. Using the frequency domain to evaluate pH change, the architectures showed 

several advantages over the more conventional designs presented in the literature. 

Nonlinear and linear versions of a pulse frequency modulator (PFM) were developed 

and characterised to reflect their advantages and disadvantages in comparison to the 

conventional architectures.  

The LPFM was the design that showed the best features, as it provides a robust digital 

output of a fixed duty cycle and variable frequency, allowing the dynamic range to 

increase. The system can also get a steady response even with a 25% power supply 

variation, which is of particular interest for implantable applications. The work 

presented here showed minimal electronic transient noise in simulation (different from 

electrochemical noise corruption), and an average standard deviation of 567 Hz 

between pH values, demonstrating its capability for detecting even sub-pH levels. This 

design showed a linear response to simulated pH changes and a low-power 

consumption of 144.2 µW, making it a potential sensing platform for the next stage of 

the project.  

This architecture has been tested for a wide range of pH values using an alternative 

method that eliminates the long-term drift issue in the standard measurement setups. 

The frequency peaks were detected every minute to acquire a representative signal that 

shows good consistency for the time domain (pH-frequency) signals. Using Taiwan 

Semiconductor Manufacturing Corporation (TSMC) technology, the design 

demonstrated consistent frequency peaks for a wide range of pH values. 

1.4  Thesis Overview 

Despite the advances that have been made in terms of ISFET instrumentation for pH 

detection, some of the main challenges remain, and solutions have yet to be proposed, 

with no single design that can overcome most of them. This thesis surveys the work 

done over the years and proposes a CMOS sensing architecture that shows low 
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electronic transient noise, high sensitivity, repeatability and low drift, overcoming 

some of the main challenges in this technology. The subsequent chapters are divided 

as follows: 

Chapter 2 provides an overview of the state of the art in environmental and biomedical 

microsystems using ISFETs. First, it briefly describes the operation of an ISFET 

sensor, the chemical interaction behind the detection, and the current challenges 

present in these sensors. Next, simulation models are described together with a 

summary of different ISFET instrumentation to highlight their main advantages and 

disadvantages. Finally, it describes the post-processing work regarding the sensing 

layers used in CMOS technology and the leading applications in healthcare, 

environmental monitoring and the food industry. 

Chapter 3 describes the front-end architecture of two proposed designs in two different 

CMOS chip tape-outs. The designs comprise the block diagram and transistor-level 

designs, the circuit simulation results, the layouts, and the electrical characterisation 

of both architectures. This chapter also includes the reasoning behind the contribution 

and challenges present in testing the designs in terms of the expected electrical 

response. 

Chapter 4 includes the different post-processing work made on the surface of the 

CMOS chip to improve the actual chemical interaction and subsequent 

electrochemical response based on the literature, as well as some of the main 

challenges entailed in the process. The CMOS chips underwent a tantalum pentoxide 

layer coating and passivation thinning to characterise the device’s sensitivity at 

different passivation thicknesses. An encapsulation process was also tested as part of 

the post-processing work to make it suitable to work under solution for long periods. 

Chapter 5 presents the final electrochemical testing using the designed CMOS chip 

under different conditions and pH solutions to characterise its sensitivity, 

reproducibility, reliability and accuracy using different single chips. This chapter 

describes the setup configuration, different types of testing and a distinct way of taking 

a measurement considering the challenges present during the testing period. 
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Finally, chapter 6 summarises the main findings of this thesis, as well as suggesting 

potential future work based on the literature and the author’s experience with the 

current technology. 

1.5  Publications Arising from the Research 

During this research, the following conference paper was published and submitted: 

Conference paper: 

1. J. Cortes-Guzman, A. Tsiamis, D.R.S. Cumming, and S. Mitra, " Linear Pulse-

Frequency Modulator ISFET with a Wide Supply Range," in IEEE Sensors, pp. 

1-4, Dec. 2021, doi: 10.1109/SENSORS47087.2021.9639752. 

A journal paper is also in progress based on the results of the electrochemical 

characterisation of the front-end architecture presented in the conference paper, 

extending the knowledge and ongoing research for developing novel instrumentation 

for pH sensing applications. The journal paper with the name ‘A Linear 

Pulse-Frequency Modulator ISFET with Dynamic Reference Switching’ is under 

internal review. 
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Chapter 2  

ISFETs for Environmental and 

Biomedical Microsystems  

2.1 Introduction 

Bergveld first presented the concept of an ISFET in 1970 [6]. This signalled the 

beginning of a new biochemical sensor, which was first used to measure ionic 

concentrations and potentials around a nerve, opening up the possibility of 

electrophysiological measurements as the future of this device. Since then, ISFETs 

have been studied extensively due to their potential scalability and compatibility with 

CMOS technologies, making them excellent candidates for developing biosensors that 

can be used in several research fields. Thus far, large-scale integration of these sensors 

as microarrays has been successfully demonstrated for different applications, such as 

ion imaging, DNA amplification, biomolecule and DNA detection, DNA sequencing, 

drug discovery, water, soil and food assessment. 

These devices have quickly drawn attention due to their ability to be built on an IC. 

They have been used as biochemical sensors by extending the metal gate of a regular 

MOSFET with a permeable membrane to ions. However, several factors discussed in 

this chapter affect the device's performance due to its inherent interaction with a 

solution. Over the last few decades, research groups have studied and developed 

microfabrication techniques and instrumentation to improve ISFET performance 

regarding sensitivity, stability and durability. Numerous efforts have been made to 

improve their performance, including novel instrumentation designs and new 

post-processing sensing layer materials to enhance the sensitivity and overcome some 

of the common challenges present in these devices. Unfortunately, despite the 

extensive research into improving ISFET devices, the literature still needs more 

detailed information about the integration of these sensors in CMOS chips, their long-

term usage and characterisation techniques. 
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The following sections discuss the current literature on ISFET devices, from their 

principle of operation, common challenges and simulation models to the latest 

instrumentation and sensing layers researched in commercial CMOS ISFET devices. 

Finally, the chapter ends with the most promising ISFET applications to provide a 

comprehensive review of important aspects of these devices. 

2.2    ISFET Microsensor 

Due to their ability to transduce a chemical signal to an electrical one, ISFETs are 

potentiometric devices tied with an integrated reference electrode [11]. More than 

50 years have passed since their introduction, but in the last two decades, they have 

become very popular for various scientific applications. The following sections will 

describe the concept of an ISFET, as well as the most common challenges presented 

in the literature over the years. 

2.2.1 ISFET Operation 

ISFETs originated with field-effect transistor (FET) devices, which were first 

presented by Lilienfeld in 1926 [12]. Different types of FET devices depend on the 

structure of the gate. The metal oxide semiconductor field-effect transistor (MOSFET) 

technology is the most valuable for the semiconductor industry due to its advantages 

of low cost, easy fabrication, and large-scale integration over other FET devices [13]. 

A MOSFET’s basic structure consists of three terminals: a source, a drain and a gate. 

To establish the source and drain, specific silicon regions are doped with an 

opposite-type impurity, typically P-type for N-channel MOSFETs, employing ion 

implantation or diffusion techniques. The channel, located between these regions, is 

typically lightly doped. Subsequently, an annealing process activates and uniformly 

distributes dopant atoms in the silicon wafer. A thin insulating layer, often SiO2, is 

grown or deposited on the wafer, and the gate terminal is created by depositing a 

conductive material, typically aluminium or polysilicon, onto this gate oxide layer 

[14]. MOSFET operation centres on manipulating the channel's conductivity between 

the source and drain. By applying a voltage to the gate, an electric field is created 

within the channel, influencing charge carriers (electrons or holes) and controlling 
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current flow between the source and drain. These MOSFETs can be categorised as 

N-channel or P-channel types [15]. 

An ISFET was proposed by removing the metal gate of the metal oxide semiconductor 

(MOS) structure to create direct contact between a solution and the oxide to detect 

concentrations of ions, and a further sensing film was then immobilised in the surface 

to form the actual structure of the device. Therefore, an ISFET follows the same 

electrical principle as a MOSFET. The main difference is that the gate is exposed and 

immersed in a solution instead of directly connecting to an electrical pad [16]. The 

ISFET requires the gate to be covered with an insulating membrane that allows for the 

formation of an interface potential between the surface and the electrolyte. The applied 

electrical potential generates an electrical field in the gate, which controls the amount 

of charge in the channel and, therefore, the conductivity between the drain and source 

[17]. This potential is provided by an external reference electrode, which can be 

defined as a solid electric conductor through which an electrical current flows into a 

non-metallic medium, such as an electrolyte, serving as the location where the 

oxidation-reduction equilibrium is established, These electrodes, commonly made of 

a combination of a metal wire coated with a layer of solid metal chloride and immersed 

in a saturated filling solution, provide a stable and well-known electrode potential, and 

some of them are widely used because of their low cost of fabrication, particularly the 

Ag/AgCl electrodes [18]. Figure 2.1 shows a cross-sectional view comparison between 

a MOSFET and an ISFET device. 

 

Figure 2.1 Cross-sectional view comparison between a MOSFET and an ISFET device [16]. 

The interaction between the gate oxide and the solution through the sensing membrane 

generates a shift in the threshold voltage caused by the ionic concentration in the 
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electrolyte. This threshold voltage can be represented by combining the physics of a 

MOSFET with the electrochemical properties of the insulator surface governed by the 

site-binding theory for ions and the Stern model, which describes a capacitive double 

layer formed by the Helmholtz and Gouy-Chapman layer [19], concepts detailed in the 

following section. Therefore, the threshold voltage of an ISFET can be expressed as 

follows: 

𝑉𝑡ℎ𝑟𝑒𝑠 (𝐼𝑆𝐹𝐸𝑇) = 𝑉𝑡ℎ𝑟𝑒𝑠 (𝑀𝑂𝑆𝐹𝐸𝑇) + 𝑉𝑟𝑒𝑓 + 𝜑𝑙𝑗 + 𝜒𝑒 − 𝜑𝑒𝑜 −
𝜙𝑆𝑖

𝑞
(1) 

where 𝑉𝑟𝑒𝑓 is the potential of the reference electrode, which is equal to 𝑉𝑟𝑒𝑙 (potential 

of the reference electrode relative to the hydrogen electrode) plus 𝑉𝑎𝑏𝑠 (absolute 

potential of the standard hydrogen electrode), 𝜑𝑙𝑗 is the liquid-function potential 

difference between reference solution and electrolyte, 𝜒𝑒 is the electrolyte-insulator 

surface dipole potential, 𝜑𝑒𝑜 is the potential of the electrolyte-insulator interface, ϕSi 

is the work function of the metal gate (ref. electrode) relative to vacuum, and q is the 

charge of an electron [20]. 

From this set of mathematical parameters, the one responsible for the pH sensitivity is 

𝜑𝑒𝑜, which can be expressed as: 

𝜑𝑒𝑜 = 𝑆𝑝𝐻 ∗ (𝑝𝐻𝑝𝑧𝑐 − 𝑝𝐻𝑟𝑒𝑓) (2) 

where 𝑆𝑝𝐻 represents the pH sensitivity, defined as follows: 

𝑆𝑝𝐻 = − ln(10) ∗
𝑘𝑇

𝑞
∗ 𝛼 (3) 

where  𝑘𝑇 ⁄ 𝑞 is the thermal voltage VT, and α is a scaling factor from 0 to 1 to define 

the sensitivity from the ideal Nernstian response (59𝑚𝑉 ⁄ 𝑝𝐻),  which corresponds to 

a scale of 0.95 [21]. This scaling factor depends in turn on: 

𝛼 =
1

ln(10) ∗ 𝑘𝑇 ∗ 𝐶𝑒𝑞

𝑞2 ∗ 𝛽𝑖𝑛𝑡
+ 1

(4)
 

where Ceq  is the equivalent capacitance, also called the differential capacitance or the 

capacity of the electrolyte to store electric charge in response to a modification in the 
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electrostatic potential, and βint is the intrinsic buffer capacity, or the change in the 

number of charged groups as a result of an infinitesimal increase in pH [22]. 

However, the equation for the threshold voltage of an ISFET can be rearranged as 

follows: 

𝑉𝑡ℎ(𝐼𝑆𝐹𝐸𝑇) = 𝑉𝑡ℎ(𝑀𝑂𝑆𝐹𝐸𝑇) + 𝑉𝑟𝑒𝑓 + 𝛾 + 𝛼 ∗ 𝑆𝑛 ∗ 𝑝𝐻 (5) 

where γ is a constant chemical term composed by the interactions defined above, Sn is 

the ideal sensitivity of 59 mV/pH, pH is a measure of how acidic or basic water is 

depending on the concentration of hydrogen ions in a solution (= −𝑙𝑜𝑔10([𝐻+]), and 

α is the sensitivity deviation caused by the double layer capacitance [23], which can 

be calculated as an equivalent capacitor: 

𝐶𝑒𝑞 =
𝐶𝐺𝑜𝑢𝑦 ∗ 𝐶𝐻𝑒𝑙𝑚

𝐶𝐺𝑜𝑢𝑦 + 𝐶𝐻𝑒𝑙𝑚

(6) 

CGouy represents the Gouy-Chapman or diffuse layer, while CHelm corresponds to the 

Helmholtz layer [24]. According to this analysis, neither the threshold voltage of the 

MOSFET nor the electrochemical parameters can be modified since they depend 

directly on the manufacture and interaction of the solution with the FET structure 

respectively, leaving Vref as the only control variable that can intervene to modify 

Vthres(ISFET). 

Figure 2.2 shows a more precise representation of the parameters mentioned above, 

with the addition of the passivation capacitance that depends directly on the 

passivation stack's thickness and the ISFET gate's area. 

 

Figure 2.2 ISFET symbol and extended behavioural macromodel [9]. 
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An ISFET offers several advantages regarding its sensitivity, selectivity and 

miniaturisation. These sensors allow accurate detection of pH, even in small changes, 

depending on the ionic concentration. The simple integration and inexpensive 

production also enable it to be used in CMOS technology, exploiting its capabilities in 

a wide range of applications. Finally, its suitability for mass production makes it a 

great candidate for commercial biomedical applications, from pH monitoring in 

biological applications to implantable devices for personalised medicine [25]. 

2.2.2 Electrolyte-insulator-semiconductor Interface 

The electrolyte-insulator-semiconductor (EIS) interface, responsible for sensing the 

pH in a solution, comprises three layers. The electrolyte is the medium containing ions 

that are electrically conducting through their movement, providing the gate potential 

of the ISFET through a reference electrode; the insulator, which is typically made of 

silicon dioxide (SiO2), serves as a barrier between the electrolyte and the 

semiconductor, and it prevents the ions in the electrolyte from directly affecting the 

semiconductor; and the semiconductor, which is typically made of silicon (Si), is 

where the ISFET's electrical characteristics are determined. The most important 

parameter of this interface is the flat-band voltage, which can be defined as the voltage 

applied to the solid-liquid interface that makes the silicon surface potential zero; it is 

derived from [26]: 

𝑉𝐹𝐵 = 𝑉𝑟𝑒𝑓 −
Φ𝑆𝑖

𝑞
− 𝜓0 −

𝑄𝑖

𝐶𝑖
+ 𝜒𝑒 + 𝛿𝜒 

where 
𝛷𝑆𝑖

𝑞
 is the silicon’s work function, 𝜓0 is the potential drop in the electrolyte at 

the insulator-electrolyte interface , 𝐶𝑖 and 𝑄𝑖 are the insulator capacitance and effective 

charge per unit area, and 𝛿𝜒 collects a number of variations of 𝜒 potentials [27]. 

When a potential difference is applied across the EIS interface, ions from the 

electrolyte migrate towards the semiconductor, creating a charge build-up at the 

interface. This charge build-up in turn modifies the electrical characteristics of the 

semiconductor, such as its threshold voltage [28]. Upon reaching electrochemical 

equilibrium, the charge carriers of the chemical phases accumulated at the interface 
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generate an electrical double layer (EDL), which was first described by Helmholtz in 

the 19th century. 

The interface between the concentration of ions in a solution and the gate generates an 

ionic distribution near the surface of the passivation layer based on the 

Gouy-Chapman-Stern model, shown in Figure 2.3 [29]. The Stern layer, also called 

the immobile layer, can be defined into two groups: the inner Helmholtz plane (IHP), 

which includes specifically adsorbed unhydrated ions onto the surface together with 

polarised solvent molecules, and the outer Helmholtz plane (OHP), which are hydrated 

ions that stay close to the surface due to the hydration sheath created by solvent 

molecules [30]. 

 

Figure 2.3 Potential distribution across electrolyte-insulator modelled by the Gouy-Chapman-Stern model [31]. 

A diffuse layer is located between the OHP and the bulk solution, called the 

Gouy-Chapman layer, and this corresponds to the remaining solvated cations/anions 

and water dipoles in the solution [32]. This layer can be modelled as a variable 

capacitor and is called 𝐶𝐺𝑜𝑢𝑦, giving the entire interaction between the electrolyte and 

the interface presented in Figure 2.2 as V(pH). 
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2.2.3 Site Binding Model  

Although the Gouy-Chapman-Stern model describes the main contributions of the 

electrostatic interactions to the EDL, it does not contemplate the chemical reactions in 

the solution, which can provide a net charge presence at the insulator’s interface.  

The site-binding model is a theoretical model that explains the behaviour of EDLs at 

interfaces between two phases, such as an electrode and an electrolyte solution. EDLs 

are thin layers of charge that form at the interface due to the movement of ions in the 

electrolyte solution. According to the site-binding model, the ions in the EDL interact 

with specific sites on the surface of the electrode, rather than being uniformly 

distributed across the surface. These sites may be defects or impurities on the surface 

of the electrode, or they may be specific functional groups present on the surface [33]. 

Unlike electrostatic forces, chemical reactions only occur within molecular distances, 

making them only possible within the OHP layer. Due to their radius and the fact that 

they are not shielded by water layers, only hydrogen and hydroxyl ions can penetrate 

the OHP, enabling chemical reactions at the surface [34]. As shown in Figure 2.4, there 

is a substantial number of unsaturated bonds at the surface of an insulator, called active 

sites, which are amphoteric, basic and acidic. The difference arises because amphoteric 

substances have the ability to function as either proton donors and receptors, whereas 

the other two can only function solely as proton donors or receptors, respectively. 

  

Figure 2.4 Schematic representation of site binding model for a SiO2 layer [34]. 
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Yates, Levine and Healy [33] developed the site binding model in 1973 to better 

describe the interaction at a general oxide-electrolyte interface, which defines the 

equilibrium between the amphoteric surface sites and the H+ ions in the solution. 

Normally, the following chemical reactions are balanced in the membrane: 

𝑀𝐻2
+  

 
⇔ 𝑀𝐻 + 𝐻+ (8) 

𝑀𝐻  
 

⇔ 𝑀− + 𝐻+ (9) 

where M represents the insulator material, such as SiO. The first reaction charges the 

oxide surface positively, while the second charges the insulator surface negatively. 

