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Silicon Nanoribbon FET Sensors: Fabrication, Surface modification and 

Microfluidic integration, Roodabeh Afrasiabi, School of Information and 

Communication Technology (ICT), KTH Royal Institute of Technology. 

Abstract 

Over the past decade, the field of medical diagnostics has seen an incredible amount of research towards 

the integration of one-dimensional nanostructures such as carbon nanotubes, metallic and semiconducting 

nanowires and nanoribbons for a variety of bio-applications. Among the mentioned one-dimensional 

structures, silicon nanoribbon (SiNR) field-effect transistors (FET) as electro-chemical nanosensors hold 

particular promise for label-free, real-time and sensitive detection of biomolecules using affinity-based 

detection. In SiNR FET sensors, electrical transport is primarily along the nanoribbon axis in a thin sheet 

(< 30 nm) serving as the channel. High sensitivity is achieved because of the large surface-to-volume ratio 

which allows analytes to bind anywhere along the NR affecting the entire conductivity by their surface 

charge. Unfortunately, sensitivity without selectivity is still an ongoing issue and this thesis aims at 

addressing the detection challenges and further proposing effective developments, such as parallel and 

multiple detection through using individually functionalized SiNRs. 

We present here a comprehensive study on design, fabrication, operation and device performance 

parameters for the next generation of SiNR FET sensors towards multiplexed, label-free detection of 

biomolecules using an on-chip microfluidic layer which is based on a highly cross-linked epoxy. We first 

study the sensitivity of different NR dimensions followed by analysis of the drift and hysteresis effects. We 

have also addressed two types of gate oxides (namely SiO2 and Al2O3) which are commonly used in 

standard CMOS fabrication of ISFETs (Ion sensitive FET). Not only have we studied and compared the 

hysteresis and response-time effects in the mentioned two types of oxides but we have also suggested a 

new integrated on-chip reference nanoribbon/microfluidics combination to monitor the long-term drift in 

the SiNR FET nanosensors.  Our results show that compared to Al2O3, silicon-oxide gated SiNR FET 

sensors show high hysteresis and slow-response which limit their performance only to background 

electrolytes with low ionic strength. Al2O3 on the other hand proves more promising as the gate-oxide of 

choice for use in nanosensors. We have also illustrated that the new integrated sensor NR/Reference NR 

can be utilized for real-time monitoring of the above studied sources of error during pH-sensing. 

Furthermore, we have introduced a new surface silanization (using 3-aminopropyltriethoxysilane) method 

utilizing microwave-assisted heating which compared to conventional heating, yields an amino-terminated 

monolayer with high surface coverage on the oxide surface of the nanoribbons. A highly uniform and dense 

monolayer not only reduces the pH sensitivity of the bare-silicon oxide surface in a physiological media 

but also allows for more receptors to be immobilized on the surface. Protocols for surface functionalization 

and biomolecule immobilization were evaluated using model systems. Selective spotting of receptor 

molecules can be used to achieve localized functionalization of individual SiNRs, opening up opportunities 

for multiplexed detection of analytes.  

Additionally, we present here a novel approach by integrating droplet-based microfluidics with the SiNR 

FET sensors. Using the new system we are able to successfully detect trains of droplets with various pH 

values. The integrated system enables a wide range of label-free biochemical and macromolecule sensing 

applications based on detection of biological events such as enzyme-substrate interactions within the 

droplets.  

Keywords: Silicon nanoribbons, field-effect transistors, ISFETs, nanosensors, pH measurements, 

Silanization, droplet microfluidics  
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Kisel nano-band FET sensorer: Fabrikation, ytmodifiering och integrering med 

mikro-fluidik, Roodabeh Afrasiabi, Skolan för Informations och 

kommunikations-teknik (ICT), KTH Kungliga Tekniska Högskolan 

Sammanfattning 

Under det senaste årtiondet har forskningsfältet medicinsk diagnostik erfarit en intensiv utveckling mot 

integrering av en-dimensionella nano-strukturer såsom kol-nanorör, metalliska och halvledande nano-

trådar riktade mot en rad olika bio-applikationer. Bland dessa en-dimensionella strukturer har fälteffekt-

transistorer (FET) baserade på nano-band av kisel (SiNR) rönt speciellt intresse som en markör-fri teknik 

för realtids-mätningar kombinerat med hög-känslig, affinitets-baserad detektion av biomolekyler. I SiNR 

FET bio-sensorer sker den elektriska transporten av laddningsbärare längs nanobandet i ett tunt skikt 

(<30 nm) som fungerar som transistorns kanal. Hög känslighet åstadkoms genom det stora yt-/volyms-

förhållandet som gör att analyt-molekyler kan detekteras genom den ytladdning som genereras när de 

binder till ytan. Hög känslighet kombinerat med dålig selektivitet är dock ett problem med tekniken och 

denna avhandling har som syfte att försöka lösa detektions-problem och föreslå koncept och mät-

strukturer innefattande parallell multipel-detektion av biomolekyler med flera nano-band som är 

funktionaliserade med olika receptorer. 

Avhandlingen innehåller en omfattande studie av SiNR transistor och chip design, fabrikation, funktion 

och komponent prestanda för nästa generations SiNR FET sensorer. Dessa riktar sig mot multiplexad, 

markör-fri detektion av bio-molekyler genom en serie av nano-band där molekylerna transporteras i 

mikro-kanaler som definierats i ett lager av epoxy. Till att börja med har en studie genomförts av 

känsligheten för olika geometriska dimensioner på nano-banden vilken följts av en analys av drift och 

hysteres-problem. Två typer av gate-oxider har använts (SiO2 och Al2O3) vilka är vanliga vid standard 

CMOS-fabrikation av sk ISFETs (jon-känslig FET). För dessa två gate-oxider har hysteres-effekter och 

svars-tider analyserats. Dessutom har en ny referens inkluderats på chipet för att övervaka lång-tids drift i 

SiNR FET sensorerna. Resultaten visar att jämfört med Al2O3 uppvisar kiseloxid-sensorn en avsevärd 

hysteres-effekt och långsam svars-tid vilket begränsar användningen till elektrolyter med låg jon-

koncentration. Al2O3 å andra sidan, verkar mera lovande som gate-oxid för nano-sensorer. Konceptet med 

en NR sensor kombinerat med en referens-sensor kan med fördel användas för att övervaka elektrisk drift 

vid mätning av pH. Vidare har en ny metod för yt-funktionalisering introducerats där APTES (3-

aminopropyl-triethoxy-silane) silanisering åstadkommits genom mikrovågs-assisterad upphettning. 