The final charge density is defined by the number of initial bonding sites and the local 

density of hydrogen ions. These reactions can be rearranged using the law of mass 

action into: 

𝐾𝑎 =  
[𝑀𝐻][𝐻+]

𝑀𝐻2
+ (10) 

𝐾𝑏 =
[𝑀−][𝐻+]

[𝑀𝐻]
(11) 

where Ka and Kb are the dissociation constants for deprotonation and protonation 

reactions respectively. For the surface charge, only the activity of hydrogens as a 

surface potential should be used and this can be expressed as: 

[𝑎𝐻+] = [𝐻+]𝑏𝑒−𝛽𝜓0 (12) 

where q is the electron charge (1.60217657 ∗ 10−19 𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑠) and ψo is the 

interface potential. Using (12) into (10) and (11) relates the connection between the 

surface potential of an electrolyte and the charge density added to the surface of the 

insulator by chemical reactions.  

The total surface charge density can be defined as: 

𝜎𝑂𝑥 = 𝑞([𝑀𝐻2
+] − [𝑀−]) (13) 

While the surface site density is given by: 

𝑁𝑆 = 𝑞([𝑀𝐻2
+] + [𝑀𝐻] + [𝑀−]) (14) 
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The surface charge density resulting from a chemical reaction can be obtained by 

combining the five equations that came before: 

𝜎𝑂𝑥 = 𝑞𝑁𝑆

[𝐻+]𝑏

𝐾𝑎
𝑒

−
𝑞𝜓𝑜

𝑞𝑘𝑏𝑇 −
𝐾𝑏

[𝐻+]𝑏
𝑒

𝑞𝜓𝑜
𝑞𝑘𝐵𝑇

1 +
[𝐻+]𝑏

𝐾𝑎
𝑒

−
𝑞𝜓𝑜

𝑞𝑘𝐵𝑇 +
𝐾𝑏

[𝐻+]𝑏
𝑒

𝑞𝜓𝑜
𝑞𝑘𝐵𝑇

(15) 

where k represents the Boltzmann constant (1.3806488 ∗ 10−23𝑚2𝑘𝑔−2𝐾−1) and T 

is the absolute temperature in Kelvin (𝐾 = ℃ + 273.15). The maximum amount of 

surface change is directly proportional to the number of surface sites per unit area [35]. 

2.2.4 Common Challenges    

The most recent literature has focused on dealing with the non-idealities present in 

ISFET devices. These represent a significant limitation that has prevented the 

development of this technology on a large scale. Several ways to tackle these 

challenges include novel instrumentation, ISFET layout and post-processing 

techniques. Some promising results have shown the capacity to use these 

electrochemical sensors for several applications, including implantable devices. This 

section will summarise the main challenges present in these devices, highlighting their 

source and effects on the overall performance. Figure 2.5 shows a visual representation 

of the most common challenges in ISFET devices. 
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Figure 2.5 ISFET sensing parameters, including the most common challenges [36]. 

A. Trapped Charge 

The accumulation of charges in the gate oxide and passivation layers due to the 

fabrication process at the foundry is known as trapped charge. This represents 

an unknown added potential that varies in each device, introducing mismatch 

[37]. The literature has shown that there is a large margin of magnitude in 

which the trapped charge can fall, from a few volts in n-channel devices [38] 

to as much as tens of volts in p-channel ISFETs [39], making this an uncertain 

that must be resolved to improve their performance. This behaviour can be seen 

as a shift in the threshold voltage on an I-V curve and is added as an offset of 

the device [9], as shown in Figure 2.5. Some methods have been successfully 

proven to remove or work around the trapped charge of a device, including the 

use of ultraviolet (UV) light [40], hot electron injection/electron tunnelling 

[41], and instrumentation compensation [42] [43] [44]. 
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B. Drift 

Drift can be defined as a temporal monotonic change in the threshold voltage 

of the ISFET under stable conditions over time. This non-ideality arises from 

a transport occurrence at the interface between the solution and the surface 

[45]. Drift has been attributed to several phenomena such as ion migration, 

mobile ionic charge, slow surface effects, and hydration of the insulator surface 

[46] [47]. It is one of the most relevant problems with ISFETs, as it is usually 

unpredictable. Several factors, including the solution, the sensing layer, and the 

size of the device, have been shown to influence the drift [48] [49]. Drift has 

been characterised into three categories: fast, slow and a baseline phase. The 

main category is the fast response (90% of the drift), which occurs due to the 

reaction between the solution and the surface sites [50]. Then, the slow 

response turns out to be minimum in magnitude, but it takes a few hours to be 

noticeable, and it is related to the loss of sensitivity of the binding sites at the 

surface of the insulator [51]. Finally, the baseline drift corresponds to a shift 

under constant environmental and biasing conditions, but its long-time 

constant usually surpasses the device’s lifetime [52]. 

C. Capacitive Attenuation 

The passivation layer incorporated in CMOS processes is usually composed of 

two different layers of silicon nitride (Si3N4) and SiO2, but sometimes the 

addition of a third thick layer of polyimide can be requested, which is beyond 

the scope of this thesis, as it makes the devices very insensitive to pH. This 

surface bilayer adds a passivation capacitance, which is already present in the 

extended macromodel shown above. Usually, the passivation capacitance 

(Cpass) tends to be more than an order of magnitude smaller than CHelm and 

CGouy, playing a fundamental role in the equivalent capacitance as it is the 

dominant component [53]. This non-ideality affects the output behaviour by 

attenuating the signal depending on the size of the capacitance present in the 

passivation layer. In the case of unmodified CMOS chips, the passivation 

capacitance can be easily calculated using the following formula: 

𝐶𝑝𝑎𝑠𝑠 =
𝜖𝑆𝑖3𝑁4 ∗ 𝜖𝑆𝑖𝑂2

𝜖𝑆𝑖3𝑁4 ∗ 𝑡𝑆𝑖𝑂2 + 𝜖𝑆𝑖𝑂2 ∗ 𝑡𝑆𝑖3𝑁4
∗ 𝜖0∗𝐴𝑝𝑎𝑠𝑠

(16) 
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where Cpass represents the passivation capacitance, Apass the area of insulating 

passivation, and 𝜖𝑆𝑖3𝑁4, 𝜖𝑆𝑖𝑂2 and 𝜖0 are the Si3N4, SiO2 and absolute dielectric 

constants, while t corresponds to the thickness of each independent layer [45]. 

The impact it has on the overall ISFET structure results in a division of the 

surface potential, which can be calculated using the following formula: 

𝑉𝐺
" = 𝑉𝐺

′ ∗ 𝐸 = 𝑉𝐺
′

𝐶𝑝𝑎𝑠𝑠

(𝐶𝑝𝑎𝑠𝑠 + (
𝐶𝑜𝑥𝐶𝑑

𝐶𝑜𝑥 + 𝐶𝑑
))

 (17)
 

where 𝑉𝐺
" is the effective gate voltage, Cox and Cd are the oxide and depletion 

capacitances, and E is the effective division of the surface potential due to these 

capacitances [37]. One way around this issue is to add a new sensing layer 

instead of the passivation layer that comes from the foundry, but this requires 

extra post-processing steps, making it difficult to replicate on a larger scale [9]. 

D. Temperature Dependency 

The following non-ideality corresponds to temperature variations caused by 

the intrinsic thermal agitation and subsequent electron flow related to the MOS 

threshold voltage temperature coefficient, the reference electrode potential 

drop and the electrolyte-insulator potential temperature variability [9] [54]. 

This temperature sensitivity results in a variation in the behaviour of the current 

flowing through the ISFET, which increases in magnitude as it reaches high 

temperatures [55]. A previous study showed that the temperature dependence 

of a reference electrode could be estimated as [56]. In contrast, the other two 

can be calculated from the equations in Section 2.2.1 corresponding to the 

electrochemical behaviour and the MOSFET threshold voltage. 

E. Light Sensitivity 

ISFETs tend to be light-sensitive due to the pn junction contained in the source 

and drain in the substrate. In theory, when enough light strikes the sensing area, 

electrons in the substrate will excite, creating free electrons and holes. Due to 

the open gate configuration, both the spectral distribution and intensity of the 

light will influence the sensor’s performance, affecting the threshold voltage 

[57]. One way to overcome this challenge is to avoid the exposure of the 
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sensing area to light during measurement. However, further solutions need to 

be investigated as there are some scenarios where this is not possible. 

F. Noise Corruption 

Finally, the last challenge affecting the output signal performance is noise 

corruption, coming from the MOSFET’s intrinsic properties and the chemical 

interaction between the surface and the solution [58]. The primary noise 

sources to consider in both cases are the thermal and flicker noise. The first is 

caused by thermal excitation of charge carriers, while the second is caused by 

channel energy band traps that randomly capture and release carriers. [59]. It 

has been found that chemical interaction noise predominates over electrical 

noise by one order of magnitude [9]. In contrast, flicker and thermal noise are 

present in both sources, suggesting that noise can be interpreted as the sum of 

all three noises. However, although studies have been done on customised 

ISFETs, limited information is available on CMOS ISFETs. 

2.3   ISFET Simulation Models 

Thanks to the mathematical development of the ISFET structure, various simulation 

models have been created to represent the behaviour of these devices. Due to several 

drawbacks presented in the first ISFET macromodels, mainly related to the complexity 

of their use and adaptability to different circuit simulators, Martinoia and Massobrio 

[24] developed a general behavioural model for SPICE version software. This 

macromodel considers a sensing membrane of Si3N4. The code defines the electronic 

devices and their respective voltages considering the electrochemical variables 

mentioned in equation (5) that establish the threshold voltage of an ISFET. The 

equivalent circuit of the ISFET is shown in Figure 2.6. This model allows the user to 

change the sensing layer by modifying the properties of the materials on the surface of 

the sensing gate area. The simulation was compared to experimental data to validate 

the physicochemical model results, as shown below. 
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Figure 2.6 Left: Equivalent circuit of the ISFET structure; Right: I-V characteristic curve comparison between 

simulated and experimental data for different pHs with Si3N4 gate [24]. 

This model allowed for the adaptation of more versions in different software, and 

Sohbati [45] developed a Veriloga model based on the SPICE version. The main 

difference between the two models is that the Veriloga macromodel is a behavioural 

model, providing only the electrochemical behaviour without defining electrical 

components. The benefit of this version is that it is compatible with Cadence and 

allows the user to specify the sensitivity through a scaling factor variable, thus giving 

even fewer parameters to modify and making it the easiest macromodel to handle. 

2.4   ISFET Instrumentation 

The following categories cover the main ISFET circuitry designs to analyse their 

advantages and disadvantages. Moser et al. [9] provide a detailed review focused 

extensively on three different approaches and their variations: pH-to-voltage, 

pH-to-current and pH-to-time. This section will focus on single-ended designs. 

Detailed analysis of differential ISFET structures is beyond the scope of this thesis. 

2.4.1  Single Architectures 

A. pH-to-voltage 

One of the prevailing measurement techniques in the literature involves the 

correlation of ISFET gate pH-induced voltage with instrumentation output 

voltage, yielding a pH-to-Voltage conversion. The most popular topology is 

the source-drain follower [60] [61], mainly due to its compactness, low power 

supply voltage and low power consumption. The simplicity of this design has 
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led researchers to explore different configurations to maximise its 

performance. One of the most characteristics designs was developed by 

Nakazato et. al. [62], where they kept the ISFET current and reference 

electrode voltage constant, leaving the gate voltage to determine the correlation 

with the output, giving good accuracy and minimum power dissipation. Other 

alternative designs focused on achieving minimal power consumption while 

adhering to the same principle, operating with voltages below 1 Volt and 

having a great dynamic range for the detection of a broad pH range [63] [64]. 

However, they lack compensation schemes to tackle these devices’ common 

challenges and are vulnerable to power supply variations. Three designs cover 

the main topologies: controlled-voltage controlled-current (CVCC) [65], 

I-to-V converter [66], and global current feedback [67]. These architectures 

have different advantages, like immunity to capacitive scaling and 

amplification methods. Unfortunately, in addition to the previous 

disadvantages, the complexity of these designs increases the system size and 

power consumption. 

B. pH-to-current 

The following approach has not been explored as much as the previous one. 

However, two main circuitries stand out: an ISFET current mirror and a 

translinear principle architecture. The ISFET current mirror has drift and 

temperature compensation due to a differential configuration [68], while the 

translinear principle architecture exhibits good linearity at the current output 

[69]. However, both have some disadvantages. The current mirror output 

exhibits nonlinear behaviour with respect to the gate voltage, the reference 

current source should be ideal and the sensitivity is relatively low compared to 

the reported in the literature (27 mV/pH) [68]. On the other hand, the 

translinear principle architecture has one of the largest transistor areas to 

minimize the effect of matching errors, the linear range is compressed in a 

small voltage variation, and the architecture has intrinsic leakage current and a 

wide variation in process parameters [69]. 

C. pH-to-time 
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The following approach consists of encoding the signal in the time domain by 

digitising the output signal through a pulse width modulation (PWM). All of 

the architectures follow the same base circuitry: CMOS inverters with different 

configurations [70] [7] [71] [72] [73]. The designs have the same inherent 

configuration advantages, like less susceptibility to environmental noise and 

less signal processing. Some configurations also show the potential to reduce 

the size and power consumption, as well as several compensation schemes for 

nonidealities. However, some disadvantages include nonlinear systems, 

calibration phases and minimum pulse width variations between pH 

measurements, making it less suitable for sub-pH applications [72]. 

D. pH-to-frequency 

The latest approach has been to encode the signal in the frequency domain 

using several methods. Historically, frequency modulation was developed 

based on two criteria: to make systems as efficient as possible in terms of power 

and to provide consistent data with good reliability, particularly for 

telemetering data from satellites and space probes [74] [75]. This approach 

varies from the previous one in the way data is being manipulated. pH-to-time 

uses PWM, which modifies the duty cycle of a fixed frequency square wave to 

regulate the output of the system, while pulse frequency modulation (PFM) 

uses a constant duty cycle and modulate the square wave’s frequency to 

achieve regulation [76]. 

Architectures can be divided into four groups: pulse frequency modulators 

[77], integrate-and-fire architectures [78] [79], ring oscillators [80] [81] and 

current-controlled oscillators [82] [83]. All these designs include the inherent 

advantages of the topology, which are the robustness of the signal against noise 

and less signal processing. Furthermore, depending on the configuration, some 

benefits can be acquired regarding size, power consumption, linearity, signal 

stability against power supply variations, programmable output response, and 

immunity to capacitive attenuation scaling. Frequency conversion was chosen 

over other architectures because the criteria of power efficiency and data 

reliability aligned with the objectives of this work, plus its inherent advantages 
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like noise immunity and digital compatibility are suitable for applications of 

interest, such as wearable and implantable devices. 

However, noise in these systems remains a challenge to address due to the 

complexity of the signal transduction. Addressing low-frequency noise can be 

achieved through techniques such as the incorporation of ISFET/MOSFET 

pairs employing chopping stabilization. This approach effectively diminishes 

1/f noise while simultaneously resetting the surface potential of the floating 

gate of the ISFET, eliminating any trapped charges within the buried sites and 

having an impact on the system's drift with minimal disturbance of the sensing 

gate. [84] [85]. Other sources of noise, such as phase noise, are not a primary 

concern, as it become significant in applications involving high-frequency or 

precision timing, and the emphasis is on the accuracy and linearity of the 

pH-to-frequency conversion [86]. Nevertheless, some potential sources of 

phase noise and jitter include clock sources, power supplies, temperature 

variations, component noise and external electromagnetic interference [87] 

[88].  Maintaining signal integrity, suitable operating conditions, and 

implementing filtering and shielding to reduce interference are essential to 

minimize these issues. 
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Figure 2.7 Overview of the main analogue front-end architectures for single ISFET readouts categorised by type 

of transduction. 

2.5   ISFET Sensing Layers 

One key component of a CMOS ISFET sensor is the sensing membrane, which 

separates the ISFET from the solution being measured. The sensing membrane can be 

made from various materials, such as Si3N4 or aluminium oxide (Al2O3), which are 

characterised by their dielectric constant. The ability of the insulator interface to resist 

changes in pH (𝛽𝑖𝑛𝑡, shown in equation 4) is determined by the dissociation constants 

and ionic concentration and is affected by the density of binding sites. A higher density 

of sites leads to increased sensitivity and a wider range of pH values that the device 

can operate within [89]. The choice of the sensing membrane material, its thickness 

and uniformity can significantly impact the sensitivity, selectivity and stability of the 

ISFET sensor. Although research has been done using a wide variety of sensing 

membranes, some of them are beyond the scope of this thesis due to their limited 

applicability in CMOS technology. 

The most common sensing layers available in the literature for CMOS chips are Si3N4,  

Al2O3, hafnium oxide (HfO2) and tantalum pentoxide (Ta2O5). All these layers have 

shown positive results in terms of the sensitivity and stability of the sensors. However, 

they have never been cross-verified and compared systematically using the same 

underlying CMOS technology. It is important to note that the first reported ISFET 

device used SiO2 as a gate insulator layer, but it has been shown to have a relatively 

low pH sensitivity, an unstable response over time, and hydrating properties that cause 

surface membrane ruptures, making it permeable to water [90] [91]. 

Si3N4 is the most common sensing layer researchers use as it is the default passivation 

layer for standard CMOS processes, thus avoiding further microfabrication steps. This 

sensing layer has been reported as a significant improvement compared to SiO2 [92]. 

It can give better sensitivity and a nearly linear response to pH changes. Despite the 

differences found in terms of the sensitivity by different groups, Si3N4 can provide an 

average sensitivity of 25–40 mV/pH, with the possibility of getting responses near 

(45 mV/pH by thinning the passivation layer) or beyond the Nernstian response 



Chapter 2 – ISFETs for Environmental and Biomedical Microsystems 

 27 

(149.7 mV/pH due to an equivalent inherent amplification in the readout [93]). Table 

2-1 summarises the major findings in the literature related to each sensing layer 

described above.  

Layer Sensitivity Main contributions pH range Ref 

Si3N4 

45 mV/pH Thin passivation layer - [94] 

40-45 mV/pH Differential readout 1 - 14 
[95] [96] [97] [98] 

[99] [100] 

25-41 mV/pH Unmodified chip 
4 – 12 [101] [93] [7] 

[102] [103] [104] 

Al2O3 

37.45 mV/mM 

Exposed native oxide by 

an etching process 

6 – 8 
[105] 

31.6 us/pH [106] 

2.2 kHz/pH 6 – 8 [83] 

215 µA/pH 6.9 – 8 [107] 

HfO2 44-45 mV/pH 
Atomic layer deposition 

(ALD) 
4 - 10 [108] [109] 

Ta2O5 

52 mV/pH 

Ta film was deposited 

by PVD and then 

oxidised in deionised 

H2O 

3.4 – 6.4 [110] 

40-55 mV/pH 
RF-magnetron 

sputtering 
4 - 12 [111] [112] [113] 

Table 2-1 Most common pH sensing layers in CMOS in the last two decades. 

However, there is still no consensus on the best sensing layer. The range of variation 

in sensitivity can be even greater if a different CMOS foundry or the technology node 

(even within the same foundry) is varied. Further to the list above, solo efforts have 

been made to innovate with different sensing layers beyond the most successful cases. 

Chin et al. [114] deposited a 250 nm layer of titanium nitride (TiN) above the 

aluminium gate with an outcome sensitivity of 57 mV/pH. In contrast, Kuo et al. [115] 

deposited a ruthenium dioxide (RuO2) thin film with a sensitivity of 8.6 mV/(mg/dL), 

both using RF sputtering for the metal deposition. On the other hand, [116] and [117] 

provided a stack of layers of Ta2O5/Si3N4 and ZnO/TiO2 with sensitivities of 

45 and 46.9 mV/pH each. However, Si3N4 is still the preferred choice because it does 
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not require any further microfabrication process, and it can provide consistent results 

in terms of sensitivity, which is the main objective for these sensors. 

2.6   ISFET Applications 

ISFETs have become widely used in various applications due to their high sensitivity, 

fast response time, and ease of integration with microelectronic devices. These sensors 

have been used in portable and disposable devices due to their small size, low power 

and low cost. They are ideal for monitoring variables of interest through pH detection, 

such as DNA, metabolites, enzymes, genes and cancer markers, among others. For 

clarity, this section will focus on applications using CMOS technology, except for 

environmental monitoring due to the lack of research in this area. 

One of the main applications of ISFETs is in biosensing and medical diagnostics. 

ISFETs have been used to measure pH levels/detect various molecules in blood [118] 

and other body fluids, which can provide information about a patient's health, like 

states of alkalosis or acidosis due to a high or low pH level, which is a clear indication 

of some organ dysfunction. They have also been functionalised to be selective to 

various ions in the same chip [19], making them good multiple-sensing monitoring 

platforms. For example, ISFETs can be used to monitor: glucose levels in people with 

diabetes, which can help to control blood sugar levels and prevent complications [119]; 

urea levels [107]; dopamine [120]; DNA detection and sequencing [104] [121] [66]; 

cholesterol [122]; uric acid [115]; L-carnitine [110]; and cancer biomarkers [123] 

[124], among others. Some other interesting applications in this area are ion imaging 

[125] [126] [61], on body pH detection [80] and cell membrane injuries [127]. 

Another application of ISFETs is in environmental monitoring. ISFETs can measure 

the pH levels of water and soil, providing fundamental information about the health of 

ecosystems and the potential impact of pollutants. ISFETs can also be used to measure 

the concentration of heavy metal ions in water and soil, which can help to identify and 

mitigate contamination. Portable sensors have been designed to monitor soil 

cultivation [128] and examine soil nitrogen on-site in agriculture [129]. Several 

attempts haven been undertaken to develop robust monitoring systems [130] for 
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multiple sub-applications, like potable water assessment [131] and geochemical 

barrier monitoring [132] by characterising the interstitial water in a geochemical 

barrier to assess the hydro-geochemical factors that regulate the transport and 

migration processes of radionuclides [133]. It is important to mention that this area has 

yet to be studied using standard CMOS processes, but it is a possible area for further 

research. 

ISFETs can also be used for safety screening applications in the food and beverage 

industry. For example, these sensors can measure the acidity, sugar/starch content, 

firmness and presence of heavy metals in fruits [134] and vegetables [135], as well as 

analyse aromas and flavours [136], and detect food-borne bacteria like E. coli [137], 

which can help to control the quality and extend the shelf life of commercial products. 

In addition to these applications, ISFETs are being investigated for use in other areas, 

such as drug discovery [138] [139] and gene expression analysis [140] [141]. The 

potential of ISFETs is still being explored due to their ability for large-scale 

integration, miniaturisation and low-cost manufacturing, and new applications are 

likely to be discovered in the foreseeable future. 

2.7  Summary 

ISFETs are a type of sensor sensitive to ionic concentrations in a solution. They consist 

of a thin layer of semiconductor material, such as silicon, coated with a thin layer of 

insulating material, such as silicon dioxide or silicon nitride. When a voltage is applied 

between two nodes of the ISFET system, an electric field is created, which can be used 

to measure the concentration of ions in the solution.  

One of the key advantages of ISFETs is their high sensitivity, which allows them to 

measure even small changes in ion concentration accurately. They are also relatively 

simple and inexpensive to produce, making them widely available and widely used. 

Their ease of integration with CMOS technology and potential mass production makes 

them ideal for developing commercial devices for environmental and biomedical 

applications. 
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However, ISFETs have their limitations. They have several common challenges, such 

as capacitive attenuation, noise corruption, temperature dependency, drift and trapped 

charge. They also require a reference electrode to function correctly, which must be 

considered if they want to be used in some specific applications. 

ISFETs are commonly used in various applications, including medical diagnostics, 

environmental monitoring, the food and beverage industry and analytical chemistry, 

among others. They are particularly useful for measuring ion concentrations in dilute 

solutions, which are too dilute for traditional ion-selective electrodes to be effective. 

Despite their limitations, ISFETs are an important tool in many scientific and industrial 

applications, and they continue to be an active area of research and development. As 

our understanding of these devices improves, we can expect to see even more 

sophisticated and reliable ISFETs being developed in the future. Overall, ISFET 

sensors in CMOS technology offer high sensitivity, selectivity and stability. They can 

also be integrated with other electronic components on a single chip, making them a 

powerful tool for chemical sensing in various applications. 
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Chapter 3  

Sensor Front-end Architectures  

3.1  Introduction 

This chapter overviews the architecture designs, simulations and electrical 

characterisations performed during this project. The chapter describes two designs: an 

improved non-linear pulse frequency modulator (NPFM) with two prototypes, and a 

linear pulse-frequency modulator (LPFM). These front-end architectures and their 

main advantages over other read-out sensors are described here, along with a more in-

depth analysis. For clarity, the NPFM architectures and electrical characterisations will 

first be described before moving to the LFPM. 

Over the course of this project, two multi-project wafers (MPW) submissions were 

made to be manufactured by TSMC in 0.18 µm CMOS technology. The results and 

discussion for this chapter involve two frequency-domain architectures intended to be 

used as pH sensors in the following chapter. The analysis provided uses an 

environment to emulate the pH changes in each design, showing their applicability as 

sensing platforms for the next stage of the thesis. 

3.2  Overview of Foundry Technology 

The design and manufacturing of the CMOS chips were done using two different 

processes by the same manufacturer: 0.18 um CMOS TSMC High Voltage BCD Gen 

II and 0.18 um CMOS TSMC Logic or MS/RF, General Purpose 1.8V/3.3V as 

provided by the Europractice IC MPW service. BCD Gen II is a 6-metal process 

(MET<6>) with the top metal capable of handling up to 70 V devices with a core 

voltage of 1.8 V and I/O voltages of up to 5 V, while the General Purpose technology 

is also a 6-metal process suited to MS/RF applications with a core voltage of 1.8 V 

and I/O voltages of up to 3.3 V. SiO2 is deposited between metallisation layers as an 

insulating material, with metal vias (VIA<x>) used to interconnect layers. The chip is 
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then covered with a protective layer of SiO2 and S3N4, exposing pads for external 

electrical connections. The main objective is to develop low-power front-end 

architectures for pH detection so that both processes comply with the requirements of 

this project. The protective layer of Si3N4 also works as a sensitive layer, so no further 

processes were required for the initial testing of these devices. 

The service integrates multiple designs from different customers onto a single wafer 

to minimise costs to approximately 5-10 % of the full size. Wafers are then diced and 

packaged into a standard waffle chip carrier by Europractice. The wafer cross-sectional 

view of the TSMC technology is shown in Figure 3.1. 

 

Figure 3.1 Cross-sectional view of the 6-metal layer-0.18 µm TSMC CMOS process. 

3.3 ISFET Simulation Model   

The first step in ISFET circuit simulation is determining an appropriate model 

compatible with the simulator. Described in Section 2.3, two ISFET models were 

simulated to evaluate their performance against each other using different circuit 

simulation software, considering that only the Martinoia’s model was tested against 

measured data. The I-V characteristic curves for pH 4, 7 and 10 show considerable 

similarities. The PSpice model was modified to work with free access software from a 

Hspice code, while the Veriloga model is compatible with Cadence. As shown in 
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Figure 3.2, both models showed similar behaviours depending on the simulated pH. 

However, although both reached similar voltages over time, they exhibited different 

damping behaviours. Martinoia’s model was designed for a specific case, which means 

it is more precise. In contrast, Sohbati’s model represents a general chemical 

behaviour, so additional components must be added to achieve the desired output 

response. 

 

Figure 3.2 Schematic view and simulation results of PSpice and Veriloga ISFET models. 

3.4 Nonlinear Pulse-frequency Modulation Architecture 

The primary motivation for this type of signal transduction (pH-to-frequency) is to 

take advantage of some of its benefits over different conversions. These designs offer 

a simple and compact solution to conventional ADCs in size and power consumption. 

They provide a robust quasi-digital signal with codified information in the frequency 

domain, making it easier to communicate and reconvert the data via wireless. This type 

of architecture achieves high accuracy in code-to-frequency conversion. It allows 

specifications to be defined depending on the type of application, like a rail-to-rail 

input, linearity, programmable frequency range, and supply voltages compatible with 

and independent of batteries over time. 
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3.4.1  Front-end Architecture 

The first proposed architecture, the nonlinear pulse-frequency modulator, is shown in 

Figure 3.3. The original application consists of a photodiode whose voltage signal is 

immediately converted into a semi-digital signal by allowing the charging and 

discharging of a signal capacitor, giving a frequency response that changes depending 

on the intensity of the light [142]. In this case, the photodiode was replaced by an 

ISFET, and the design provides a train of pulses each time the capacitor discharges 

down to a specific threshold voltage, depending on the pH in the solution.  

The circuit diagram consists of two stages: a current integrator and reset, and a control 

circuit for the feedback, which determines the signal to open the digital switch to 

charge the capacitor fully. When the voltage of the membrane capacitor (Cmem) Vcap 

surpasses the specified threshold voltage, the comparator turns off the digital switch, 

allowing the capacitor to discharge at a rate depending on the pH in the solution. The 

higher the pH, the lower the current flow through the ISFET, decreasing the frequency 

response. 

 

Figure 3.3 NPFM diagram-level schematic. 

The architecture requires five inputs, plus the reference electrode in the solution, as 

shown in Figure 3.4. VThres represents the threshold voltage limiting the capacitor 

discharge to this value. Vctrl is an on/off switch that controls if a power source provides 

the threshold voltage internally or externally. VCG corresponds to one end of an extra 

capacitor connected to the gate, which is used to momentarily calibrate the input 

voltage range. Finally, the reset (RST) input is used to generate internal current sources 
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through a bandgap voltage reference. According to simulations, the circuit works with 

a power supply (VDD) of 1.8 V and has an average power consumption of 66.21 µW, 

considering standard setup conditions (Vbias: 700 mV, Vthres: 900 mV, Vctrl: 18V and 

VCG: 0V; VpH: 7 V and Vref: 300 mV for the Veriloga model). 

 

Figure 3.4 Schematic representation of NPFM architecture control block. 

The current integrator and reset consists of three transistors: the ISFET for the slowly 

discharging phase; the digital switch for the instantly charging phase; and a bias 

transistor to isolate and rectify the charging and discharging voltage from the 

passivation capacitance. Cmem completes this stage and is connected to one of the inputs 

of the comparator, while the threshold voltage is provided in the other. The control 

circuit is then divided into two parts: a hysteresis-based comparator architecture to 

prevent undesired peaks from noisy input variations [143] and a delay stage consisting 

of a set of inverters and capacitors to get a specific delay time that allows Cmem to reach 

the threshold voltage in the discharging phase. Figure 3.5 shows the complete 

transistor-level schematic. 

 

Figure 3.5 NPFM transistor-level schematic. 
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3.4.2  Simulation Results 

The architecture underwent two rounds of simulations, one for each tape-out, enabling 

design improvement based on the characterisation of the first prototype. Both designs 

are described in the following section. 

A. Chip CMOS-V1: NPFM-V1 

The first tape-out included an initial design of the nonlinear pulse-frequency 

modulator. The simulation in ideal conditions for different input voltages, as 

shown in Figure 3.6, exhibited the expected nonlinearity and limited region of 

interest for the pH sensing, as the intention was to limit the working region to 

a range where the nonlinearity was not large, stepping down to approximately 

100 mV of input voltage. The design showed its ability to work as a sub-pH 

sensing platform because more minor changes in pH transduced in much bigger 

changes in frequency. 

In ideal conditions, and using an unmodified CMOS chip, a S3N4 sensing layer 

allows a sensitivity of approximately 30 mV/pH [7], which can be transduced 

in a 200 kHz change in the higher end of the working region, meaning that 

detection of 0.1 pH changes can be achievable with 15-25 kHz differences per 

sub-pH value. However, the calibration required was an area for improvement 

due to the low practicality in its implementation and high sensitivity to making 

it a functional design. The architecture also needs to work in a very specific 

region and working with aqueous solutions added more instability to the 

design. 

 

  Figure 3.6 Simulation results of frequency response at different input voltages for a specific region. 
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This architecture was designed to give a train of pulses indicating each time 

the capacitor fully recharges up to VDD. Therefore, a minimum duty cycle is 

expected (0.013%, according to simulations). The inherent properties of the 

design made the output dependent on the electronic principles of the ISFET by 

having the relationship Vd > Vg > Vs. The output current only depends on the 

input voltage to the gate, therefore giving a nonlinear response that requires a 

look-up table for its analysis to identify the input voltage needed for the 

respective output frequency.  

However, a more extensive analysis of the design in simulation, as shown in 

Figure 3.7, demonstrated how sensitive the design was to any capacitance at 

the output. The simulation consisted of adding a capacitance at the output to 

mimic the parasitic capacitance that is inevitably added during the testing 

process. This analysis allowed for a better understanding of the corresponding 

behaviour of the design. It showed how the output pulses were being affected 

by an increased output capacitance, meaning the architecture’s delay stage 

(initially designed with two inverters with 95 ns of delay each as a buffer) 

needed to be increased to allow the capacitor to fully charge up to VDD. 

 

    Figure 3.7 Simulated data of frequency response with different output capacitances. 
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B. Chip CMOS-V2: NPFM-V2 

The next version of the NPFM was improved by increasing the delay stage (six 

sets of inverters and capacitors completed the design, where the first 5 provided 

204 ns of delay each while the last one gave 147 ns for a total of 1.167 µs) to 

ensure Cmem had enough time to charge through the digital switch. The bias 

transistor was also included in this second prototype to isolate the 

charging/discharging phase from the effects of the passivation capacitance. 

Finally, an analogue buffer of three increasing stages was added between the 

output and the pad connection to guarantee the full swing of the train of pulses.  

The architecture was simulated for the entire pH range (1–14), showing a 

response that varied depending on the pH value. The higher the pH at the gate 

of the ISFET, the lower the current allowed to pass through it, resulting in a 

slower train of pulses. However, during the simulation, it was noticed that this 

particular design has flaws that require a more complex design due to the 

balance needed to get ideal behaviour. By increasing the delay time, Cmem had 

sufficient time to reach the threshold voltage, but the delay allowed Cmem to 

surpass this limit, as shown in Figure 3.8. Vthres represents the limit voltage that 

Cmem should reach; however, the faster it works, the greater the difference 

between the threshold and Cmem voltage. Therefore, the saturation happens 

when the Cmem voltage reaches 0 V, meaning the delay time was big enough 

for it to fully discharge through the ISFET before the digital switch could be 

opened. 
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Figure 3.8 Train of pulses and Cmem voltage response for pH 4 and 10. 

The architecture was simulated under different threshold voltages, depending 

on a control switch determining whether Vthres came from an internally 

generated or external power source. The simulation in Figure 3.9 gives a better 

view of the working region of this device. However, as shown above, Cmem 

quickly surpasses the corresponding limit of Vthres, making the working region 

even smaller to approximately the first 100 mV where the limit is complied, 

representing a maximum change of 3 pHs.  

     

    Figure 3.9 Simulation data of the frequency response for different threshold voltages. 
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A Veriloga ISFET model, already discussed in Chapter 3 and taken from [45], 

was added to evaluate the frequency behaviour at different pH values. Vin 

represents the voltage going into the gate of the ISFET. Figure 3.10 shows the 

output frequency from pH 3 to 12, considering an ideal sensing layer as a 

59 mV/pH sensitivity response. The ISFET model allows the user to determine 

the sensitivity response using a scaling factor. This model, as shown above, 

requires an external capacitor to represent the passivation capacitance, which 

is mainly determined by the electrode area.  

 

  Figure 3.10 Output frequency response of improved NPFM architecture from pH 3 to 12. 

Although the design represents an improvement on the first version, the 

limitations remain the same, as it can only be used to detect a narrow pH range. 

The required calibration demands very specific parameters regarding the 

reference and gate capacitor voltages to calibrate the working region for a 

specific pH range no greater than three values to get the expected outcome. 

3.4.3  Layout Design 

The improved sensor was implemented in 0.18 µm CMOS TSMC Logic or MS/RF, 

General Purpose 1.8 V / 3.3 V, and the layout is shown in Figure 3.11. The sensing 

area corresponds to an extended gate ISFET with dimensions of 125 µm × 125 µm to 

have a large ion-sensitive capture area and provide a geometry that can be easily 

post-processed through microfabrication processes. The readout instrumentation is 
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complemented with one bias current source through a bandgap voltage reference and 

a programmable gate capacitor, which is a floating capacitor connected to the gate of 

the ISFET for trapped charge compensation that allows for the temporal calibration of 

the ISFET threshold voltage. The total area of the circuit design is 155 µm × 409 µm. 

A micrograph of the fabricated chip is shown in Figure 3.12, where the features in 

metal-6 are visible, particularly the extended gate electrode. 

       

Figure 3.11 NPFM architecture layout. 

 

Figure 3.12 Micrograph of the fabricated NPFM architecture in the chip. 

3.4.4  Electrical Characterisation 

A. Chip CMOS-V1: NPFM-1 

The electrical characterisation of these chips required the use of a dual power 

supply and a manufactured printed circuit board (PCB) to provide and control 

the necessary input voltages, such as the bias, threshold and control voltages 

through an array of potentiometers, switches and analogue and digital 

inverters. A Picoscope 6404D was used to measure the output voltage and 

calculate the corresponding frequency using the deep measurement tool 

provided by the software, which allows for the detection of the frequency, cycle 
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time, pulsed width and duty cycle. Figure 3.13 shows the schematic diagram 

of this setup for both designs. 