Jämfört med konventionell värmning, leder det till att ett mono-lager bildas på nano-bandets oxiderade 

yta med amino-grupper riktade utåt för kemisk bindning av receptor-molekyler. Ett tätt, homogent mono-

lager minskar inte bara pH-känsligheten för en bar kiseldioxid-yta utan tillåter också att fler receptorer 

kan bindas till ytan vilket ökar känsligheten. Protokoll för funktionalisering av ytan och för bindning av 

biomolekyler har utvärderats för modell-system. Selektiv spottning av receptormolekyler kan användas för 

funktionalisering av individuella SiNRs vilket möjliggjör multiplex detektering av olika analyt-molekyler. 

Dessutom presenteras här en ny teknik där dropp-baserad mikro-fluidik kombinerats med ett SiNR FET 

sensor-chip. Med detta system kan en serie droppar innehållande vätska med visst pH detekteras.  Det 

integrerade systemet möjliggör en rad olika mätningar baserat på markör-fri detektion av bio-molekyler 

eller bio-kemiska reaktioner som till exempel enzymatiska reaktioner inuti dropparna. 

Nyckelord: Kisel nano-band, fält-effekt-transistorer, ISFET, nano-biosensorer, silanisering, dropp-

baserad mikrofluidik 
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1 Introduction 

 

In the world today where portable electronic devices have infused into every aspect of 

a consumer’s life, chip makers are constantly coming up with novel innovations in 

order to stay ahead of the competitive semiconductor market. Since the 1960’s, with 

the introduction of the new semiconductor industry roadmap by Moore[1], computing 

and communication equipment have become smaller and smaller every year to the 

point where now personal portable phones and wearable electronics are an all-day, 

every-day necessity[2]! 

Moore's law, simply states that the number of transistors on a microprocessor chip 

will double every two years leading to faster chips in smaller packages. The law is 

nearing its end[3] and in order for it to continue, new functionalities need to be added 

to the devices. One example of the recently added functionalities is the health and 

fitness self-monitoring revolution going on with mobile and wearable devices right 

now. Despite the success of such personal health monitoring systems[4], the next 

generation of wearable devices is expected to additionally include portable “lab-on-a-

chip” medical biosensors that can be used outside of healthcare institutions for the 

early detection and diagnosis of various medical conditions[5]. In order to be able to 

monitor early signs of disease, the size of the sensors must match the biological 

markers and therefor such biosensors must have the capability of monitoring 

biological phenomena that occur at very small dimensions.  

The microfabrication technology, which is mainly focused on size shrinkage (down-

scaling of the dimensions of the transistors and electrical leads) to keep on track with 

Moor’s law, opens up new opportunities for miniaturization of bioelectric devices. To 

be able to electrically sense biological events, shrinkage can be utilized to decrease the 

size of the sensors and make them compatible in size to the biomolecules. Another 

advantage of shrinkage is that a large number of nanostructures can be aligned on a 
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chip during microfabrication. This means that multiple signals from various biological 

components in blood can be detected at the same time on a single chip, hence the 

term “multiplexing”.  

In addition, the small size and high surface-to-volume ratio of nanostructures make 

them ideal for sensitive biosensing of small sample volumes and at low analyte 

concentrations. Compared to larger structures, nanoscale transistors with 

nanostructures are capable of measuring electrical signals from very small volume of a 

sample such as blood. This higher sensitivity is achieved through the increased 

interaction of the biomarkers with the sensor surface. Considering the above 

mentioned size demands, research on silicon nanostructures[6] as possible candidates 

in sensor applications is rapidly progressing and over the last decade there has been 

great development in one-dimensional (1D) silicon nanowire (NW)[7] and 

nanoribbon (NR)[8] field-effect transistor (FET) biosensors.  

Our research group pioneered[9] the use of nanoribbons (1 µm wide, ≤ 100 nm 

thick and ≥ 1 µm long) in BioFET[10] configuration which was a great leap forward in 

detection of biological and chemical species. Elfstrom[11] investigated the dependence 

of sensitivity on the diameter of 1D silicon nanostructures and showed that the 

threshold voltage increases for decreasing silicon thickness leading to higher surface 

charge sensitivity. 

The underlying principle of electrical sensing using silicon nanoribbon FET 

biosensors is inspired by the human sensory system[12]. For simplification, let’s 

consider the human tongue which is the sensory organ responsible for sense of taste 

(salty, sweet, bitter, sour and umami). The human tongue consists of taste buds which 

contain clusters of chemically-sensitive taste receptor cells. Taste recognition depends 

both on the location of receptors and also the type of substances. The taste buds on 

top and on the side of the tongue for example are sensitive to salty and sour tastes. 

The salty (sodium chloride) taste however is produced by the effects of sodium (Na+) 

whereas the sour (acidic) taste by the effects of hydrogen (H+). Each individual taste 

in food has its own unique taste chemical compound (ligand) which specifically binds 

to the receptor cells. As soon as a taste receptor recognizes a specific taste ligand 

(stimulation), it gives away a corresponding electrochemical nerve signal which is 

then transmitted to the taste nerves (transduction) resulting in an action potential 

that is ultimately sent to the brain where it is recognized as a sensation 

(interpretation).  

The described ligand-receptor pairing mechanism of natural taste sensing system 

can be mimicked in the development of silicon nanoribbon FET biosensors. In brief, 

during electrical sensing, biological macromolecules that are immobilized on the 

surface of the nanoribbons, act as receptors and bind specifically to the target ligands. 

This chemical stimulation changes the electrical potential at the surface of the 
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nanoribbon FET sensor and transduces a change in conductivity along the 

nanoribbon channel recorded in real-time. The chemically induced signal changes 

(shift in the current or the threshold voltage of the device) are then analyzed 

(referencing to a control) and are interpreted as specific or non-specific biosensing 

events.  

The same way that different taste buds located at different parts of the tongue 

enable humans to differentiate between several tastes in a single intake of food, an 

ideal electrical sensor should also be able to sense and differentiate between various 

targets present in small volumes. This calls for a multisensory design where each 

sensor area is programmed-or functionalized- with different receptors, a layout which 

can be easily realized with today’s circuit design and chip technology. The precise 

control of sample fluidics in submillimeter scale can be possible by integration of 

microfluidics which is compatible in size to the nanoFET sensors arrays on the chip. 