 

Figure 3.13 Schematic diagram of the setup to perform an electrical characterisation on the CMOS 

chips. 

The output response of the first prototype indicated a design error in the 

architecture, as the train of pulses at the output never reached 0 V, but the 

frequency changed in relation to the input voltage provided. Therefore, a small 

test was performed using an external 5 V comparator (LM311N/NOPB) to 

show the expected outcome at a higher voltage compared to the actual output, 

as shown in the bottom graph in Figure 3.14.  

 

Figure 3.14 NPFM response of defective chip. Top: original output frequency before external 

comparator. Bottom: output frequency after external comparator. 
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Although the measurement was unsuccessful, a complete analysis of the output 

frequency response at different input voltages was performed using the 

previous setup to allow the design to work as a digital counter with the full 

swing through VDD. Figure 3.15 shows how the signal deviates from the 

expected result, working at a faster rate. Nonetheless, the signal partially 

provides the required behaviour because the architecture responds to changes 

in the input voltage. An alternative test (red graph in Figure 3.15) shows how 

the programmable gate capacitor can be used to momentarily change the 

threshold voltage of the ISFET. However, the change in the frequency 

decreases with respect to the change in the input voltage, which is consistent 

with the findings related to the reduction of sensitivity by the programable gate 

capacitor due to the increase in the total capacitance seen at the gate [44]. 

 

  Figure 3.15 NPFM frequency output response against input voltage. 

B. Chip CMOS-V2: NPFM-2 

The optimised version of the nonlinear PFM was characterised and compared 

to the simulation data. Figure 3.16 shows how the train of pulses reaches 0 V 

every time the capacitor discharges beyond the threshold voltage, which means 

the capacitor has enough time to fully charge before a change of state by the 

digital switch. However, as shown in the simulation data, the delay time can 

easily surpass the threshold voltage, limiting the architecture working region 

to a maximum of 100 mV of input voltage. 
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 Figure 3.16 NPFM response of improved CMOS chip. 

A complete characterisation of the output frequency against different input 

voltages was performed, using both an internally generated current source and 

an external voltage source to modify the threshold voltage value in steps of 

300 mV. As shown in Figure 3.17, the results deviate from the simulation data 

regarding the correlation between Vthres and the saturation for different input 

voltages. This shows an inverse behaviour where a Vthres of 300 mV seems to 

have a wider linear range and higher saturation point. At the same time, a Vthres 

of 1.2 V quickly saturates at a maximum frequency of 160 kHz. The difference 

arises from the slow reaction of the design to the threshold voltage. The faster 

it works, the quicker Cmem reaches 0 V before it charges back to VDD because 

it now has a significant delay time that prevents a faster reaction. Therefore, 

saturation occurs first as it stops following Vthres properly. Nevertheless, the 

comparison concludes a similar maximum output frequency saturation and 

working region from 0.5 to 1 V input voltage, with good matching behaviour 

between the internal and external Vthres of 900 mV. 
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 Figure 3.17 NPFM frequency output at different Vthres. 

This architecture complies with certain characteristics of interest. It involves a 

simple design that can be used for pH detection with a low power consumption. 

The design provides a semi-robust digital output that is immune to noise and 

supports quick data acquisition for its analysis. However, as mentioned in the 

previous section, it comes with major disadvantages, such as the calibration 

required for the correct functionality, the extremely narrow range it needs to 

be in to work as expected, the balance required between the delay time and the 

charging/discharging phase of the capacitor, and the need for a lookup table 

due to the nonlinearity present, combined with the already difficult task of 

detecting pH in a solution. 

3.5 Linear Pulse-frequency Modulation Architecture 

3.5.1  Front-end Architecture 

After considering the strengths and weaknesses of the PFM design, a different 

approach was adopted. The front-end architecture of the linear pulse-frequency 

modulator is shown in Figure 3.18. The circuit diagram consists of three distinct 

stages: a voltage-to-current (V-to-I) converter, a bidirectional current integrator, and a 

control circuit for feedback, which allows the charging and discharging of the 

membrane capacitor (Cmem). The ISFET corresponds to the positive input of the 
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differential transistor pair of the operational transconductance amplifier (OTA) in the 

V-to-I converter and Cmem represents the ability to store and release charge at different 

rates depending on the amount of current allowed to flow through it, partially 

emulating the behaviour of a cell membrane. This configuration allows the signal to 

be encoded in the frequency domain with a linear response to pH changes for the entire 

range [1]. 

 

Figure 3.18 LPFM diagram-level schematic. 

The architecture requires five analogue inputs, plus the reference electrode in the 

solution, as shown in Figure 3.19. Two inputs control the high (VH) and low (VL) 

voltages that determine the thresholds for Cmem. VGC corresponds to one end of an extra 

capacitor connected to the gate, which is momentarily used to calibrate the input 

voltage range. The RST input is used to generate internal current sources through a 

bandgap voltage reference. The circuit works with a VDD of 1.8 V and has an average 

power consumption of 144.2 µW, considering standard setup conditions 

(Vbias: 700 mV, VH: 1.2 V, VL: 600 mV and VCG: 0 V; VpH: 7 V and Vref: 300 mV for 

the Veriloga model. 
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Figure 3.19 Schematic representation of LPFM architecture control block. 

The V-to-I converter, shown in Figure 3.20, is based on an OTA common source 

amplifier. This two-stage amplifier allows a rail-to-rail voltage operating range to keep 

a wide linear range. A conventional resistor-capacitor circuit (RC) compensation 

design is incorporated between A and B to prevent undesirable peaks and oscillations 

in the frequency response. The converted current is mirrored through a bidirectional 

current integrator to allow Cmem to charge and discharge through M1 and M2, creating 

a path for a controlled charge-discharge phase. VH and VL set the higher and lower 

voltage limit for the capacitor through the control circuit, which consists of two 

high-speed differential pair comparators followed by a delay stage and a NAND-based 

set-reset (RS) flip-flop (more details of the control logic in Appendix B.2), which is 

behind the logic for the charging and discharging phase with a 50% duty cycle. Finally, 

Q controls the status of the comparators, making only one of them work at a time. 

 

Figure 3.20 LPFM transistor-level schematic. 
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The output frequency of the pulse can be defined by the linear relationship between 

the input voltage and output current of the V-to-I converter, which is used to 

charge/discharge Cmem at the same rate, following the equation: 

𝐹𝑜𝑢𝑡 =
𝑉𝑖𝑛

2 ∗ 𝐺 ∗ 𝐶𝑚𝑒𝑚 ∗ 𝑅𝑠 ∗ (𝑉𝐻 − 𝑉𝐿)
(2) 

where G corresponds to a scaling factor of 10. VH and VL can be tuned to work in a 

specific voltage range (ΔV) to calibrate the desired frequency range, increasing the 

dynamic range of the frequency response when the ΔV decreases. 

3.5.2  Simulation Results 

Simulated results in Figure 3.21 show an output response with a 50% duty cycle, 

demonstrating the correct functionality of the architecture, as well as the 

charging/discharging phase of Cmem. This characteristic means that the device spends 

half of the time charging and half of the time discharging at a constant rate, which is a 

good indicator of the circuit’s performance. It also makes communication easier for 

further signal processing. The architecture was tested for the entire pH range (1–14), 

showing a sensitivity that varies depending on the pH value. The higher the pH at the 

gate of the ISFET, the lower the current allowed to pass through it, resulting in a slower 

frequency response. 

 

Figure 3.21 Simulated pulse output signal and Cmem voltage response for pH 4 and 10. 
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The frequency response depending on the voltage range between VH and VL is shown 

in Figure 3.22. The lower the ΔV, the faster the frequency response, reaching a 

maximum output of 2.3 MHz at a linear rate of 683 kHz/V. The linear sensitivity for a 

ΔV of 600 mV in the control circuit is 17.3 kHz/pH, with a linearity of 0.99934. The 

configuration allows a min-max sensitivity of 11.6–50.66 kHz/pH depending on the 

setup conditions. This is useful because it allows the architecture to increase the 

dynamic range of the output frequency response. It allows a higher sensitivity to pH 

changes so that sub-pH values can be measured with a higher degree of certainty. 

Depending on the requirements, working at a slower rate is also possible for less 

precise measurements and much lower power consumption to provide a longer 

shelf-life of the device in case it is required for battery-operated devices like in 

implantable applications. 

 

Figure 3.22 Simulation data of the frequency response for different ΔV between VH and VL. 

A Veriloga ISFET model was incorporated to evaluate the frequency’s behaviour at 

different pH values. Vin represents the voltage going into the gate of the ISFET. Figure 

3.23 shows the output frequency from pH 1 to 14, considering a Si3N4 sensing layer as 

a 30 mV/pH sensitivity response. The ISFET model allows the user to determine the 

sensitivity response using a scaling factor. The differences between the NFPM and the 

LFPM are linearity, the possibility of using this design for the entire pH range, and the 

wider working range. This allows the user to calibrate which region of interest better 
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suits the application of interest by using the lower or higher end of the input voltage 

range. 

 

Figure 3.23 Output frequency for different pH values using the Veriloga model. 

Due to the versatility and applicability of this design for pH detection, a more extensive 

analysis was performed. Figure 3.24 presents the circuit’s response for a wide variety 

of supply voltages. This characteristic is especially relevant for wireless implant 

applications where the received power can vary widely depending on the position and 

orientation of the sensor. The results show that, despite a slight drop in the output 

frequency, the circuit can work robustly down to 1.4 V. The power supply rejection 

ratio (PSRR) was determined at 1.6 V and showed a magnitude of 75.91 dB. 

 

Figure 3.24 Output stability with a ~25% power supply variation. 
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The circuit was also simulated for transient noise with different noise scale factors 

(NSF), which is a feature that artificially inflates the small noise present in the design 

to make it visible over the transient analysis. Figure 3.25(a) shows the temporal 

response for an expected value of 473.6 kHz output for pH 7, with a minimum average 

variation of 200 Hz. A similar time domain noise simulation plots the power spectral 

density (PSD) for three pH values in Figure 3.25(b). The fundamental waves 

correspond to the expected frequency for each pH and can be easily distinguished. It 

is essential to clarify that this noise differs from the electrochemical noise present 

during the testing phase, as it only relates to sources originating from the ISFET 

structure. 

 

Figure 3.25 a) Frequency variation with a noise scale factor (NSF) of 0, 1 and 10; and b) power spectral density 

(PSD) of the frequency response at different pH values 

A Monte Carlo simulation for mismatch was also performed to analyse the response 

for the entire pH range in 50 runs each. The resulting histogram plot is shown in Figure 

3.26. The mean frequency remained close to the expected value for each pH, with an 

average standard deviation of 567.76 Hz, showing remarkable consistency against 

mismatch variations. However, it is acknowledged that process variations can still 

affect the output response. This can be reduced by using the adjustable frequency 

feature to isolate the peaks or by using an array of pixels to get an average of a data 

group instead of single data points. 
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Figure 3.26 Monte Carlo analysis of frequency output for the entire pH range. 

This architecture is of particular interest for implantable applications. It provides a 

robust digital output with a fixed duty cycle. This reduces the consequent signal 

processing for data manipulation; the adjustable frequency increases the dynamic 

range, making it suitable for sub-pH detection. The system can also get a steady 

frequency response even with a ~25% variation in the power supply voltage. The 

architecture, however, involves a more complex design that inevitably increases the 

power consumption and occupied area, which are relevant for future improvements. 

3.5.3  Layout Design 

The sensor was implemented in 0.18 µm CMOS TSMC Logic or MS/RF, General 

Purpose 1.8 V / 3.3 V technology; the layout is shown in Figure 3.27. The sensing area 

was kept as an extended gate the same size as the previous design. The readout 

instrumentation is complemented with two bias current sources through a bandgap 

voltage reference and a programmable gate capacitor for trapped charge compensation. 

It is important to highlight that two diodes were placed, one on each side of the 

programmable gate capacitor, to comply with antenna rules imposed by the 

technology. The total area of the architecture corresponds to 220 µm × 410 µm. A 

micrograph of the fabricated chip is shown in Figure 3.28, where the features in 

metal-6 can be seen. 
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Figure 3.27 LPFM architecture layout. 

 

Figure 3.28 Micrograph of the fabricated LPFM architecture in the chip. 

3.5.4  Electrical Characterisation  

Electrical characterisation was performed and compared to the simulation data. Figure 

3.29 shows the output response with a 50% duty cycle, consistent with the expected 

outcome according to the simulation. The output frequency changes depending on the 

value of the input voltage, showing a linearity of 99%. The working region of interest 

covers a wide input voltage range, from 150 mV to 1.4 V, making it much easier to 

calibrate, and this can be used to detect the entire pH range, which should cover a 

maximum of 840 mV considering an ideal Nernstian response of 59 mV/pH. 
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Figure 3.29 LPFM pulsed output signal response. 

The system’s linearity with steps of 200 mV in ΔV to up to 1 V is shown in Figure 3.30 

for two different CMOS chips. The adjustable frequency feature works as expected by 

modifying the dynamic range depending on the high and low voltages provided to the 

system. The difference between chips, although present, varies less than 5% from each 

other’s results. The design allows the user to determine the dynamic range to work 

with, considering that the faster the system works, the greater the power consumption 

and inconsistencies between individual measurements. Using an array of pixels to 

average the frequency response can give repeatable and accurate values for pH 

variations, even for the higher output frequencies. This is the next step to consider in 

evaluating these designs.  

 

Figure 3.30 Electrical characterisation of the LPFM architectures with different ΔV. 



Chapter 3 – Sensor Front-end Architectures 

 55 

3.6 Summary 

The design and fabrication of both architectures in two different tape-outs were 

described in detail. The nonlinear pulse-frequency modulator was fabricated using 

0.18 µm CMOS TSMC High Voltage BCD Gen II for the first prototype and 0.18 µm 

CMOS TSMC Logic or MS/RF, General-Purpose 1.8 V / 3.3 V for the final version, as 

well as the linear pulse frequency modulator, with both designs in the same chip. The 

architectures were described in detail, and a discussion of each design's advantages and 

disadvantages was presented during the simulation and electrical characterisation 

analysis. The nonlinear PFM was the first design manufactured that transduced an 

electrochemical signal to a frequency signal. However, the difficulties, especially the 

calibration steps, led the work to look for a similar architecture with better properties. 

The linear PFM kept most of the advantages in the nonlinear version and included more 

benefits, making it the design of choice for the following testing with buffer solutions. 

The nonlinear PFM, although promising for sub-pH detection in a very specific 

working region, was set aside to focus entirely on the LPFM, which shows better 

characteristics for pH detection, like linearity, stability over power supply reduction, 

and immunity to transient electronic noise, as well as easier calibration for its operation. 
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Chapter 4  

CMOS Chip: Post-processing 

4.1  Introduction  

Throughout this chapter, the post-processing of the CMOS ISFETs will be described 

to evaluate the sensitivity response with different sensing layers or thicknesses. The 

chapter will discuss three different scenarios and their microfabrication methods. From 

unmodified chips to adding an extra layer of Ta2O5 for better sensitivity and low drift 

over time [111], these methods are not typically supported by a commercial foundry 

and even more so at a singulated chip level. The main section will focus on thinning 

the original passivation layer to different thicknesses to compare the effects of each 

case on the sensitivity. Although this was previously demonstrated by [94] on AMS 

technology, this is the first time the results have been shown on TSMC technology. 

Finally, some packaging and encapsulation techniques will be addressed to enable the 

use of the CMOS chips in wet environments, while still preserving the electrical 

connectivity and response. 

4.2 ISFET Sensitivity  

CMOS ISFET chips are shielded by a layer of Si3N4/SiO2, known as the passivation 

layer, which comes into contact with the analyte solution. Researchers have explored 

various materials for this passivation layer over the years to enhance the sensitivity 

towards targeted ion concentrations. One promising option is Ta2O5, which exhibits a 

nearly ideal sensitivity in terms of the Nernstian response, measuring 59 mV/pH, as 

reported in [144]. The sensitivity of this particular layer stands out because it has a 

high surface charge density, which means it can interact effectively with ions in the 

surrounding solution; it forms a stable and high-quality oxide layer when deposited in 

silicon substrate, which is essential for the ISFET operation as it acts as a dielectric; 

and it has a relatively high dielectric constant, enhancing its ability to respond to 

changes in surface charge due to ion concentration in the solution [144] [145]. In the 
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following sections, three scenarios will be described. A post-analysis of the processing 

methods will be discussed in the next chapter regarding the sensitivity of the ISFETs 

in each case, highlighting their advantages and disadvantages. 

4.3 Post-processing and Microfabrication Techniques 

4.3.1  Unmodified Silicon CMOS Chip 

One of the easiest ways to assess the sensitivity of CMOS chips is to test them 

unmodified since the passivation layer functions as the sensing layer. The literature 

has demonstrated that Si3N4/SiO2 layers can provide an average sensitivity of 

30 mV/pH under the right conditions [7], making them a tentative approach as no 

further processing is required. However, evidence of the materials and thicknesses of 

the current layers on the surface of the manufactured CMOS chips was needed to 

proceed with the post-processing methods. This data determined some of the steps to 

follow for the etching and thinning of the sensing layer. 

TSMC provides a generic overview of the stacked backend-of-the-line (BEOL) metal 

layers, summarising each layer's thickness and material. Figure 4.1, which was 

recreated from TSMC documentation, gives an insight into the passivation layer, 

which includes three different processes: the deepest layer consisted of the deposition 

of SiO2 in a high-density plasma (HDP) system through plasma-enhanced chemical 

vapour deposition (PECVD) using argon plasma enhanced source depending on the 

thickness of the top metal, which in this case was 8 kÅ top thick metal, for a thickness 

of 10 kÅ; the following two layers comprised a generic deposition of SiO2 and Si3N4 

through chemical vapour deposition (CVD) for a thicknesses of 1.5 kÅ and 6 kÅ 

respectively. An additional layer of photo-definable polyimide PI-8124-ER with a 

thickness between 9.2–40 kÅ after curing can be supplied upon request by the foundry, 

but this was not the case for this tape-out. 
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Figure 4.1 TSMC documentation for passivation thickness. 

The next step for verification of the chip’s surface was to get a cross-sectional view of 

the layers and composition analysis of the materials to compare to the data provided 

by the foundry. For this process, the ZEISS Crossbeam 550 Focused Ion 

Beam –  Scanning Electron Microscope (FIB-SEM) [146] with a cryogenic attachment 

from Quorum Technologies was required, one of only a few available in the UK, as 

shown in Figure 4.2. The benefit of using this equipment comes from the possibility 

of performing an energy dispersive X-ray composition (EDS/EDX) to analyse the 

composition of the elements located on the surface of the chip, as well as the visual 

analysis of the thickness of the corresponding layers of interest. 

  

Figure 4.2 ZEISS Crossbeam 550 FIB-SEM. 

Two chips were provided for the analysis. First, the samples were glued to a carrier 

and transferred to a sample holder. The sample was then sputter-coated with 2 µm of 

platinum with an argon gas supply of 0.7 bar and purity of 6.0 (99.9999%) in the cryo 

preparation chamber. This protects the sample from high-energy ions during imaging 
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with either the electron or ion beam and reduces charging effects caused by the ion 

beams during the FIB milling, followed by polishing the crystal surfaces prior to data 

collection for higher signal-to-noise ratio and resolution [147]. The sample was then 

transferred to the ZEISS crossbeam chamber, a highly stable cold stage used for 

milling and acquiring high-resolution images at < -140 °C. Next, the FIB was used to 

mill out a trapezoid-shaped trench, enabling the viewing of a flat and smooth 

cross-section using the SEM. This could then be used to measure the thicknesses of all 

the layers, as long as they were between 5 nm and 50 µm [148] [149]. Finally, the raw 

images were recorded using a tilt correction of 54° to have a cross-sectional view of 

the layers. 

Figure 4.3 shows the cross-sectional view of the samples provided. Five layers can be 

identified: the aluminium of the top metal layer at the bottom; the SiO2 layer with a 

thickness of 1.242 µm; the Si3N4 layer with a thickness of 0.527 µm; the addition of 

the 2 µm platinum layer; and the polished platinum surface at the top, confirming the 

information provided by TSMC about the thickness of the passivation layer. 

      

Figure 4.3 Micrographs of a cross-sectional view of chip samples with FIB/SEM. 

An EDS/EDX for elemental composition analysis was performed regarding the 

materials. An EDS measures the elemental composition of a given scanned region at a 

pixel level. By analysing the X-rays that are generated when the primary electron beam 

stimulates atoms in the outermost 100 nm of the sample, the EDS is able to match 

these X-rays to elements from the periodic table and determine the atomic 

concentration of each element based on the intensity of its corresponding X-ray signal. 

[150] [151]. Figure 4.4 shows the elemental composition analysis of the samples. The 
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spectrums, labelled from 4 to 7, correspond to the elements expected in each layer, 

going from platinum to aluminium, and correctly identifying the presence of Si3N4 and 

SiO2 from top to bottom. 

 

Figure 4.4 Energy dispersive composition (EDS) for elemental composition analysis. 

4.3.2  Tantalum Pentoxide Deposition 

For the deposition of Ta2O5, two different cases were developed. The platform used 

for this process corresponds to the CMOS-V1, NPFM-V1, where the nonlinear PFM 

design was included. Ten chips were post-processed in two groups: half had the 

passivation layer removed, while the other half did not. The literature has demonstrated 

that a sensing layer of Ta2O5 can provide the closest results to a Nernstian response 

[152]. Evidence has also shown that using multiple sensing stack layers can further 

improve the sensitivity of the devices [153]. The baseline of the post-processing steps 

for the etching and lift-off methods was developed by [154] in the Scottish 

Microelectronics Centre (SMC) cleanroom facilities, and a few modifications were 

made to make them suit the specifications of TSMC technology. For the Ta2O5 

deposition, the Plassys MP 900S DC/RF Sputtering Tool in the James Watt 

Nanofabrication Centre (JWNC) in Glasgow provided standard recipes depending on 

the thickness required. 
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A. Etching Process 

For the first batch of five dies, an etching technique was the initial 

post processing step to remove the passivation layer from the top of the sensing 

areas of 125 µm × 125 µm. The chips were placed in groups of two on a 4-inch 

wafer carrier. Megaposit SPR 220-7 photoresist was placed underneath, and a 

heat treatment was applied for 30 min at 90 °C in a hot plate to stick the dies 

in a fixed position. This was done to handle the full wafer instead of each chip, 

avoiding possible damage in the process as most of the tools were compatible 

with wafer processing. The wafer was then placed in a chamber with 

hexamethyldisilane (HMDS) for 10 min to improve the adhesion of the 

photoresist to the surface. Subsequently, two spraying passes of SPR 220-7 

photoresist diluted with methyl-ethyl-ketone (MEK) and propylene-glycol-

methyl-ether-acetate (PGMEA) were applied using the EVG 101 Spray Coater 

to coat the surface of the dies, giving a total thickness of 10 µm of photoresist 

to have enough margin for the upcoming etching without affecting the rest of 

the passivation layer. The photoresist mixture consisted of 6.5 % SPR 220-7, 

68 % MEK and 25.5 % PGMEA A soft bake was performed on a hot plate for 

90 seconds at 90°C.  

For the photolithography, a virtual mask was designed to be 50 µm smaller per side 

than the sensing area (75 µm × 75 µm). This mask was aligned with the area of interest 

before the chips were exposed to ultraviolet light (wavelength of 385 nm) with a light 

emitting diode (LED) light source using the Durham Magneto Optics (DMO) 

MicroWriter ML3 with an exposure dose of 525 mJ/cm2. The chips were developed 

for 60 seconds using the Megaposit MF26-A developer and then rinsed with deionised 

water (DI) and dried with N2. After a quick inspection, a hard bake was applied for 60 

seconds at 115 °C. The next step was removing the passivation layer using the JLS 

RIE 80 Etching System, which includes an automatic computer-controlled RF and 

reactive ion etching system that can accurately control etch depths. The parameters for 

the etching process are shown in Table 4-1 [154]. The process took 60 minutes to 

remove the entire passivation layer, which includes both the Si3N4 and SiO2. Finally, 

the chips were removed from the wafer and cleaned from the photoresist using acetone, 
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isopropanol and DI water, followed by nitrogen (N2) drying. The cross-sectional 

schematic diagram of the technique is shown in Figure 4.5. 

Parameter Specs 

Runtime 60 min 

RF Power 150 W 

Pressure 60 mT 

Gases O2: 4sccm CF4: 60sccm 

Table 4-1 JLS RIE 80 conditions for the etching process of CMOS chips. 

 

Figure 4.5 Schematic diagram of the etching technique to remove the passivation layer over the 

electrodes of a CMOS chip. 

As a verification method at the end of the process, a NanoSpec 3000 was used 

to confirm that no passivation layer remained on top of the sensing areas. The 
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device requires calibration using a clean wafer, and the software allows the 

measurement of the thickness of SiO2 over the pads of aluminium, showing no 

signs of SiO2 and therefore Si3N4 if the post-processing method is correctly 

performed. 

B. Metal deposition and lift-off process 

The next post-processing step for the whole group of chips was the deposition 

of a metal oxide and lift-off technique, which is a method of patterning a target 

material (typically a metal) using a sacrificial layer (typically a photoresist) to 

define a pattern. The dies had a similar treatment to that described above, with 

the difference that the chips were placed in individual pieces of a wafer and 

coated with only one spraying pass of photoresist, giving a thickness of 5 µm. 

The patterns were then developed on top of the electrodes with a virtual mask 

of the same size as the electrodes, and the chips were packed and transported 

to the cleanroom facilities at the JWNC. Figure 4.6 shows the difference 

between the virtual masks used for the etching and lift-off processes compared 

to the area of the electrodes. 

 

Figure 4.6 Virtual masks designed for the etching and lift-off process for both tape-outs. 

The chip carriers were placed in a sample holder and into the chamber of the 

RF sputtering tool, which employs a thin film deposition technique that 

involves bombarding the surface with energetic particles to eject target 

material. The target material was located at the cathode, while the substrate 

was situated at the anode. High energy positive argon ions, accelerated by an 
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RF electric field, struck the target, and the atoms that are ejected were 

transferred to the substrate, where they condensed to create a thin film [155]. 

In order to deposit compounds such as oxides, nitrides or carbides, a reactive 

gas was introduced to the target material in the reactive sputtering process. A 

standard recipe to deposit 100 nm of Ta2O5 was applied, with the specifications 

shown in Table 4-2 [116]. The chips were then removed from the equipment 

to complete the lift-off process using a Microposit Remover 1165, leaving the 

desired pattern of Ta2O5 on top of the electrodes and removing the rest of the 

photoresist with Ta2O5 using acetone and an ultrasonic water bath, followed by 

isopropanol, water and N2 for drying. The schematic diagrams of both cases, 

with and without the passivation layer, are shown in Figure 4.7. A list of all the 

reagents and their manufacturers can be found in Appendix D.  

Parameter Specs 

Runtime 55 minutes 

RF Power 300 W 

Working Pressure 100 µbar / 75 mTorr 

Gas Mixture Ratio 9:1 sccm (Ar:O2) 

Chamber & Substrate Temp 20 °C 

Table 4-2 RF sputtering conditions for Ta2O5 film deposition in CMOS chips. 
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Figure 4.7 Schematic diagram of CMOS chips' metal deposition and lift-off techniques for both cases. 

Right side: CMOS chip with passivation layer. Left side: CMOS chip without passivation layer. 

Figure 4.8 and Figure 4.9 show the outcomes of the Ta2O5 deposition, 

demonstrating the differences between the two cases. The first batch of CMOS 

chips had the passivation layer removed from the top of the sensing areas with 

a smaller window, to then deposit the target material. In contrast, the second 

batch only required the Ta2O5 deposition. The surface of the sensing areas 

looked smooth and clear. 
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Figure 4.8 Ta2O5 deposition in first batch without passivation layer. 

    

Figure 4.9 Ta2O5 deposition in second batch with the passivation layer. 

Ta2O5, as a sensing layer, offers better properties than Si3N4, such as better immunity 

to interference ions, higher sensitivity, no degradation from surface oxidation, lower 

drift over time, and higher chemical resistance [152] [156]. However, an excellent 

sensitivity depends on the following factors: surface roughness, which comes from the 

pressure inside the chamber when the sputtering process happens [157], and several 

oxygen sites on the sensing membrane surface, which can be modified depending on 

the chemical atomic ratio Ta:O. Using a ceramic target with non-reactive sputtering 

only requires a tiny amount of oxygen atoms to compensate for the loss of these 

molecules during the deposition [158]. Finally, the thickness of the layer depends on 

the RF power and duration of the sputtering process, where the literature has shown 

that between 50 and 120 nm of thickness is ideal for pH sensing [159] [160]. 
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4.3.3  Si3N4 Passivation Layer Thinning 

The final post-processing protocol involved thinning the original passivation layer 

deposited by the foundry. According to [94], one way to significantly improve the 

performance of CMOS ISFET sensors is by reducing the Si3N4 layer very close to the 

limit, leaving a thin Si3N4 film in contact with the SiO2 underneath. Using a reactive 

ion etching system to gradually remove the top passivation layer of the surface, they 

were able to show a 125% improvement in pH sensitivity, a 5,700% increase in the 

passivation capacitance, and a 96% decrease in capacitive attenuation. 

The CMOS chips used for this study differed slightly from the ones analysed in this 

work. These were fabricated in 0.35 µm Austria Microsystems (AMS) technology, a 

4-metal process with a different passivation layer thickness. Their manufacture 

included an additional polyimide layer on top of the Si3N4. Therefore, the etching 

recipe suggested in this study was designed considering the presence of the polyimide 

layer. The proposed gas composition was 50% oxygen (O2) and 50% sulphur 

hexafluoride (SF6) to reduce surface roughness by creating stronger bonds C-F than 

oxygen C-O, leading to a slower etching time [161]. It took ten minutes to remove the 

polyamide layer and less than five minutes to go through the Si3N4 layer before it 

reached the SiO2 layer. 

The RIE recipe used for this study, shown in Table 4-1, corresponds to [154], with a 

gas composition equal to 6.25% O2 and 93.75% carbon tetrafluoride (CF4). This recipe 

has shown higher efficiency in selectively etching Si3N4 over both SiO2 and Si, making 

it ideal for reducing the top layer while maintaining the integrity of the SiO2 

underneath and a good surface roughness for post-analysis of the functionality of the 

pH sensing device [162]. However, one possible downside is related to the etching 

speed, as the Si3N4 sensing layer has a thickness of 1.242 µm according to the analysis 

shown in previous sections, and several experiments performed concluded that the 

recipe etches the entire layer in less than five minutes, limiting the ability to reach 

precise thicknesses. Nevertheless, for these initial experiments, the results were 

promising regarding the expected change in the sensitivity, and this will be analysed 

in the following chapter. Further research should be done into slow the etch rate 
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process to better control the desired thicknesses by reducing the RF power, for 

instance. 

This work considered six cases: unmodified chips and etching times of 1, 3, 5, 7 and 

15 minutes. In order to assess the quality of the RIE etching, CMOS chips were 

inspected under a microscope, as shown in Figure 4.10. The dies were post-processed 

to selectively etch the passivation layer on top of the sensing area only. The colour 

variations indicate different etching times, changing the light interference 

characteristics. 

 

Figure 4.10 Micrographs of the CMOS chip’s surface for different etching times. 

A Bruker Dektak XT profilometer was used to scan the CMOS chips’ surface to extract 

each layer’s remaining thickness until the SiO2 layer was reached. Figure 4.11 shows 

the results for the first four post-processed cases. The analysis consisted of a scan that 

covers a line on top of the sensing area of an extended gate, having an unmodified 

device as a reference. It is important to clarify that, in Figure 4.11 c), the scan was 

performed over the slots required by the technology for large metal extensions, 

representing three places inside the sensing area that went below the average surface. 

None of the other scans were performed over these slots. The graphs also show that 

the etched window is smaller than the actual size of the sensing area, with the edges 

remaining intact, a feature contemplated by design for subsequent metal deposition in 

the area of interest. The Si3N4 was removed by approximately 40% during the first 

minute, while 80% was gone after three minutes. The last measurement performed was 
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on the dies with five minutes of etching time, as it went beyond the Si3N4 and into the 

SiO2, which will significantly reduce the expected sensitivity according to the 

literature [94]. Therefore, considering the depth of the five-minute etching, the cases 

of seven and fifteen minutes should not give any response to the voltage provided 

through the reference electrode, as they went deep into the SiO2. The scans were 

replicated in 2 CMOS chips per case that underwent the same post-processing, 

observing similar results around the mean in each case. 

 

Figure 4.11 Dektak analysis to evaluate the thickness of the passivation layer with different etching times. a) 

Unmodified chip; b) 1 min etch; c) 3 min etch; and d) 5 min etch. 

Figure 4.12 shows a graph of the etching time against the passivation thickness in µm 

with a representative view of the Si3N4 and SiO2 layers according to the previous data. 

The last two cases (seven and 15-min etch) went very deep into the SiO2. Further 

testing in these cases confirmed the insensitivity to pH, as both cases showed no 

response against a voltage input to the reference electrode. The five-minute case was 

over the limit, but testing showed it was still slightly sensitive to pH. However, the 

first three cases represent the main section of interest, as they got different thicknesses 
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of Si3N4, with different sensitivities to compare against each other. The following 

chapter will describe in detail the outcomes using a variety of pH values. 

 

Figure 4.12 Etching times against passivation thickness of TSMC CMOS chips. 

4.4  Packaging and Encapsulation 

All CMOS chips were packaged onto a chip carrier to enable access to the bond pads 

for electrical and electrochemical characterisations and evaluate their performance. 

The pH buffers used for testing are aqueous solutions, so the electrical connections 

have to be well insulated while leaving the surface of the ISFETs sensing areas 

exposed to the wet environment. The following sections describe the main criteria for 

packaging and encapsulation. This analysis was performed using both generations of 

tape-outs in different stages of the research, providing insight for the final batch of 

packaged CMOS chips that were characterised with a solution. 

4.4.1  Housing 

To make the electrical connections accessible from the bond pads, CMOS chips were 

packaged in different ceramic packages, from Dual in Line-48 (DIL48) to 

J-Lead/Leadless Ceramic Chip Carriers-84 (JLCC84), providing enough connections 

for both cases (32 for chip CMOS-V1, NPFM-V1 and 35 for chip CMOS-V2, LPFM). 

The DIL48 consisted of a through-hole package that provided 48 gold leads, a cavity 

of 8x8 mm, and a pitch of 2.54 mm, while the JLCC84 worked as a surface-mounted 
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package containing 84 pins and a cavity of 7.62 × 7.62 mm for both the lead and 

leadless versions. The dies included multiple designs for different research purposes, 

so only half of each CMOS chip corresponded to the designs presented in this work. 

Chips were glued onto the centre of the chip carriers using a quick-cure standard 

adhesive ultra-strong epoxy, and a wire bonding process took place to make the 

interconnections between the IC and the corresponding packaging.  

The following subsections describe this process: 

A. In-house Wire Bonding 

Due to the limited number of bond pads  on the CMOS chip, the decision was 

made not to have ISFET readouts available for electrical characterisation. 

Therefore, the passivation of the ISFET’s floating gate had to be opened to 

access these nodes for initial testing. An in-house wire bonding was performed 

using a Kuliche and Sofia Model 472 Gold Wire Ultrasonic Ball Bonder. The 

procedure connected the bond pads of the chip to the right and bottom sides of 

the package cavity. In contrast, the sensing areas, consisting of eight floating 

gates with a surface area of 125 × 125 µm, were linked using the left side, 

crossing the chip’s surface, as shown in the right micrograph of Figure 4.13. 

Nonetheless, the process presented limitations due to the equipment 

capabilities and human error, making it complicated to achieve a perfect wire 

bonding of the entire design. 

The CMOS chip shown below was used for initial characterisation, but the 

in-house wire bonding process was done individually, significantly limiting the 

workflow if more chips were needed for testing. The equipment also required 

a qualified professional for its use, so this approach was only considered when 

individual tests of specific sections of the CMOS chips were needed to be 

compared against simulated data. In this case, the need to access the sensing 

areas inside the chip for an electrical characterisation made it the best choice, 

as the university had the capabilities for both the passivation removal and chip 

bonding. 
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Figure 4.13 CMOS chips with in-house wire bonding. Left: full view of wire-bonded CMOS chip. 

Right: zoom view of the CMOS chip surface.  

B. Commercial Wire Bonding 

Due to the need for many dies for electrical and electrochemical 

characterisations, the wire bonding service was outsourced to Alter 

Technology. Dies were plasma cleaned before they were assembled into the 

chip carrier with a non-conductive epoxy, and a 25 µm Au ball bonding was 

used to connect the bond pads to the internal lids of the cavity. This service 

guarantees a standardised wire bonding, providing more efficient and faster 

manufacturing than in-house equipment. Figure 4.14 shows the commercial 

wire-bonded chips. 