The objective of this thesis is to bring technological optimization and microfluidic 

integration advances that will allow for multiplexed electrical detections of different 

biomolecules such as protein and DNA strands. 

 

Introduction to Thesis  

Scope  

The work summarized in this thesis has been conducted within the framework of the 

Knut and Alice Wallenberg (KAW) Foundation project which aims to develop a new 

technique for fast detection of circulating tumor cells (CTC) in blood samples. It 

includes results from peer-reviewed journals and also major contributions to the 

KAW project. 

Objective 

This thesis focuses on the development of arrays of silicon nanoribbon FET devices as 

the next generation of nanoFET sensors for sensitive, multiplexed detection of 

biomolecules in real-time. In order to reach the objectives of the project, device 

performance parameters were tested and optimized through CMOS-compatible 

fabrication, surface modification and integration of various microfluidic systems. The 

challenges with using such integrated transistor-based sensors are also thoroughly 

studied and addressed. It is of great importance that performance issues such as drift, 

hysteresis and instability are well-understood, otherwise sensing can lead to uncertain 

or erroneous results.  

Contributions 
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In pursuit of the objectives of the thesis -the development of next generation of 

biosensors- the following technical advancements were made: 

 Design and fabrication of multiple nanoFET sensor system consisting of 

silicon nanoribbon FET arrays. 

 Integration of on-chip microfluidic channels. 

 Inspection and characterization of the transistor-based sensors. 

 Optimization of the surface modification by experimenting new synthesis 

routes (paper I). 

 Solutions and improvements for various issues that arise due to 

electrochemistry of the oxide/electrolyte interface (paper II). 

 NanoFET integration with droplet microfluidic systems enabling the 

development of novel lab-on-a-chip technologies (paper III). 

 Development of spotting technique for biofunctionalization of the silicon 

nanoribbon FETs. 

Structure 

The Thesis is structured as follows: 

 Chapter 1 summarizes the pioneering work and recent advances in the area of 

biosensing using nanoFET sensors. The chapter begins by explaining the 

principles of electrical transport and transduction and is followed by the 

current challenges and issues encountered during sensing.     

 Chapter 2 gives a thorough report on the design, fabrication, characterization 

and subsequent surface modification of the nanoFET sensor devices used in 

this work. Various challenges and issues encountered in each step are also 

included in this chapter.  

 Chapter 3 summarizes the results that have made significant contributions in 

the appeared peer-reviewed journals and also preliminary results from the 

nanoFET sensor integration with the droplet microfluidic system that are yet 

to be published. 

 Chapter 4 gives a conclusion to this work and the exiting opportunities it 

brings forward. As a final remark the future prospect for silicon NR FET 

sensors in general is discussed. 

 

 

 

 

 



 

 

 

 

2 Silicon Nanoribbon Sensors : 

from principle to technology 

 

The novel concept that an electrical silicon-based transistor can be interfaced with a 

liquid environment for chemical sensing was first introduced by Bergveld in 

1970s[13]. The proposed ion-sensitive field effect transistor (ISFET) was a modified 

version of a conventional Metal-Oxide-Semiconductor FET (MOSFET) without the 

gate metallization, where the bare gate oxide was in direct contact with the biological 

environment. Considering the amount of publications[14] on ISFET-based sensors 

ever since, it might be surprising to point out that lack of sufficient insight into the 

solid/liquid interface and the issues related to that has prevented the sensor industry 

from taking up the ISFET-based sensors entirely. In this section we will step through 

the years of discovery and describe how the initial sensor has progressed from a 

simple ISFET to a nanobiosensor. We will also briefly mention issues that are 

encountered during electrochemical detection. 

2.1 Historical Perspective  

Bergveld[13] first introduced the idea of a new solid-state device called a pH-sensitive 

ISFET and proposed that it was capable of selective ion detection in electrochemical 

environments. Even though the initial working principle of ISFETs originated from 

the pH sensitivity of the gate oxide (e.g. SiO2, Al2O3), in a following publication[15] 

Bergveld’s group also illustrated the measurement of series and parallel contributions 

of ions such as 𝑁𝑎+ and 𝐾+ in intracellular recordings. Later several other groups 

started the research on ISFETs with the idea to detect charged biological 

macromolecules[16]. One approach introduced for the first time by Caras and 

Janata[17] in 1980 was to immobilize enzymes directly on the surface of the ISFET. 
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The working principle of the EnzymeFETs (EnFETs) was based on catalysis or in 

other words the conversion of a substrate (penicillin) in presence of an enzyme 

(penicillinase) which caused a change in the local pH near the pH-sensitive layer. The 

drawback of the EnFET, however, was that the stability of the measurements was 

influenced by the buffer capacity of the analyte and there were additional limitations 

on the buffer concentration which were later partially improved by stirring at high 

concentrations. Following the first report, glucose oxidase[18] and urease[19] were 

also reported as model systems for suitable EnFET studies. 

Another concept that was introduced by Schenck[20] at relatively the same time as 

the EnFET, was an ISFET immunosensor in which antibody–antigen interactions 

could be detected by immobilizing antibodies on the gate oxide area of an ISFET. It 

was proposed that the counter-ions form an electrical double-layer between the 

electrolyte/gate oxide surface and the excess double-layer charge was dominated by 

the antibody. The antibody-antigen interaction induced a change of the excess charge 

and the corresponding change in the drain current of the ISFET (due to the excess 

charge) was then employed as a measure of the protein concentration. However, as 

with the EnFETs, the key issue[21] of many early ImmunoFETs was that the proposed 

detection method also failed in high ionic strength solutions and the intrinsic charge 

of the protein could not be directly measured. The given reason for the overall low 

selectivity was that the Debye length is inversely proportional to ionic strength and in 

concentrated electrolytes, biomolecules such as protein, had to be very close to the 

oxide surface to be detected. Moreover, a major part of the response was lost as a 

result of  screening[22] of the surface effects by small counter-ions present in the 

sample. In order to overcome the screening problem, Mattiasson[23] later suggested 

applying a dynamic disturbance by flowing the electrolyte along a column, thus 

creating a streaming potential which could be  used as a measure of the amount of 

adsorbed protein. A new approach in operation of the ImmunoFETs was also 

suggested by Schasfoort[24] which involved measuring a transient diffusion of ions by 

changing the electrolyte concentration of the sample solution. The conclusion was 

that the protein layer only influenced the response time and not the pH sensitivity by 

limiting the diffusion of ions. However, due to the unsolved issues with chemical 

selectivity and the inability to construct an ideal polarized electrolyte/gate oxide 

interface, the application of the ImmunoFETs in direct detection of proteins was 

considered to be limited and in most cases just an artifact[25].  

In his paper “Evaluation of Direct Electrical Protein Detection Methods” (1991), 

Bergveld[26] stated that “The results of most impedance and potentiometric 

measurements, aimed at the direct detection of an immune-reaction occurring at the 

surface of an electrode, have until now been disappointing and, moreover, difficult to 

explain.”. In a later paper (1996) on the outlook of the biosensors he mentioned[27] 

stability and calibration problems as a drawback of using a single biosensor.  

javascript:popupOBO('CHEBI:59132','B204444G','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=59132')
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Consequently, due to lack of a sensitive ImmunoFET, many groups diverted their 

research subjects from ISFETs to the (then) emerging nanoelectronics devices[28]. 

The development of FETs with silicon nanowires as their building blocks (SiNW 

FETs) by Lieber[29], offered the potential for the merger of nanoelectronics and 

biology once again. In 2001, his group reported[30] the first successful use of SiNW 

FETs not only as novel pH-dependent sensors but also as highly sensitive, real-time 

electrically based sensors able to detect streptavidin (down to at least a picomolar 

concentration) and antibody binding (reversible and concentration-dependent) and 

the metabolic indicator 𝐶𝑎2+ reversible binding (all in one paper). They also 

predicted[30] that the small size and capability of SiNWs could open up new 

possibilities for array-based screening and in vivo diagnostics. Without any physical 

basis or explanation other than the small size of the NWs, there was much speculation 

on the claim of increased sensitivity (up to single-molecule detection[31]). 

Considering that the working principle of SiNW FETs were in practice the same as the 

failed conventional ImmunoFETs, sensitivity related problems such as screening 

cannot be related to the nanometer size of the sensors but rather to the gate 

oxide/electrolyte interface.   

During the last decade, research on application of SiNW FET sensors has divided 

up to two areas; BioFET research[32] (detection through direct protein-binding), 

most of which cite Lieber’s pioneering work as the justification for their results, and 

research on pH-sensitive ChemFETs[33] (detection based on proton release or uptake 

by biochemical reactions). Nevertheless there is still a need for extensive research 

towards explaining and overcoming the various sensor issues (will be discussed 

further detail in section 1.7) and as stated by Janata[22]: “Until a truly capacitive 

(Ideally polarized) interface is found, at which the specific immunochemical binding 

sites could be created, the prospect for realization of a real ImmunoFET remains 

elusive.”! 

2.2 Metal-Oxide-Semiconductor FET: Working 

Principle 

In principle, ISFETs share the same common device operation as conventional 

MOSFETs; the basic elements of most of todays integrated circuits. MOSFETs are 

three-terminal structures consisting of a MOS capacitor (a metal gate insulated with a 

very thin layer of insulating material usually silicon dioxide from the channel), and 

drain and source located on opposite sides of the metal gate (Fig. 2.1). The gate-source 

voltage difference can control the drain-source resistance and the current flowing 

through the channel (p-type or n-type) between source-drain is proportional to the 

applied gate voltage (either polarity; positive (+ve) or negative (-ve)). 
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Figure 2.1: Sketch of an n-channel SOI MOSFET cross section with the source and the substrate terminals 

connected to ground. An applied gate voltage (greater than the threshold voltage) creates an 

electron inversion layer. By applying a drain voltage, inversion layer electrons flow from the 

source to the positive drain terminal. 

 

As part of the MOSFET structure, it is important to first understand the MOS 

capacitor[34] properties. The energy band diagram of a MOS capacitor is presented in 

Fig. 2.2, with the gate and the substrate (p-type semiconductor) on the left- and right-

hand sides and the oxide in the middle. By applying a voltage (𝑉𝑓𝑏) to the gate, the 

energy band (𝐸𝑐  and 𝐸𝑣) of the substrate is flat at the semiconductor/oxide interface. 

This special bias condition is called the flat-band condition. 𝑉𝑓𝑏 is the difference 

between the Fermi levels at the two terminals:  

𝑉𝑓𝑏 =  𝜓𝑔  −  𝜓𝑠                                                         (1.1) 

with ψg  and ψs (in volts) being the gate work function and the semiconductor work 

function, respectively. If a negative gate voltage is applied to the metal (increase of the 

metal Fermi level) as in Fig. 2.2b, the energy band for the oxide tilts up towards the 

gate and consequently the energy bands for the substrate bend upwards as well. Thus 

compared to the semiconductor bulk, the valance band (𝐸𝑣) comes closer to the Fermi 

level (𝐸𝐹) at the interface which leads to higher concentration of holes accumulating at 

the surface. 

In case of a positive gate voltage (lowering of the metal Fermi level), the band 

diagram on metal side would be pushed downward as in Fig. 2.2c. Both 𝐸𝑐  and 𝐸𝑣 are 

now far from the Fermi level and the interface will be depleted of holes compared to 
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the bulk and there will be a decrease in hole conductivity. By applying a higher 

positive voltage (in case of p-type semiconductor), the band bending would be even 

higher and 𝐸𝑐  would get closer to the semiconductor Fermi level. The voltage at which 

the surface is in threshold of inverting from a p-type to an n-type is called the 

threshold voltage (𝑉𝑡). If the applied gate voltage (𝑉𝑔) is higher than the threshold 

voltage, then the MOS capacitor will be in strong inversion and the 

oxide/semiconductor interface will be filled with inversion electrons (Fig. 2.2d).  

 

Figure 2.2: The energy band diagram of a MOS capacitor. (a) the flat-band condition; (b) a negative gate 

voltage is applied to the metal which leads to leads accumulation of holes at the surface.; (c) a 

positive gate voltage results in a downward band-bending and depletion of holes and (d) an 

applied gate voltage higher than the threshold voltage which pots the MOS capacitor in strong 

inversion. 