   

Figure 4.14 CMOS chips with automated wire bonding provided by Alter Technology. 
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4.4.2  Encapsulation 

For electrochemical characterisation, the electronic architectures of the CMOS chips 

needed to be well insulated while leaving the electrodes exposed for experimentation 

in aqueous solutions of different pH values. This requires hermetic sealing or 

encapsulation of the rest of the chip. Three different methods were explored in this 

work to see the operation of the packaged CMOS chips under solution. The following 

subsections describe them in more detail. 

A. Manual Encapsulation 

Manual encasing with DELO KATIOBOND 4696 UV-curable epoxy is one of 

the easiest and quickest ways of encapsulating a device. Using a small spatula, 

one side of the wire-bonded CMOS chip was carefully covered until the section 

was full without reaching the centre of the device. Then the chip carrier was 

placed under UV light for five minutes. The process had to be repeated with 

the remaining sides of the CMOS chip, covering the whole area and leaving 

the centre exposed where the sensing area is located. Figure 4.15 shows the 

outcome of this process. 

       

Figure 4.15 Manual encapsulation of CMOS chips. The right-side case partially covered the electrodes. 

However, this approach had several disadvantages, especially with the design 

of chip CMOS-V1, NPFM-V1. The sensing area in NPFM-V1 was very close 

to one of the device’s edges, making it challenging to cover the bond pads 

without touching the area of interest. This layout design was improved for 

CMOS-V2, NPFM-V2, leaving the sensing area closer to the centre of the 

design. One of the downsides of quick-curing epoxies is that they offer less 
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long-term stability and physical strength, and low chemical, thermal and water 

resistance [163] [164], factors that are relevant to the applications of interest in 

this work, as the sensors needed to remain under solution for 90 minutes during 

the characterisation, meaning that high chemical resistance is required. 

B. Printed Mask Alignment Encapsulation 

Due to the disadvantages presented by the previous method, a more precise 

encapsulation was required. Therefore, a mask was designed to cover the area 

where the sensing areas were located, and the design was printed in an acetate 

using a standard Altalink C8035 printer with a maximum printing resolution of 

1200 x 2400 dots per inch (DPI). The printed mask was then taped to a glass 

substrate. The encapsulation process used an EPO-TEK OG116-31 

biocompatible grade epoxy in anticipation of eventually transferring the 

technology to implantable devices. This epoxy offers a slower curing time 

along with the advantages of long-term stability, greater physical strength, high 

viscosity and high chemical resistance [165], which are ideal for more extended 

measurements over time. The uncured epoxy was dispensed slowly over the 

whole surface, and the chip carrier was placed in a wafer. Figure 4.16 shows a 

picture of the final version of the printed mask.  

 

Figure 4.16 Printed mask taped to a glass substrate for CMOS chip encapsulation. 
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For the UV exposure of the epoxy, a conventional mask aligner was used (Karl 

Suss MA/BA8), which is a precision mask/wafer aligner used to transfer a 

pattern onto a wafer or substrate. The procedure requires the mask's alignment 

with the CMOS chip's surface on the chip carrier before exposure. The 

parameters for the exposure time were investigated and refined in [166] [167], 

and slight modifications were required to ensure proper curing over time. The 

average exposure time was 1,800 seconds in two cycles of 900 seconds (due to 

the parameter limitations of the mask aligner) and an exposure gap of 10 µm. 

It is important to highlight that the exposure gap was larger than 10 µm because 

the chips were immersed in the cavities of the multiple ceramic packages used 

in this work. After the UV exposure, CMOS chips were removed from the 

equipment to remove the remaining uncured epoxy. The process required a 

constant flow of acetone to the centre of the device for approximately 

20 minutes, using an average of 500 ml of acetone, following DI water, before 

drying in N2 for a final inspection. Figure 4.17 shows an initial trial using the 

printed mask in a glass substrate. 

 

Figure 4.17 Printed mask alignment encapsulation, showing the misalignment of the exposure. 

The main issues during the process can be divided into two aspects. First, the 

poor screen resolution of the chip’s surface during the alignment caused the 

mask to be misaligned on top of the CMOS chip surface. The levelling of the 

vertical alignment for when the gap between the mask and the package was 

reduced to 10 µm may also not have been appropriately set. The package was 
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placed at the top left of the wafer, leaving room for the mask aligner to tilt the 

levelling differently because it had only one reference to follow. It is important 

to note that two lids with 1 mm of thickness were taped to the sides of the 

desired mask to avoid contact with the epoxy on the surface of the package. 

The reference for the alignment was the CMOS chip, which was inside a deeper 

cavity of the package, so it was possible to make contact between the viscous 

epoxy and the mask if the gap was too small. Figure 4.18 illustrates the issue 

mentioned above. The top image shows the lack of a reference package, 

causing the mask aligner to tilt the levelling, while the bottom provided a good 

fix for the issue.  

 

Figure 4.18 Illustration of the vertical alignment issue. Top view of the wafer and cross-sectional view of the 

loaded mask aligner. Top: wafer without reference package, making it tilt the levelling. Bottom: wafer with 

reference package, setting the height correctly. 

C. High-quality Mask Alignment Encapsulation 

The manufacturing of a high-quality chrome mask was outsourced to 

Compugraphics International Ltd, which provides high-quality photomask 

solutions for semiconductor and optoelectronics applications. The design of the 

manufactured chrome mask is shown in Figure 4.19, with a dimension of 

5 × 5 × 0.090 inches. It contains four different designs in repeated patterns to 

facilitate the alignment with the CMOS chips in the mask aligner, magnifying 

the size of the patterns of interest for this work. 
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Figure 4.19 Mask layout for multiple layouts. Patterns of interest are highlighted in a larger size. 

The process for the encapsulation followed the same method as above, with the 

difference in the high-quality mask and the addition of an empty package of the 

same size to the bottom left side of the wafer (shown in Figure 4.18), which ensured 

the correct levelling of the alignment in the mask aligner. An extra step was also 

included in the encapsulation process to increase the lifetime of the devices. First, 

packaged CMOS chips were placed on a hot plate from room temperature to 80 °C 

for two hours. Then the temperature was increased to 120 °C and CMOS chips 

were kept there for five more minutes. This first step makes the epoxy 

biocompatible, while the second improves the mechanical strength of the epoxy, 

allowing measurements over a more extended period. Figure 4.20 shows the 

successful encapsulation using this method in both types of JLCC84 package, 

leaving only the area of the electrodes ready to be in contact with the aqueous 

solutions. 
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Figure 4.20 Top: high-quality mask alignment of CMOS chips in different JLCC packages. Bottom: higher 

magnification of actual sensor opening for each case. 

Once the encapsulation method was defined, two batches of six post-processed CMOS 

chips were encapsulated. The chip carriers were labelled to identify the etching time 

of each die, and the CMOS chips were observed under a microscope to evaluate if any 

remaining epoxy was left inside the cavity of each chip. The results are shown in 

Figure 4.21. 

 

Figure 4.21 Batch of encapsulated post-processed CMOS chips. 
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4.5  Summary 

In this chapter, three different ISFET post-processing methods were described. 

According to the literature, these scenarios were chosen based on their advantages over 

other sensing layers and post-processing methods. These are direct sensing with 

unmodified chips, deposition of a Ta2O5 sensing layer and the thinning of the original 

Si3N4. Several methods were also explored to package the CMOS chips for use under 

pH solutions. This includes the whole process, from the wire bonding to the final 

encapsulation. Different techniques were evaluated for a suitable encapsulated 

package for the following testing. After the post-processing and packaging of the 

CMOS chips, the next step is to perform an electrochemical characterisation of these 

chips to analyse their response to pH changes and compare them to the expected 

outcome in both simulations and electrical characterisation. 
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Chapter 5  

CMOS Chip Sensor: Electrochemical 

Characterisation 

5.1  Introduction 

The previous chapter focused on post-processing methods for improving the pH 

sensitivity of ISFET sensors. This chapter describes a series of experiments carried out 

on the manufactured CMOS chips to evaluate their performance in relation to the 

output response against pH using different measurement techniques and post-

processed cases. The ISFET sensors (with different front-end architectures and some 

post-processing for sensitivity improvement) were tested to demonstrate pH sensitivity 

over a long time. These electrochemical characterisations are the most important 

results for evaluating ISFET sensors.  

5.2  Experimental Setup Specifications  

Once the CMOS chip was packaged, a plastic chamber was placed on the surface and 

attached using a UV light epoxy for five minutes. This cylindrical cavity was used to 

deposit the pH buffers to be in direct contact with the sensing layer of the CMOS chip. 

The sensing layer, either the unmodified passivation layer or the one composed of 

Ta2O5, is located between the solution and the top metal-6 of the extended gate 

electrode. Figure 5.1 shows the addition of the chamber to a batch of CMOS chips 

ready to be tested. An off-chip readout system was developed for the data acquisition, 

allowing the user to test the response in real time. 
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Figure 5.1 Final stage of CMOS chips for electrochemical characterisation. 

Testing the CMOS chips required a custom-built system that allows an easy and 

compact way to provide the power and extract the necessary data from the 

corresponding outputs. This system consists of a custom PCB design to provide the 

input voltages internally using a single power source. This was done by calibrating the 

required values with linear potentiometers, digital switches for on/off control 

variables, and other active components for signal conditioning. Figure 5.2 shows a 3D 

representation of the final PCB design using JLCC packages for the CMOS chips. 

More details of the schematic and layout views can be found in Appendix E.  

 

Figure 5.2 3D representation of custom PCB design. 
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The complete setup included an Aim-TTI EX345RD Dual Power Supply, an Agilent 

33220A Function Generator to provide the reference electrode voltage, and a 

Picoscope 6404D with interface software directly connected to a workstation. Figure 

5.3 shows the schematic diagram of the complete setup. The custom PCB with the 

packaged CMOS sensor was placed inside a Faraday cage to block external 

electromagnetic interference (EMI). This was necessary to carefully characterise the 

chip without being affected by the long cables required for the measurement setup. 

However, implantable medical devices, including neurostimulators, pacemakers, and 

implantable drug infusion pumps, among others, are known to be vulnerable to EMI, 

which can lead to a range of outcomes from discomfort to fatality. Since these devices 

must be both well-protected from EMI and able to send/receive signals, implementing 

EMI filters that can effectively differentiate between desired signals and unwanted 

noise is crucial. The use of feedthrough filters is a well-known solution as they have 

low equivalent series resistance (ESR) and can be hermetically sealed and designed 

for low or high voltage [168] [169]. However, these filters were not considered for this 

work as the design was first tested as proof of principle. 

The pH buffers, commonly used in biological research, were created shortly before 

use as they do not store well over time. When the electrolyte is exposed to air, this 

mixture of gases contains 0.04% of CO2, which is absorbed by the buffer, dropping 

the pH of the solution. The decision was made to prepare the buffers in-house, as 

commercial buffers contain other unknowns in their preparation that might affect the 

measurements, likes dies to artificially change their colour and preservatives to make 

them last over time. The buffers were prepared by adding 800 mL of distilled water in 

a suitable container, 7.45 g of potassium chloride (KCl) at a concentration of 100 mM, 

and 0.772 g of hydrochloric acid (HCl) at a concentration of 20 mM. Then, the solution 

was adjusted to the desired pH by using either HCl or sodium hydroxide (NaOH). 

Finally, distilled water was added until the volume was 1 L. A standard pH meter from 

SciQuip was used to verify pH variations before and after each measurement to avoid 

wrong readings and change the solution when needed. 

The buffers were placed using a micropipette to avoid the formation of a surface 

bubble covering the whole microcavity with trapped air inside. The chips were tested 
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under different configurations, explained in the following sections. After each test, the 

solution from the chamber was removed, and the sensors were cleaned with DI water 

to dilute and remove the remaining buffer, then dried with N2 before a different 

solution was applied for the next test. A waiting time of five minutes was suggested 

before introducing a new pH solution to ensure any remaining solution could 

dry/evaporate at room temperature. The pH buffers were used alternately (pH 7 – pH 4 

– pH 10 – pH 2 – pH 12) 

The NPFM and LPFM designs required a bias voltage and different thresholds voltages 

to control each architecture's charging and discharging phase. The circuit designs 

included an extra capacitor connected to the gate that could be momentarily used to 

calibrate the threshold voltage, making it valid for a brief time. The NPFM also had 

an external switch to control whether the threshold voltage came from an internal or 

external source. These different input voltages were controlled through the 

personalised PCB design. 

 

Figure 5.3 Schematic diagram of the setup used to test the CMOS chips under solution. 

The Picoscope is a USB-controlled device with four independent channels, 250 to 

500 MHz bandwidth, real-time 5GS/s sampling and 2 G sample buffer memory. It also 

includes a built-in DC to 20 MHz function generator, spectrum analyser, serial data 
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decoding and high-speed data acquisition with its software package. This device's 

principal feature of interest is the deep measurement option, which allows for the 

analysis and recording of full waveform data, including the cycle time, frequency, low 

and high pulse widths and duty cycle. This Picoscope-based technique was necessary 

due to the unusual nature of the digital output (sudden high-frequency bursts with long 

gaps in between). In the future, a system could be designed for automated frequency 

measurement that does not require manual intervention. 

Figure 5.4 shows an example of the deep measurement tool characteristics. This 

feature accurately detected the frequency response at a fixed input voltage, confirming 

a 50% duty cycle with minimum undershoot and overshoot. 

 

Figure 5.4 Picoscope deep measurement feature in LFPM architecture. 

5.3 Electrochemical Characterisation 

5.3.1  Static Electrochemical Measurements 

In the published literature, the measurement results of ISFET sensors are typically 

presented without too many details on the initial electrical setup, leaving room for 

interpretation. However, during the testing phase, it was noticed that the start-up 
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conditions and the measurement duration could significantly impact the results. The 

most common way to measure such a sensor is to power-ON all the necessary external 

voltages at the beginning, as shown in Figure 5.5. In this case, VDD, Vbias and Vref are 

the external signals, while VISFET, Vcap and Vout are generated internally. The external 

signals are generally kept constant during measurement and even when the pH buffer 

changes. This is defined as the Static Measurement Method. The plots below represent 

the ideal and current results from an LPFM architecture that can be obtained from such 

a measurement. VISFET describes the behaviour of the voltage that reaches the gate of 

the ISFET, which is different from the voltage provided through the reference 

electrode. It shows how the gate voltage decays over time, significantly impacting the 

frequency response using this method. This is an illustration of the behaviour seen 

during the testing phase. 

 

Figure 5.5 Time diagram of static electrochemical measurement. 

However, it can be seen from long-term simulation results that a static measurement 

is not ideal for a capacitive sensor like an ISFET. Since there is no resistive path 

between the liquid interface and the gate of the transistor, the time constant of the 
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circuit depends entirely on the unknown capacitances of the interface and sensing 

layers. The internal node between the sensing capacitor and the MOSFET gate 

capacitance is also a floating node with no predetermined voltage. This can be easily 

shown with a simpler simulation using an NMOS source-follower-based (NMOS SF) 

ISFET sensor, as shown in Figure 5.6. The results show a consistent decay/drift in the 

output voltage, even in the most simplified ISFET model. 

 

Figure 5.6 NMOS source-follower architecture. 

Since the exact capacitance to be used in the ISFET simulation was unknown, the 

simulation was repeated with multiple passivation capacitances in a parametric 

analysis, as shown in Figure 5.7. It is believed that this decaying behaviour of Vout is 

not the typical trapped charge-related drift reported in ISFET literature. Instead, it is 

most likely due to the inherent RC constant of the ISFET structure and connecting 

circuit [170].  

 

Figure 5.7 Simulation of NMOS SF output response at different passivation capacitances. 
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The output voltage of the NMOS SF was plotted for different Vref voltages, as shown 

in Figure 5.8. The curve shows the result for a ‘Static Measurement’. Unlike standard 

simulation methods done for a short time, we intentionally kept the simulation running 

for much longer. While the results immediately after the start of the simulation match 

the expectation, a rapid decay in the output (down to zero) was noted over a much 

longer timeframe. Although the ISFET models are approximate and the simulation 

does not include the complex liquid interface layers, the overall trend in Vout is still 

important. In Figure 5.8, VDD and Vref are turned on at 2.5 seconds, showing a 

response to Vout in the y-axis, but slowly decaying over time over a period of 

approximately 20 seconds. 

 

Figure 5.8 Simulation of NMOS SF output response under different Vrefs using static measurement. 

a) Ta2O5 Layer CMOS-V1: NPFM-V1 

A first batch of CMOS chips underwent the removal of the passivation layer to later 

deposit Ta2O5 on the sensing area and evaluate its performance in terms of the 

sensitivity and drift of the signal in long-term measurements. This electrochemical 

characterisation differs from the rest because of the following details: commercial pH 

buffers were used; no Faraday cage was used; the CMOS chip was fabricated in a 

different TSMC process; a similar PCB was used for its testing, but it was personalised 

for this initial design; and no electrical characterisation was performed first, as the 
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limitations of the pads didn’t allow the addition of an extra architecture for this 

purpose. Figure 5.9 shows the setup at the start of the electrochemical testing. 

 

Figure 5.9 Initial setup for first electrochemical characterisation. 

The NPFM architecture was tested using the Static Method, shown in Figure 5.5, as 

an initial reference to evaluate whether the output response matched the simulated 

data. The PCB required just one power supply of 1.8 V, Vthres was set to be 900 mV 

(half the VDD), Vbias was equal to 700 mV, Vcg was grounded, and Vctrl and Vrst were 

ON to provide an external threshold voltage and allow the internal bandgap reference 

to set a fixed current source for the comparator. A Vref of 3 V was supplied to the 

reference electrode. The initial electrochemical results are shown in Figure 5.10. 

 

Figure 5.10 NPFM electrochemical characterisation with Ta2O5 sensing layer. a) Zoomed-in view with noise 

interference in the signal; and b) intermittent noise in the signal. 
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Figure 5.10 a) shows a zoomed-in view of the original signal taken in a lapse of 1.5 ms, 

giving the first insight into this design’s deficiencies. The signal was partially 

following the expected behaviour, as the design should provide a train of pulses at the 

output, which frequency changes depending on the voltage at the gate of the ISFET. 

However, the signal remained stuck between 1.6 V and 1.8 V, meaning the capacitor 

did not have enough time to fully charge back to VDD before the PMOS switch was 

turned OFF. The graph also shows sporadic spikes not corresponding to the output 

signal. Finally, Figure 5.10 b) shows the intermittent noise signal of an undetermined 

frequency that sometimes overlaps with the output, a sign of electromagnetic 

interference around the setup. 

This electrochemical measurement was the first proof that the chips survived the post-

processing technique. The electrical characterisation of this NPFM structure was 

described in Chapter 3. However, the benefits of the Ta2O5 layer could not be 

demonstrated due to the design flaw of the NPFM-1 architecture described in section 

3.4.4. Therefore, this design was not pursued later, and the LPFM overtook the 

electrochemical characterisation in the following sections. 