 

As described above, the operating point of the MOSFET can be set depending on 

the value and polarity of 𝑉𝑔. The conductance of the silicon channel on the other hand 

is controlled and measured by the source-drain voltage (𝑉𝑑𝑠). In conventional 

MOSFETs the source and drain areas are two PN junctions that supply (or drain) 

electrons (or holes) to the transistor. 
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2.3 MOSFET with Schottky Barrier Source/Drain 

The device operation explained in previous section applies to MOSFETs with 

ultrahigh doping in source/drain (S/D) regions. By simply depositing a metal onto the 

silicon surface (Schottky contact), the complications encountered during doping and 

activation steps in such metal contacts (ohmic contacts) can be avoided. Low parasitic 

source-drain resistance and low-temperature processing for S/D formation are some 

of the major advantages of using metal S/D Schottky barrier (SB) MOSFETs[35]–

[37]. 

As can be seen in Fig. 2.3, the Schottky contact creates a potential barrier which 

stops the electrons or holes from entering the lightly doped silicon (p-silicon) channel. 

The band diagram along the silicon channel bends depending on the applied bias to 

the gate (|𝑉𝑔𝑠| > 0). Inversion (or accumulation) mode occurs when a positive (or 

negative) gate bias is applied and the electron (or hole) barrier height lowers and 

barrier width decreases allowing carriers to tunnel through and create a current (𝐼𝑑𝑠) 

between source and drain. 

 

Figure 2.3: Band diagrams of the different operating regimes of the SB-MOSFET. (a) and (c) : off-state 

(|𝑉𝑔𝑠| > 0 and 𝑉𝐷𝑆 = 0); (b) hole accumulation and (d) electron accumulation. 

 

Now consider a MOSFET connected in diode configuration (Fig. 2.4a). The drain-

source current in the linear regime of MOSFET operation in case of  𝑉𝑑𝑠  ≤  𝑉𝑔𝑠  – 𝑉𝑡   , 



2 Silicon Nanoribbon Sensors : from principle to technology| 11 

 

 

can be expressed as [38],  

𝐼𝑑𝑠  =  µ𝑒𝑓𝑓  𝐶𝑜𝑥  
𝑊

𝐿
 [( 𝑉𝑔𝑠  −  𝑉𝑡  ) 𝑉𝑑𝑠  −  

𝑉𝑑𝑠
2

2
]                            (1.2) 

where µ𝑒𝑓𝑓  is the channel mobility, 𝐶𝑜𝑥 is the oxide capacitance, 𝑊 and 𝐿 the device 

width and length respectively, 𝑉𝑔𝑠 the gate voltage with respect to the source terminal, 

𝑉𝑡 the threshold voltage and 𝑉𝑑𝑠 the drain-to-source voltage. Contrary to the linear 

region, further increases in drain voltage beyond 𝑉𝑔𝑠  – 𝑉𝑡   results in no increase in 

current and it is said that the device is in saturation mode (Fig. 2.4b) like a “diode” 

with quadratic I-V characteristics. Replacing 𝑉𝑑𝑠 by 𝑉𝑔𝑠 –  𝑉𝑡  in (1.2) then gives the 

expression for the drain-source current at saturation as 

𝐼𝑑𝑠𝑎𝑡  =  µ𝑒𝑓𝑓  𝐶𝑜𝑥  
𝑊

2𝐿
 (𝑉𝑔𝑠  −  𝑉𝑡)2                                     (1.3) 

 
 

Figure 2.4: MOSFET electrical characterization. (a) Schematic of the MOSFET structure and the circuit 

symbols. (b) a group of  𝐼𝑑𝑠   versus 𝑉𝑑𝑠 curves for applied gate voltages.  In saturation region at 

𝑉𝑑𝑠 > 𝑉𝑑𝑠(𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛), drain current is constant.  𝑉𝑑𝑠(𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛) point in each curve donates 

the transition from linear region to saturation. The slope of the curves in linear region increases 

with increasing the gate voltage (𝑉𝑔𝑠) and (c) Current–voltage (I-V) characteristics of a MOSFET 

comparing an ideal operation versus experimental. At  𝑉𝑔𝑠 > 𝑉𝑡, the current increases linearly 

with the applied voltage. The threshold voltage can be calculated by extrapolating the I-V curve 

in linear region to the x-axis (𝐼𝑑𝑠 = 0).  

If  𝑉𝑑𝑠 is set to small values and the gate voltage is less than the voltage needed to 

turn the device on (create an inversion layer), the drain current will be very low 

(theoretically zero). This current is called the subthreshold current. By further 

increasing the gate voltage (𝑉𝑔𝑠 > 𝑉𝑡  ) as shown in Fig. 2.4c, an electron inversion layer 
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will be created and electrons flow from the source to the positive drain terminal 

generating drain-to-source current (𝐼𝑑𝑠).  

 

2.4 From MOSFET to BioFET : Interfacing with 

Electrolyte 

Now that the working principle of MOSFETs has been explained, the question 

remaining is how to use MOSFETs to electrically record biological events occurring in 

a solution. Thus, the primary condition for FET-based electrochemical detection is 

that it should lead to a change in the current-flow between the source and the drain.  

In order to be able to detect chemical changes at the oxide/electrolyte interface, the 

conventional MOSFET has to be modified into a BioFET. Thus, the metal gate contact 

has to be removed and the electrical contact to the electrolyte is then provided by a 

reference electrode placed in the electrolyte solution. As can be seen in Fig. 2.5a, 

liquid samples are then in direct contact with the surface of the nanoFET which is 

typically covered with SiO2. Alternatively high-k dielectric materials such as Al2O3 

[39], HfO2[40] and Ta2O5[41] can also be deposited on the nanoribbon surface.  

If silicon oxide is put in contact with an electrolyte with a certain pH value, the 

surface reactions will build up a charge at the oxide surface. The pH-sensing principle 

of nanoFETs is based on the relationship between the electrolyte pH and the surface 

potential build-up at the oxide surface (Fig. 2.5b). 

 

Figure 2.5: (a) Schematics of a BioFET showing the various device layers. (b) Schematic representation of 

the site-binding model and the distribution of the two opposite charges (𝜎0 = −𝜎𝑑𝑙) at the 

oxide/electrolyte interface. 

 

According to the site-binding model[42], the acid/base reactions between the 
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surface hydroxyl groups (−𝑆𝑖𝑂𝐻) and hydrogen ions in the bulk of the solution (𝐻+) 

can be described as, 

𝑆𝑖𝑂𝐻 ⇄ 𝑆𝑖𝑂− +  𝐻+                              𝐾𝑎 =  
[𝑆𝑖𝑂−](𝑎

𝐻𝑠
+)

[𝑆𝑖𝑂𝐻]
                                    (1.4) 

𝑆𝑖𝑂𝐻2
+  ⇄ 𝑆𝑖𝑂𝐻 +  𝐻+                          𝐾𝑏 =  

[𝑆𝑖𝑂𝐻](𝑎
𝐻𝑠

+)

[𝑆𝑖𝑂𝐻2
+]

                                     (1.5) 

where 𝐾𝑎  and 𝐾𝑏  are dissociation constants, 𝑎𝐻𝑠
+ is the activity of 𝐻+ at the surface 

and the quantities in square brackets are numbers of surface sites per unit area. 

Assuming zero potential in the bulk of the solution (where the solution is electrically 

neutral), the potential at the surface (Ψ0)  is dictated by the number of charges and by 

the effective potential decay. According to Boltzmanns equation,[43] the relation 

between the activity of protons at the surface and the bulk of the solution can be 

written as:  

𝑎𝐻𝑠
+ =  𝑎𝐻𝐵

+ exp
−𝑞Ψ0

kT
                                                  (1.6) 

where 𝑞 is the elementary charge, k  is the Boltzmann constant and T is the absolute 

temperature. Since the activity values are usually given as pH values, where  𝑝𝐻 ≡

 − log 𝐻+, equation (1.6) can be written as: 

𝑝𝐻𝑠 =  𝑝𝐻𝐵 +
−𝑞Ψ0

2.3 kT
                                                    (1.7) 

The total density of available sites (𝑁𝑠) is the sum of all the surface concentrations, 

which can be written as[44]: 

𝑁𝑠 =   [𝑆𝑖𝑂𝐻2
+] + [𝑆𝑖𝑂−]  + [𝑆𝑖𝑂𝐻]                                       (1.8) 

The surface charge density (𝜎0), attributed to the surface hydroxyl groups, is then 

defined as the number of positively charged groups minus the number of negatively 

charged groups: 

𝜎0 =  𝑞 𝑁𝑠 ([𝑆𝑖𝑂𝐻2
+] − [𝑆𝑖𝑂−])                                               (1.9) 

Substituting (1.8) in (1.9) then gives: 

𝜎0 =  𝑞𝑁𝑠  [
𝑎

𝐻𝑠
+

2 −𝐾𝑎𝐾𝑏

𝐾𝑎𝐾𝑏+𝐾𝑏𝑎
𝐻𝑠

++𝑎
𝐻𝑠

+
2 ] = −𝑞[𝐵]                                              (1.10) 

where [𝐵] is the number of negatively charged groups minus the number of positively 

charged groups per unit area. At pH of point of zero charge (𝑝𝐻𝑝𝑧𝑐) both fractions are 
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equal and [B] is zero. Substituting 𝑝𝐻𝑠  from (1.7) for 𝑎𝐻𝑠
+ and differentiating to pH in 

(1.10) then gives: 

𝛿𝜎0

𝛿pH𝑠
= −𝑞

𝛿[B]

𝛿pH𝑠
= −𝑞𝛽𝑖𝑛𝑡                                                        (1.11) 

where 𝛽𝑖𝑛𝑡 is the intrinsic buffer capacity (the change in the number of charged 

groups as a result of a change in 𝑝𝐻𝑠) and is a measure of charging capability 

(protonation/deprotonation) of the oxide surface with changes in pH of the solution.  

In a nanosensor with a pH-sensitive NR surface, the oxide/electrolyte system has to 

be electrically neutral and therefore the charges on the surface are eventually 

balanced by the counter-ions (cations and anions) in the electrolyte solution. This 

creates a distribution of positively and negatively charged ions close to the oxide 

surface. As can be seen in Fig. 2.6, the electric neutrality of the system results in a 

decaying (increasing) density of positive (negative) charges called the electrical 

double layer (dl) which extends until a certain distance from the oxide surface into the 

electrolyte.  

According to the simple Gouy-Chapman-Stern model of the electrical double layer 

[43], the solution side of the double layer consists of the Stern layer and the diffuse 

layer. The Stern layer is subdivided into two regions of ion distribution as well 

consisting of the specifically adsorbed ions in the inner Helmholtz planes (IHP) and 

non-specifically adsorbed counter-ions in the outer Helmholtz planes (OHP). As we 

move away from the oxide surface, the potential drops roughly linear in the Stern 

layer and then exponential through the diffuse layer, approaching zero at an 

imaginary boundary of the double layer. The distance from the surface to this 

boundary in the diffuse layer is called the Debye length (𝜆𝐷). For a given electrolyte 

solution the Debye length can be expressed as: 

𝜆𝐷 = √ 0 𝑟𝑘𝑇

2𝑁𝐴𝑞2𝐼
                                                              (1.12) 

where 휀0 is the permittivity of free space, 휀𝑟 the dielectric constant of the electrolyte, 

𝑁𝐴 is Avogadro’s number and 𝐼 is the ionic strength of the solution (for symmetrical 

electrolytes 𝐼 can be replaced by ion concentration). Only charges in the double layer 

and constrained within the Debye length are detectable by the nanoFETs and beyond 

the Debye length in the bulk of the electrolyte solution, no significant charge 

separation takes place (the Debye length is a very important parameter and as will be 

discussed in the next section and the bio-sensitivity of the NR FET has a direct 

dependence on 𝜆𝐷). 
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Figure 2.6: General representation of Gouy-Chapman–Stern model of the electrical double layer at the 

oxide/electrolyte interface and Potential profile as a function of distance in the double layer. In 

a basic solution, the oxide hydroxyl groups are deprotonated and Positive charges (cations) 

accumulate near the surface. Capacitor model for sensor in electrolyte solution in depicted on 

the right. 