Furthermore, due to the restrictions put in place during the pandemic period, no further 

post-processing was done related to the Ta2O5 layer in the subsequent designs, as it 

required the use of cleanroom facilities at different locations. 

b) CMOS-V2: NPFM-V2 

Due to the promising results obtained from the electrical characterisation of the LFPM 

architecture and the complex calibration the NPFM required to work, no further 

electrochemical testing was done on NPFM-V2. This optimised version showed better 

results in terms of the complete swing from VDD to 0 V every time the capacitor 

charged up, but the design itself needed to work in a very specific region, making it 

difficult to manage, even for electrical testing only. Ultimately, the decision was taken 

to pursue further results with just the LFPM. 

c) Unmodified CMOS-V2: LPFM 

Before characterising the LPFM circuit, the CMOS-V2 chip was first 

electrochemically tested for the in-built NMOS source follower (mentioned in 
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Section 5.3.1). This was done using the same timing diagram as in Figure 5.5. It should 

be noted that the higher the Vref, the higher the instantaneous initial Vout, which means 

that the reference voltage directly impacts the output voltage, as expected. However, 

Vout tends to zero in as little as approximately 20 seconds, meaning the passivation 

capacitance might differ between AMS and TSMC technologies. The same behaviour 

was replicated in simulation by varying the passivation capacitance value. This test 

was done at pH 7 and repeated with other pH values, but the results showed a similar 

decay response. 

 

Figure 5.11 Electrochemical characterisation of NMOS SF under different Vrefs using static measurement. 

The equivalent passivation capacitance, made of two dielectric layers, is defined as: 

𝐶𝑝𝑎𝑠𝑠 =
𝜖𝑆𝑖3𝑁4 ∗ 𝜖𝑆𝑖𝑂2

𝜖𝑆𝑖3𝑁4 ∗ 𝑡𝑆𝑖𝑂2 + 𝜖𝑆𝑖𝑂2 ∗ 𝑡𝑆𝑖3𝑁4
∗ 𝜖0∗𝐴𝑝𝑎𝑠𝑠

 (19) 

The relative permittivity of Si3N4 and SiO2 may vary depending on the specifications 

of the CMOS technology. For AMS technology, these values correspond to 7.9 and 

3.9 respectively [45].  

Due to the limited information provided by TSMC, assumptions were made using the 

AMS technology data to calculate the possible passivation capacitance present in the 
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design. The information considered for the calculations is included in Table 5-1, using 

the parameters for AMS technology for the relative permittivities of Si3N4 and SiO2. 

εSi3N4 7.9 

εSiO2 3.9 

ε0 (F × m-1) 8.85 ∗ 10−12 

SiO2 Thickness (µm) 1.15 

Si3N4 Thickness (µm) 0.6 

Apass (µm) 125 x 125 

Table 5-1 AMS/TSMC technology parameters for Cpass calculation. 

According to the literature, the resulting passivation capacitance was equal to 

0.461 pF, consistent with the range of values where the output decays quicker than 

expected [170]. A similar electrochemical test was performed on the LPFM 

architecture using a variety of Vref, from 2.5 V to 12 V, as shown in Figure 5.12, to 

show the multiple instantaneous output frequencies the design can achieve depending 

on the initial calibration through Vref. The encapsulation offered good protection 

against chemical solutions and allowed high voltages to the reference electrode for 

periods over one minute. However, Vref needed to be contained to a maximum voltage 

of 6 V to ensure the device maintained the correct functionality for long periods, as a 

higher leakage current will be present, possibly because of the creation of parasitic 

current paths between the reference and the bond pads inside the CMOS chip that have 

been exposed due to damage in the encapsulation, making the architecture fail 

relatively fast. Therefore, the test shown below was only designed to illustrate the 

behaviour of the LPFM design over periods under a minute. 
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Figure 5.12 Frequency response of LPFM at different reference electrode voltages over time. 

The difference between Figure 5.11 and Figure 5.12 decays relies on several factors. 

First, the instrumentation seems to respond different to the reference electrode voltage. 

While the NMOS SF requires a relatively low Vref (2.5 V) to reach the maximum 

output voltage (1.8 V), the LPFM barely reaches approximately 250 mV at the input 

with the same Vref, so the architectures are working on different regions. The first time 

the LPFM architecture shows an exponential decay occurs when Vref is equal to 12 V, 

which represents approximately 1.2 V at the gate input. Another factor is the 

incorporation of a diode to one end of the programmable gate capacitor, which is 

directly connected to the floating gate. This diode in reverse biased mode may carry 

away some charge from the gate as a constant leakage current, becoming the dominant 

linear part of the decay where the exponential behaviour should start to become less 

significant. 

A third cause might be related to the unique properties of TSMC technology. The 

effect of the passivation capacitance on how quickly the signal decays were shown 

through a simulation in Fig. 5.7, but the LPFM instrumentation differs on the addition 

of a key component like a bank of capacitors for the charging and discharging phase 

of the system. In TSMC technology for General Purpose, the layers of the capacitors 

are located between metals 5 and 6, which is the top metal of the process. Ideally, only 

the extended sensing electrodes should be placed on the most external layer to ensure 
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that all the ionic interaction occurs in the areas of interest, as it occurs in AMS 

technology where the capacitors are buried in the middle metals of the process. The 

impact of this might be a partial factor on how the architectures respond different to 

the same reference voltages. 

Finally,  the last part where the LPFM signal suddenly drops is related to the way the 

instrumentation works. Below 100 mV, the architecture stops working properly, giving 

this rapid drop to zero that is shown in every graph of Fig. 5.12. 

5.3.2  Dynamic Electrochemical Measurements 

Given the problem of the Static Measurement protocol, a Dynamic Measurement 

Method for further electrochemical analysis was developed. The measurement method 

is detailed in the figure below.  

 

Figure 5.13 Time diagram of dynamic electrochemical measurement: continuous VDD and pulsed Vref. 
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Within the Dynamic Measurement Method, the VDD and Vbias were continuously ON, 

while the Vref was pulsed (Figure 5.13). The Vref signal was set to its nominal value of 

3 V for a short period and then discharged to the ground for a long time. The duty 

cycle of Vref was kept small since the main interest was the immediate result after it 

was ON. Keeping Vref ON for an extended period would trigger the undesired decay 

that was meant to be avoided. This protocol allows the architecture to discharge Vref 

completely to zero before starting another pulse. The duty cycle was 0.001% or 1 ms 

every second for short periods and 0.0001667% or 1 ms every minute for long periods. 

For the LPFM architecture, the short-time Vref generated a series of pulses at a roughly 

constant frequency, and the instantaneous frequency was taken immediately after Vref 

was turned ON (Figure 5.14). The instantaneous frequency corresponded to an average 

frequency of the first 100 µs of the 1 ms pulse every respective period of Vref, either 

one second or one minute, depending on the case. 

 

Figure 5.14 Instantaneous frequency of LPFM architecture detected by Picoscope software. 

To avoid the collection of vast amounts of data at a maximum average speed of 100 

megabits per second (MB/s) up to 1 gigabyte (GB), and to extend the lifecycle of the 

devices, Vref was set to be ON for 1 ms every minute, and 60 to 90 data points were 

obtained depending on how long the system was tested under solution for different pH 

values. These plots were captured using the Picoscope, and the frequency of the short 

burst of pulses was obtained using the deep measurement feature included in its 

software.  
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A further technique was used within the same protocol to discharge all the built-up 

charges within the electrochemical setup. Here, the VDD and Vbias were also pulsed 

(Figure 5.15). However, this did not change the result further or have any detrimental 

effect. This protocol could significantly reduce the power consumption of an ISFET 

sensor, as the circuit is only operating for a very short duty cycle, and the entire 

interface circuit can be turned OFF for this duration. This will be particularly suitable 

for implantable applications and environmental sensors with intermittent power 

supply. Once the dynamic measurement protocol was established, the LPFM 

architectures was used, along with the various post-processed ISFET devices, for the 

final testing results using a variety of pH solutions. 

 

Figure 5.15 Time diagram of dynamic electrochemical measurement: pulsed VDD and pulsed Vref. 
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The NMOS SF was used again to simulate the behaviour of the readout architecture 

using the Dynamic Measurement Method. The concept states that the electrical setup 

should be reset at a regular frequency and the measurement restarted. This method can 

discharge all the capacitors involved in the signal path. First, the VDD signal was 

pulsed between 0 V and 1.8 V while Vref was ON. This result, shown in blue (Figure 

5.16), did not change the basic nature of the decay. However, when VDD is zero, the 

output is also zero. Next, only the Vref signal was pulsed between zero and a fixed 

value. This method would discharge the capacitors and bring their voltage to the 

ground. The results (green curve) show that the pulsed Vref could eliminate the 

long-time-constant effects in the measurement setup. The output immediately jumps 

to the expected voltage when Vref returns to the required value (e.g., 2 V, 2.5 V). 

Despite an initial decay effect, Vout quickly settles into similar behaviour every time 

Vref is defined in each cycle. Finally, pulsing Vref and VDD together (purple curve) did 

not change the behaviour very much.  

 

Figure 5.16 Simulation of NMOS SF output response under different Vrefs using dynamic measurements. 

a) Unmodified CMOS-V2: LFPM 

The Dynamic Method was first verified by performing the same electrochemical 

measurement on the NMOS SF architecture, following the timing diagram in Figure 

5.13. VDD was kept constant while Vref was pulsed over time. Once again, the higher 
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the Vref, the higher the instantaneous initial Vout, highlighting the impact of Vref over 

Vout, as shown in Figure 5.17. However, this time Vout settles to a stable instantaneous 

value every time Vref is restarted (green curve). The blue curve shows the device's 

behaviour only when VDD is pulsed, the results of which showed a reduced response, 

unsuitable for any application. This test was done at pH 7 and repeated with other pH 

values, and the results showed a similar pulsed response. 

 

Figure 5.17 Electrochemical characterisation of NMOS SF under different Vrefs using dynamic measurements. 

Finally, the LPFM circuit was electrochemically characterised using the Dynamic 

Method. This was done for multiple ISFET devices, all fabricated in the CMOS-V2 

run. The first ISFET devices did not undergo further post-processing on the sensing 

layer. Instead, the total thickness of the Si3N4 (0.6 µm) was used as the sensing layer. 

The chip was bonded, encapsulated and attached to a cylindrical plastic chamber. 

Three pH buffers (4, 7 and 10) were first used to check whether there was reasonable 

variation between the output frequency that was also consistent over time, as shown in 

the left graph of Figure 5.18. The frequency output of each measurement cycle was 

obtained after a 60-minute-long period, and the last 15 minutes are shown, where the 

signal presented a stability period. The interval between each frequency data point was 

one minute as a long-term measurement was intended, and a large number of data 

points were not required to see the expected consistent trend. 

Two more pH buffers (2 and 12) were then introduced to the experiment. The whole 

process was repeated on a different CMOS chip to evaluate the reproducibility of the 
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results (right graph of Figure 5.18). The last 30 minutes of a 90-minute-long period 

are shown for this second measurement. Notably, the output frequency varies between 

different CMOS chips. This is expected due to the mismatch variations between the 

dies. In the LPFM circuit, ISFETs are paired with a regular MOSFET in the operational 

amplifier of the V-to-I converter phase. One way to reduce this mismatch would be to 

use an array of pixels, where the random mismatch error could be eliminated by 

increasing the number of simultaneous data points. 

 

Figure 5.18 Electrochemical measurements of unmodified LPFM architectures. Right: test on LPFM-1 for 60 

min, showing the last 15 min. Left: test on LPFM-2 for 90 min, showing the last 30 min. 

An average frequency of the last 15/30 minutes was fitted onto a sensitivity graph. The 

result showed a better consistency than previous static measurement techniques, and 

the frequency-versus-pH was also linear, as it should be, as shown in Figure 5.19. 

Similar results were obtained using two different CMOS chips and a greater variety of 

pH buffers, as shown in the right graph of Figure 5.19. The variation around the mean 

line was small and showed no time-dependent change. The error bars, which illustrates 

the variation of the corresponding measurement, represents the standard deviation of 

the data set. This is a major deviation from various CMOS ISFET measurements 

reported in the literature. Using the voltage-to-frequency conversion ratio from the 

electrical measurement, the sensitivity of this device can be calculated as 2.66 kHz/pH 

or 4.62 mV/pH. This is not unexpected for an unmodified chip with existing 

foundry-passivation as the sensing layer in TSMC technology. Due to foundry 

constraints, diodes had to be included in the floating gates to eliminate antenna rule 

violations that directly affected the sensitivity of the devices [7]. 
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Figure 5.19 Sensitivity of non-etched LPFM architectures for different CMOS chips. 

b) Thinned Passivation Layer CMOS-V2: LPFM 

The next batch of ISFET devices underwent an etching process where part of the 

passivation layer was removed to evaluate the impact on the output sensitivity. A 

one-minute etch was performed, removing an estimated total of 0.248 µm of Si3N4. 

The experiments were repeated using both previous protocols (60 min with three 

buffers and 90 min with five buffers using three different CMOS chips). Figure 5.20 

shows the results using these devices. It is important to highlight that the output 

frequency difference increased between pH values in all cases compared to the 

non-etched CMOS chips. However, the results show a higher degree of variation 

around the mean. The etching used in this work might have impacted the surface 

roughness of the device. This non-uniformity in the area of interest could have affected 

the sensitivity of the devices. Roughness increases as a function of the etching time. It 

also depends on the proposed gas composition, affecting the surface of the sensing 

area by creating irregularities and leading to variability of the threshold voltage due to 

deviating gate lengths that will modify the sensitivity [171]. 



Chapter 5 – CMOS Chip Sensor: Electrochemical Characterisation 

 100 

 

Figure 5.20 Electrochemical measurements of one-minute etched LPFM architectures. Right: test on LPFM-1 for 

60 min, showing the last 15 min. Left: test on LPFM-2 for 90 min, showing the last 30 min. 

Once again, the average was plotted in a sensitivity graph, as shown in Figure 5.21. 

The sensitivity of these devices increased to an average of 5.19 kHz/pH or 

9.01 mV/pH, confirming the relationship between the passivation thickness and the 

output sensitivity. However, it was noted that the mean frequency for the same buffer 

did not match between the experiments (e.g., for pH=4). This can be attributed to the 

experimental protocol, where the entire electrochemical setup was thoroughly cleaned. 

Mismatch, post-processing variations between the devices and the time gap between 

each separate set of measurements might also have affected the results. However, it is 

acknowledged that the consistency of ISFET characterisation across different setups 

is still a major problem. 

 

Figure 5.21 Sensitivity of 1-min etched LPFM architectures for different CMOS chips. 
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Following the same protocols, a third batch of ISFET devices underwent a three-

minute etching process, removing an estimated total of 0.478 µm of Si3N4. Figure 5.22 

shows two of the three measurements done in different CMOS chips. In this case, the 

output frequency difference is even higher than in the previous case, and the degree of 

variation around the mean remains consistent between measurements. As expected, 

the devices show a higher pH sensitivity when the Si3N4 layer is thinner. 

 

Figure 5.22 Electrochemical measurements of three-minute etched LPFM architectures. Right: test on LPFM-1 

for 60 min, showing the last 15 min. Left: test on LPFM-2 for 90 min, showing the last 30 min. 

Figure 5.23 illustrates the sensitivity graphs of these cases, indicating an upward trend 

to an average of 6.7 kHz/pH or 11.62 mV/pH. Again, the same pattern is evident in 

this scenario, with varying means observed between CMOS chips using identical pH 

buffers, yet consistency in linearity is maintained across all instances. 

 

Figure 5.23 Sensitivity of 3-min etched LPFM architectures for different CMOS chips. 
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Finally, a single ISFET device underwent a five-minute etching process, removing an 

estimated total of 0.698 µm Si3N4, more than 100% of the Si3N4 of the passivation 

layer. In this case, the device started to present an inconsistent behaviour where, 

although it still detected a mean difference between pH values, the output was not 

exceptionally stable over time, especially with pH 10. The sensitivity also didn’t 

increase but decreased considerably, even from the initial CMOS chips without 

etching. This could mean the sensing layer became irregular and insensitive to pH 

changes. A reasonable explanation could be related to how the etching process works, 

as it creates a rough surface with varying heights that can become significant with 

higher etching times. In this CMOS chip, the Si3N4 was gone, reaching the SiO2 of the 

sensing surface, making it difficult to give reliable results with a non-uniform and 

insensitive surface due to the post-processing. The results are shown in Figure 5.24. 

 

Figure 5.24 Electrochemical measurements of 5-min etched LPFM architectures. Test on LPFM-1 for 60 min, 

showing the last 15 min. 

For this case, the sensitivity graph in Figure 5.25 decreases compared to the previous 

results, giving an average value of 1.328 kHz/pH or 2.30 mV/pH. The relationship 

frequency-versus-pH is also less linear than in the previous cases, and the standard 

errors shown are the highest of all the experiments performed, particularly for pH 10.  
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Figure 5.25 Sensitivity of 5-min etched LPFM architecture using a single CMOS chip. 

Figure 5.26 summarises the frequency sensitivity against the etching time for different 

CMOS chips. It is evident from the trend that the sensitivity reaches a maximum for a 

three-minute etching (0.122 µm of Si3N4) and decays significantly after that. For future 

reference, changes in the etching recipe can be made to perform slower etching 

processes that will allow for a more detailed evaluation of the etched surface to 

maximise the sensitivity of the devices. 

 

Figure 5.26 Frequency sensitivity against LPFM architecture etching time. 

Similarly, Table 5-2 summarises all the information presented throughout the chapter 

to show the behaviour of the devices in each scenario. Two cases presented here were 
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not described: seven and 15-minute etches. These cases were discarded because the 

etching went through the SiO2, making the devices insensitive to pH variations. Both 

CMOS chips were tested under solution without any response to either the solution or 

Vref values, which is consistent with the literature. 

Pass layer thickness Sensitivity 

(kHz/pH) 

Sensitivity 

(mV/pH) 

0 min etch (Si3N4 0.6 µm SiO2 1.25 µm) 2.66 4.62 

1 min etch (Si3N4 0.352 µm SiO2 1.25 µm) 5.19 9.01 

3 min etch (Si3N4 0.122 µm SiO2 1.25 µm) 6.70 11.62 

5 min etch (Si3N4 0 µm SiO2 1.05 µm) 1.33 2.30 

7 min etch (Si3N4 0 µm SiO2 0.825 µm) * 0 0 

15 min etch (Si3N4 0 µm SiO2 0.730 µm) * 0 0 

Table 5-2 Passivation layer thickness and their respective average sensitivity. 

Table 5-3 outlines the sensor characteristics compared to several ISFET architectures 

in the frequency domain. These designs were post-processed and/or tested under 

solution. It is important to clarify that most of them were manufactured in 0.35 µm 

technology, and thus have different design rules to follow. The sensitivity and power 

consumption were measured using a ΔV = 600 mV, but the modularity of the 

architecture allows a variable dynamic response depending on the setup conditions, 

with a min-max power consumption of 71.69–223 μW. 