Going back to the oxide/electrolyte interface and with the assumption that an equal 

but opposite charge (𝜎𝑑𝑙) builds up in the electrolyte side of the double layer (no 

counter-ions inside the inner stern layer), the electro-neutrality of the system requires 

that: 

𝜎0 = −𝜎𝑑𝑙 = 𝜎𝑂𝐻𝑃 + 𝜎𝑑                                              (1.13) 

with 𝜎𝑂𝐻𝑃 and 𝜎𝑑 being the charge density in OHP and in the diffuse part of the double 

layer respectively. The double layer charge build up can be alternatively written as a 

function of the double layer capacitance (𝐶𝑑𝑙) (series sum of the Stern layer 

capacitance and the diffuse layer capacitance): 

𝜎0 ≈ 𝐶𝑑𝑙Ψ0                                                          (1.14) 

The differential capacitance (𝐶𝑑𝑖𝑓) is then given as,  
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𝛿𝜎0

𝛿Ψ0
≈ 𝐶𝑑𝑖𝑓                                                           (1.15) 

It is important to note that the electrolyte concentration (ionic strength) greatly 

influences the differential capacitance. Combination of (1.11) and (1.15) gives the 

expression for the electrostatic potential sensitivity to changes in the pH of the 

solution which is compared to pH of point-of-zero-charge at the oxide surface. The 

general equation for nanoFET operation and pH sensitivity can be written as: 

𝛿Ψ0

𝛿𝑝𝐻𝑏
= −2.3 

𝑘𝑇

𝑞
𝛼              with                  𝛼 =

1

2.3 
𝑘𝑇𝐶𝑑𝑖𝑓

𝑞2𝛽𝑖𝑛𝑡

                        (1.16)                                                                       

The theoretical maximum of (1.16) is reached when 𝛼 (dimensionless sensitivity 

parameter) approaches 1. This maximum sensitivity is called the Nernstian sensitivity 

which is 59 mV/pH at 25 ◦C and can be a measure of how responsive the surface is to 

small changes in pH of the solution (dependent on the type of dielectric oxide used as 

the sensing surface).  

 In order to form a relationship between the solution pH-change and threshold 

voltage shift in the ISFETs, Bergveld[45] used the Nernst equation for the potential 

difference Ψ0 across the electrical double layer. In the linear regime of ISFET 

operation (going back to equation 1.2), the threshold voltage (𝑉𝑡) is expressed as, 

𝑉𝑡 = 𝑉𝑓𝑏 −
𝑄𝐵

𝐶𝑜𝑥
+ 2𝜙𝐹                                                  (1.17) 

where 𝑉𝑓𝑏 is the flatband voltage defined as the difference between the work function 

of the metal φm and the semiconductor Φ𝑆𝑖  , 𝑄𝐵  is a combination of the depletion 

charges in the silicon and accumulation charges in the oxide dielectric, and 𝜙𝐹  is the 

Fermi potential. The expression for the flatband voltage for the 

electrolyte/oxide/semiconductor system can be written as: 

𝑉𝑓𝑏  =  𝐸𝑟𝑒𝑓 − Ψ0 −
Φ𝑆𝑖

𝑞⁄ + 𝜒𝑠𝑜𝑙                                    (1.18) 

where 𝐸𝑟𝑒𝑓  is the reference electrode potential relative to vacuum, 𝜒𝑠𝑜𝑙 is the surface 

dipole potential of the solvent (the term (Ψ0 − 𝜒𝑠𝑜𝑙) is the electrolyte/oxide interfacial 

potential), and Φ𝑆𝑖 is the work function of the NR silicon channel.  

Accordingly, when the nanoFET is exposed to a solution with a pH different from the 

pH of point-of-zero-charge of the oxide surface, the shift in the threshold voltage 

corresponding to the potential drop (Ψ0) at the oxide/electrolyte interface can be 
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written as, 

𝑉𝑡 = 𝐸𝑟𝑒𝑓 − Ψ0 −
𝑄𝐵

𝐶𝑜𝑥
−

1

𝑞
Φ𝑆𝑖 + 𝜒𝑠𝑜𝑙 + 2𝜙𝑆𝑖                             (1.19) 

Measurements with a SiNR sensors rely on determining the threshold voltage (𝑉𝑡) 

of the transistor. As discussed earlier, the potential difference Ψ0 across the electrical 

double layer is a function of pH and is the chemical input variable for the operation of 

an electrochemical nanosensor. 

2.5 Transfer Characteristics and pH sensing 

The gating in a BioFET when exposed to a solution, can be applied either via the back-

gate voltage (𝑉𝑏𝑔) or the liquid-gate (𝑉𝑙𝑔) with the addition of a grounded reference 

electrode (𝑉𝑟𝑒𝑓 = 0) which provides an electrically stable sensing interface between 

the oxide and the electrolyte (Fig. 2.7a).  

Assuming the BioFET is in the linear MOSFET operation (with an applied drain 

bias of 𝑉𝑑𝑠), sweeping the back-gate voltage reveals that initially the current scales 

exponentially with gate voltage (the subthreshold region) up to a certain voltage (𝑉𝑡) 

and above this voltage the current flow shows a linear characteristic (linear region).  

 

Figure 2.7: (a) Liquid gate versus back-gate circuit design in BioFETs. (b) I-V characteristics of a SiNR 

SBFET in linear and logarithmic scale. 
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As discussed earlier, Schottky barrier MOSFET are operational in both the 

inversion and in accumulation. For simplification and for the sake of scope of this 

thesis, we shall only discuss the inversion mode and define the most important 

transfer parameters in this mode (Fig. 2.7b).  

Considering the linear region of the inversion mode, it is a common practice to take 

the intercept of extrapolating the IV curve with the x-axis which then gives the 

threshold voltage 𝑉𝑡 of the device as point of maximum slope. The slope of the linear 

region is referred to as the transconductance (𝑔𝑚 =
𝑑𝐼𝑑𝑠

𝑑𝑉𝑔
⁄ ) and determines how 

effectively the gate controls the drain current of the device. As discussed previously, 

changes in the pH of the solution induce variations in the surface charge density 𝛿𝜎0 

and surface potential 𝛿Ψ0 and are expected to lead to a change in the NR channel 

conductance 𝛥𝐺𝐶 . Alternatively the threshold voltage can be extracted by normalizing 

the current shifts to 𝑔𝑚 which gives  Δ𝑉𝑡= 
𝑑𝐼𝑑𝑠

𝑔𝑚
⁄  and can also be used to express the 

pH response. 

In the subthreshold regime of the inversion mode, the transfer curve of a SiNR 

SBFET is a straight line when plotted on a semi-logarithmic scale. One value that can 

be extracted in the subthreshold regime is the subthreshold swing (SS) which has the 

units of (mV/decade) and can be written as: 

𝑆𝑆 = 2.3 kT
𝑞 ⁄  [ 

(𝐶𝑜𝑥 + 𝐶𝑑 + 𝐶𝑖𝑡)
𝐶𝑜𝑥

⁄  ]                                    (1.19) 

where 𝐶𝑑 is the depletion capacitance per unit area of the NR silicon channel and 𝐶𝑖𝑡 is 

the capacitance per unit area associated with interface traps. A small subthreshold 

swing is desirable since it implies the efficiency of current drive or in other words that 

the device can rapidly switch from the ‘off’ state (where the drain current is very 

small) to the ‘on’ state with a small applied bias.  