The disadvantages of nonlinear architectures are that they require precise calibration 

to work under a specific working region, making them difficult to handle. The work 

presented in [82] resembles the proposed design, but it demonstrates a nonlinear 

frequency behaviour. The main difference relies on the constant discharging phase of 

the capacitor. The ISFET is also not part of the closed-loop feedback, having a much 

higher PVT variation. 

Regarding the linear architectures, the work in [81] post-processed the surface to 

remove the passivation layer thin films and left an oxide thickness of approximately 

110 nm, increasing the sensitivity with significant PVT variation. Liao et al. [83] 

presented a similar design with a much higher power consumption due to the 

simultaneous use of the comparators and adding an extra capacitor to the architecture. 

This work saves 13 times more power while providing a higher frequency sensitivity 
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at the output. Compared to the only architecture manufactured in 0.18 µm technology 

with a linear response [103], this work demonstrates a doubled frequency sensitivity 

with twice the power consumption, making it clear that compromises need to be made 

regarding the complexity of the design against the sensitivity required. 

 

Table 5-3 Comparison of pH-to-frequency architectures.*Preliminary results of [82] were in agreement with the 

simulations. 

5.4 Summary 

In this chapter, two measurement methods (Static and Dynamic) were described in 

detail to evaluate the performance of the LPFM architecture. The sections focused on 

electrochemical characterisation performed in unmodified and thinned CMOS chips 

using pH buffer solutions. A major challenge was presented for this device in terms of 

the output response over long periods. The new Dynamic Method was proposed to 

achieve successful results for this type of design with unknown passivation 

capacitance. It also demonstrated the etching process’ applicability to increase the 

devices’ sensitivity by partially removing the surface of the passivation layer. 

However, the devices showed lower sensitivity than what has been reported in other 

technologies (e.g., AMS). This leaves room to assess other variables in the TSMC 

technology that might have caused noticeable changes in the output sensitivity. The 

strict DRC/antenna rules and the properties of the metal layers used for the ISFET 

layout could have a significant contribution. 

[77] [80] [81] [83] [82] [103] This work

Technology 0.35 µm 0.35 µm 0.35 µm 0.35 µm 0.18 µm 0.18 µm 0.18 µm

Sensing Area n.a. 64 µm x 54 µm 30 µm x 30 µm
Octogonal ring; 

diameter 250 µm
80 µm x 80 µm 20 µm x 2 µm 125 µm x 125 µm

Post-processing Etching & polishing Unmodified die
Etching & 

polishing
Al2O3 deposition Unmodified die* Unmodified die Etching

Instrumentation
Pulse Frequency 

Modulator

3-stage ring 

oscillator

5-stage ring 

oscillator

Current-controlled 

oscillator

Current-controlled 

oscillator

Log domain 

oscillator

Current-controlled 

oscillator

Supply Voltage n.a. 1.2 V n.a. n.a. 1 V 3.3 V / 1.8 V 1.4 V - 1.8 V

pH range 4 - 10 5 - 7 3 - 9 6 - 8 1 - 14 4 - 10 2 - 12

Sensitivity 0.070 - 11.6 MHz/pH 6 - 8 kHz/pH 250 kHz/pH 2.2 kHz/pH ≈ 138 kHz/pH 3 kHz/pH 6.7 kHz/pH

Power 

Consumption
n.a. 6 µW n.a. 1.9 mW 40.2 µW 76 µW 144.2 µW
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Chapter 6  

Conclusion 

6.1  Overview of the CMOS ISFET Designs 

In recent decades, the integration and miniaturisation of CMOS electrochemical sensors 

have focused on developing integrated systems for applications in telecommunications, 

healthcare and environmental monitoring, among others, taking advantage of their high 

performance and low fabrication cost. One of the applications of interest is using 

ISFETs to detect bioanalytical signals, using small-size, low-power devices with high 

sensitivity. The technology has been extensively researched and demonstrated to be 

capable of accurately detecting pH levels. This research aims to develop a microchip 

capable of monitoring biopotential signals, such as pH, by creating a front-end platform 

that can overcome some of the main challenges of this type of sensor.  

After reviewing the current ISFET technology, going from its fundamental principles 

to the most promising applications of interest, this thesis presented two CMOS 

front-end architectures: a nonlinear PFM and a linear PFM. The importance of a 

pH-to-frequency conversion relies on its main advantages, such as a high immunity to 

noise, less signal processing as it converts the output into a digital signal, and 

compatibility to provide stable results against supply voltage variations. Both were 

designed in TSMC technology and electrically characterised before further 

post-processing. Customised PCB platforms were designed for operating the 

architectures, and their corresponding output frequencies were analysed. Both designs 

showed potential for operating a range of interest, but the LPFM were the architecture 

selected for the next stage of the design.  

Several post-processing steps were investigated for suitable microfabrication processes 

on small 2 × 2 mm CMOS chips. First, the surface was analysed to evaluate the 

composition of the layers, as well as the corresponding thickness of each of them. The 

passivation layer was then removed and replaced with Ta2O5 in a sputtering process 

with a thickness of 100 nm. Finally, the original passivation thickness was thinned to 
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different thicknesses on a different batch using an etching process with different 

processing times. 

An off-chip readout system was developed for data acquisition, and the devices were 

fully encapsulated for electrochemical testing. The data were obtained using a Static 

and Dynamic Measurement Method. The difference arises from the time that the 

voltage supplies remain on, allowing the architecture to give different behaviours of the 

output responses. The Static Method showed a continuous decay response that tended 

to zero in a relatively short period. In contrast, the Dynamic Method allowed for 

recording of the instantaneous frequency by pulsing the input voltages, keeping the duty 

cycle small for Vref to fully discharge before the next pulse signal is send. The Dynamic 

Method was then used to record the response of the ISFET devices for long periods in 

different batches. The data related to the sensitivity of each case was analysed against 

the thickness of the passivation layer. 

This work demonstrates the applicability of two small and low-power analogue front-

end architectures to transduce a pH signal into the frequency domain as pH sensing 

platforms. One in particular, the LPFM architecture with a programmable dynamic 

range for pH detection showed the best features in terms of power consumption, steady 

response against power supply variations, high immunity against noise and a 

rail-to-rail linear response at the output. Microfabrication techniques were applied to 

improve the sensitivity of the devices. An etching process was done to thin the 

passivation layer in order to enhance the output response by 250% with an 80% 

reduction of the Si3N4 layer, resulting in a maximum output frequency of 6.7 kHz/pH 

A new recording method was also proposed to overcome the continuous decay of the 

signal. The Dynamic Method consisted of recording the instantaneous frequency for 

the first 100 µs of every minute, while the rest of the time the system remains off. Data 

showed good stability and repeatability considering all the factors involved in an 

electrochemical measurement, as well as the variabilities of the CMOS chips 

depending on their manufacture, which includes layout variations and rules imposed 

by the technology to comply with antenna violations. 
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However, while this work has provided valuable insights into the subject matter, is it 

essential to acknowledge some of the challenges and limitations that have arisen during 

the process. These issues can be divided as follows: 

1. Frequency variability: Although it is true that the results showed some 

consistency in the variation of frequency between pHs, it is also important to 

clarify that the actual frequency values were not the same from chip to chip 

due to mismatch behaviour. The main objective was to first develop a single 

front-end architecture to then move to an array of pixels so that the average of 

multiple signals can overcome this problem. 

2. Manual frequency counter: One of the main issues to be addressed is related to 

the way in which the data was handled for further analysis. Because there was 

no automatic system or adequate internal signal processing, it was decided to 

take manual measurements based on the capabilities of a Picoscope. This 

method is less accurate, more time-consuming and sometimes subject to errors 

due to multiple time frames where the detection system missed the signal 

because it happened extremely quickly. The decision to use this method was 

contemplated because the initial interest was to observe the trend that follows 

to use it as an alternative to the problems encountered with the decaying signal. 

3. Etching recipe: The post-processing used for this work was intended to remove 

the entire passivation layer (both SiO2 and Si3N4) instead of thinning just the 

most external layer of Si3N4. Therefore, the recipe took approximately 

5 minutes to remove the entire layer, which is a very short time to analyse 

different scenarios and its uniformity was not considered as an important factor 

at the beginning. 

4. TSMC technology: Through Chapter 5, the possible impact of the properties 

of the technology that were used for the fabrication of the CMOS chips was 

highlighted. Furthermore, the most recent literature showed similar behaviour 

in another ISFET design where the signal was not as strong as expected in 

unmodified devices [7], based on other results in different technologies, such 

as AMS. More research is needed to evaluate whether the limitations of this 

technology for this type of sensor overshadow its benefits.  
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5. Common challenges  (drift and trapped charge): Finally, some important 

common challenges are still a matter of subject, as the signal exhibited 

unexpected behaviour when testing was done in a continuous way. Possible 

causes were analysed, but it is still necessary to evaluate the impact of the drift 

and trapped charge on the final outcome of the signal as a whole, contemplating 

the additional factors that affected the decaying response. 
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Chapter 7  

Future Work 

7.1  Introduction 

The outcome of this research aimed to showcase the efficacy of a functional sensing 

platform, proficient in signal transduction from pH levels to frequency, employing a 

single front-end architecture. However, a spectrum of improvements remains available 

for refining the functionality of the architecture, considering all the challenges and 

guidelines learned during the course of the research. This chapter outlines the foremost 

enhancements in detail. 

7.2  Array of CMOS Sensors 

A possible future step would be to design an array of CMOS ISFET sensors to improve 

the noise performance. Noise in a CMOS chip can be divided into three components: 

thermal noise, flicker noise and shot noise, all with different origins and, therefore, all 

independent from each other. It has been demonstrated that averaging a signal from an 

array of small independent sensors has a better signal-to-noise ratio than a single 

sensor with a large sensing area [172]. 

Furthermore, one of the main issues of the LPFM architecture is related to the process 

mismatch present between the two inputs of the V-to-I converter, as one of them is 

working as an ISFET with the gate exposed, while the other is a regular MOSFET, 

leading to increased variations between measurements from chip to chip. Large 

sensing areas can solve this issue together with compensation schemes like a 

programmable gate capacitor for temporal calibration of the threshold voltage [173]. 

An array of pixels sharing common measurement units also increases the total in-chip 

sensing area, making the design more robust against noise and mismatch variations. 
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7.3  Cancellation of common-mode noise 

One approach that has shown good potential in eliminating the common mode noise 

is by using a differential arrangement consisting of an ISFET and an ion-insensitive 

structure or reference field-effect transistor (REFET). Therefore, the change in the pH 

of the solution is measured as a differential voltage, where the ISFET responds to the 

pH and the REFET does not. In this way, a REFET will get rid of common mode 

disturbances such as undefined metal-liquid interface, leakage current and temperature 

effects by subtracting them from the ISFET response [174].  

Several REFETs haven been analysed based on different approaches, but the general 

idea is to create an insensitive layer that blocks the interaction with the ionic 

concentration. Layers of buffered hydrogel, paralyne, acrylate membranes with an 

intermediate hydrogel layer and polyvinyl chloride (PVC) are some examples of 

materials used to create a REFET structure [175]. In this case, one end of the OTA 

amplifier used for the V-to-I Converter works as a regular MOSFET, thus creating 

mismatch problems. This MOSFET could be replaced with a REFET by modifying 

the surface of a regular ISFET to be insensitive to pH with some of the materials 

reported in the literature. 

7.4  Subthreshold operation of an ISFET 

ISFETs in subthreshold mode are becoming more common in modern electronics for 

applications where the power consumption and transconductance efficiency are critical 

[176]. These devices exhibit enhanced sensitivity to changes in ion concentration due 

to their logarithmic response characteristic, making them ideal for low-voltage, 

low-power and high-resolution sensing applications [20]. It allows ISFETs to operate 

with minimal power consumption while maintaining a high level of precision in ion 

detection. 

In the case of the LPFM architecture, the system partially works under this condition, 

as it exhibits a rail-to-rail output where the gate needs as minimum as 150 mV to begin 

working in a linear behaviour. However, an interesting application would be to delimit 

the working region to work only in subthreshold mode [56], thus making the system 
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as efficient as possible in terms of power consumption, particularly for applications 

where the detection of the whole range of pH is not necessary. 

7.5  Event-driven (ED) Scheme 

Following the progress of neuromorphic vision research, an array of pixels using these 

architectures would need an event-driven scheme based on address-event 

representation (AER). This is a communication protocol for transferring the state of 

an array of analogue time-dependent variables, exploiting the concept of pulse density 

modulation for coding information. In basic terms, the outgoing pulses from each pixel 

are encoded based on their physical address and transmitted asynchronously [177].  

Since the LPFM architecture creates a signal with a fixed pulse width and variable 

frequency, an AER-based scheme could be ideal for communicating high-density data 

from a large array of pH sensors. Each time a pixel generates a pulse (or event), it 

communicates with the array periphery, and a code or address is placed on an external 

bus. At the receiver end, the pulses are directed to the pixels whose code or address 

was on the bus, always showing the same pulse stream on both sides. This protocol 

also gives channels with high priority more opportunities to transmit their respective 

pulses [178].  

In this case, the output signals will follow the same principle, requiring a protocol that 

facilitates the transmission of information from an array of pixels with data in the 

frequency domain. This scheme has several advantages, like fast data acquisition, low 

communication bandwidth, high-energy efficiency and brain-like processing [179]. 

7.6  On-chip Signal Processing 

One of the main limitations of the current designs is that information needs to be 

handled externally. The front-end architectures only provide a pulse train at the output, 

leaving the signal processing as an additional external cycle to get the final data in the 

desired format. This is done by using the properties of a Picoscope and manually 

getting the instantaneous frequency per minute through signal recording. The design 
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requires additional block components that translate the original signal into more 

concrete data to make a more reliable and independent system. 

For instance, considering the work proposed previously, an array of pixels will require 

row and column decoders to access individual pixels and a frequency counter to 

present the data of interest in an easier way to manipulate. Concepts like placement 

optimisation and design metrics for energy efficiency (power consumption) and cost 

(area) also have an impact on the layout design if additional signal processing blocks 

are required to get a more robust design [180]. 

7.7  Further Post-processing: Ta2O5 deposition, 

Microfluidics Channels and Surface Modification 

One of the main improvements that can have an impact on the sensitivity of the devices 

is to complete the Ta2O5 deposition that was postponed due to the pandemic 

restrictions that avoided the corresponding analysis on the latest design of interest. The 

results showed that the unmodified sensing double layer of SiO2/Si3N4 is slightly 

sensitive to pH changes, and literature has shown that Ta2O5 have better properties 

than most of the sensing layers used in CMOS devices. Another application of interest 

is the applicability of these designs as real time readout systems for dynamic 

measurements. Until now, data have been taken one pH at a time. The CMOS chips 

go through a cleaning process before another solution of a different pH is deposited 

into the chamber, making it impossible to record the response of the architectures to a 

change in pH. Although the pH solution could be modified by adding basic or acidic 

solutions directly into the chamber, the setup did not have a way to measure the change 

in pH with another verification method in the background. 

The concept of incorporating custom microfluidics channels on the surface of the 

sensing area will allow the system to change the solution with calibrated pH values 

without the need to clean the surface every time, providing a clearer picture of the 

response of the architectures to real-time changes in the pH. Adding these channels 

will also ensure a uniform fluid flow of the pH solution directly on top of the exposed 
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gate and provide a more robust controllable delivery setup for more extended pH 

measurements [181].  

Lastly, once the suggested improvements are implemented, the device should be ready 

for surface modification for the selectivity of various ions depending on the application 

of interest. It has been demonstrated that these platforms can be used for multiple ion 

detection [19] as well as that of other molecules, such as enzymes, antibodies and 

genetic markers, through the immobilisation of binding agents on the sensing area 

surface. Further work should be done to develop a working system that can be used 

for specific applications involving medical diagnostics, environmental monitoring and 

food safety. 
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Appendices 

Appendix A. Chip Layouts                       

 

Figure A.1 Chip layout of first tape-out with the NPFM-V1 included. 

 

Figure A.2 Chip layout of second tape-out with improved NPFM-V2 and LFPM included. 
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Appendix B.1 Full View NPFM 
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Appendix B.2 Full View LPFM 
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Appendix C. Experimental Setup 

  

Figure C Experimental setup, which includes a power supply, signal generator, custom PCB inside a Faraday 

cage, Picoscope, pH meter and a computer for data acquisition. 

The custom PCB allows for the control of all the independent voltage inputs using 

potentiometers with just one power supply. It also includes signal processing and 

control switches for on-chip or off-chip input variables. The same PCB was used 

for electrical and electrochemical characterisation. The difference is that a chamber 

was incorporated on top of some CMOS chips for putting the solution in while 

taking the measurements in real time for the electrochemical testing. 
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Appendix D. Details of chemical reagent manufacturers. 

 

 

 

Table D. Official names and manufacturer details of the reagents used during the post-processing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Official Name Manufacturer

SPR 220-7 MEGAPOSIT SPR 2020-7 Rohm and Haas Electronic Materials LLC

HMDS 1,1,1,3,3,3-hexamethyldisilazane 98% Thermo Scientific

MEK Methyl Ethyl Ketone >=99% Fisher Scientific

PGMEA PGMEA-Thinner CMC MATERIALS UPC LTD

MF26-A developer MEGAPOSIT MF-26A Developoer DuPont

Remover 1165 MICROPOSIT Remover 1165 DuPont

Acetone Acetone Thermo Scientific

IPA Isopropyl alcohol CMC MATERIALS UPC LTD
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Appendix E . PCB Schematic and Layout 

 

 

 

 

 

 

 

 

Figure E. Schematic, layout and list of components for custom PCB. 

Part Number Description Quantity

8484-11B1-RK-TP PLCC Sockets 84 Positions 4 Rows 1

C0805C104K5RACTU Multilayer Ceramic Capacitors MLCC  0.1uF 2

TAJB106K020RNJ Surface Mount Tantalum Capacitor, 10 µF 2

TSW-108-08-L-S-RA 8 Way, 1 Row, Right Angle Pin Header 2

TSW-120-14-L-D 40 Way, 2 Row, Straight Pin Header 2

613040167028 40 Way, 1 Row, Straight Pin Header 1

ADE06A04 6 Way Through Hole DIP Switch SPST 1

3296W-1-102LF Trimmer Resistors - Through Hole 3/8" 1Kohms 14

MCP6002-I/P Op Amps Dual 1.8V 1MHz 2

110-41-308-41-001000 IC & Component Sockets 8 PIN SKT 200u Sn 2

NC7WZU04P6X Inverters UHS Dual Unbuff Inv 1

PCB Components