2.6 Optimization of pH sensitivity of BioFETs 

In general, sensitivity is defined as the largest possible output response to a certain 

biological event. The pH sensitivity of BioFETs arises from the acid/base reactions at 

the oxide/electrolyte interface and the maximum pH response achievable by a 

conventional ISFET is the Nernst limit of 59 mV/pH (which is comparable to the 

minimum achievable value for subthreshold swing (SS=60 mV/dec) in MOSFET 

devices). Over the years there have been numerous reports[39], [46]–[59] on devices 

with near Nernstian and in some cases even super-Nernstian response. The high 

sensitivity was achieved either by optimization of the intrinsic device transfer 

characteristics (such as lowering of the subthreshold swing or by tuning the gate 

potential), or by chemical surface modifications. Other reports[54], [60]–[65] have 
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suggested that the sensitivity (defined as ∆𝐼/𝐼 for a current based pH sensing 

experiment) is maximized in the subthreshold regime since the dependence of current 

on gate voltage is exponential and thus any changes in the surface potential due to 

chemical events can lead to exponential changes in the signal. 

According to (1.16), another key parameter that influences the pH response of a FET 

device is the intrinsic buffer capacity of the oxide surface which can be written as[66], 

𝛽𝑖𝑛𝑡 = 2.3𝑁𝑠 [𝑎𝐻𝑠
+ (

𝐾𝑏𝑎
𝐻𝑠

+
2 +4𝐾𝑎𝐾𝑏𝑎

𝐻𝑠
++𝐾𝑎𝐾𝑏

2

𝐾𝑎𝐾𝑏+𝐾𝑏𝑎
𝐻𝑠

++𝑎
𝐻𝑠

+
2 )]                            (1.20) 

The intrinsic buffer capacity and thus the pH response of the device highly depends 

on two oxide characteristics; first, its pH of point-of-zero-charge (𝑝𝐻𝑝𝑧𝑐 =
𝑝𝐾a+𝑝𝐾𝑏

2
) at 

which the net amount of surface charge is zero and secondly, the reactivity and 

number of its surface terminal groups. 

2.7 Performance Limitations of BioFETs 

The performance of a BioFET is evaluated based on various factors that influence the 

sensitivity (size of the signal) under normal physiological media. These parameters 

are either directly connected to the device performance (e.g. type of gate oxide) or are 

dependent on external factors related to the electrolyte solution.  

 

Figure 2.8: Graphical representation of performance parameters during a real-time current measurement 

of a device while switching between two buffer solutions. 

A reliable and accurate device is expected to give a large turn-on response and only 

to the desired analytes[67], [68]. Any artifacts or errors during sensing can either lead 
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to a larger than expected signal or can shield the detection signal entirely. In this 

section we will describe a selection of the most crucial limitations toward biosensing 

(Fig. 2.8) that need to be further investigated. 

2.7.1 Drift Behavior 

One of the most important factors that can highly affect the accuracy of solution-

based biosensing is the stability of the measurements over time. In order to maintain 

stable chemical conditions and to avoid the frequent need for calibrations, buffer 

solutions are the most commonly used media. Mixing a weak acid and its conjugate 

base (or vice versa) results in an aqueous buffer solution that strongly resists pH 

change and consequently is the best choice when performing controlled 

measurements. Under constant buffer conditions (constant pH value and 

concentration), a SiNR FET sensor is expected to give a fast and stable response and 

the observed unexpected slow temporal shifts (irreversible) in the current or 

threshold voltage of the sensor at constant pH is referred to as drift. Reports by 

various groups suggest[69]–[72] that the long-term baseline drift originates from 

either bulk effects (ion diffusion into the gate oxide under the electric field) or surface 

effects (the non-equilibrium electrochemical conditions at the oxide/electrolyte 

interface). Since sensitivity is defined as ( ∆𝐼
𝐼⁄  ), drift can be a major source of error 

and uncertainty in results. Thus, attention needs to be paid on calibration of the 

response curves before extracting and reporting of the data. Alternatively the drift 

issue needs to be addressed both on the device level and the oxide/electrolyte 

interface. 

2.7.2 Hysteresis and Memory Effects 

As discussed, drift is an instability issue over time which occurs when the sensor is 

exposed to a solution with constant pH.  This type of drift can additionally affect the 

measured shift in signal when pH is changed. However, through regular calibrations 

one can account for and subtract the temporal increase or decrease in the signal 

readouts. Differences in the sensor signal when decreasing/increasing the pH value 

(acidic/basic) in a loop on the other hand corresponds to a memory effect defined as 

hysteresis. Hysteresis is frequently observed during pH measurements. In 

conventional ISFETs, hysteresis has been reported to be related to the 

oxide/electrolyte interface and originates from the fact that a part of the total pH 

response occurs with a delay which in some cases can be as long as an hour long [55], 

[56], [72]–[77]. In a reliable FET sensor, the pH response is expected to be restored to 

its initial value and undesired hysteresis either has to be addressed and eliminated in 

order to achieve a complete recovery of the signal to its original value.   
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2.7.3 Response time 

The rate at which a pH-sensing device responds to variations in pH is referred to as 

response time. According to studies on ISFETs [72], the pH response starts with a fast 

transient (in the range of milliseconds for silicon oxide-gated ISFETs) followed by a 

pH-dependent slow response which can last for hours until the signal saturates. This 

time-dependent slow response is a major source of error and must not be mistaken 

for the baseline drift [78]. Based on a model developed by Nair et al. for receptor-

analyte systems [79], the average response time is defined in three parts; the initial 

reaction-limited response which corresponds to the capture of analytes available 

closest to the surface of the sensor, followed by the diffusion-limited response which 

is the time it takes  for the remaining analytes to reach the sensor surface after the 

region near the surface has been depleted (also known as settling time) ,and 

eventually the saturation of the response in a balanced association/dissociation 

reaction. Duan et al. further investigated the equilibrium state at the saturation and 

developed a model to calibrate the sensor response [80].  

According to the models, the average response-time can be reduced either by 

increasing the density of conjugated analytes (through modification of the nanosensor 

geometry) or by manipulating the local concentration of analytes through increased 

flow rates (increasing the effective mass transport) or increased solution temperatures 

(increasing the diffusion coefficient).  

2.7.4 Charge Screening and Debye Length 

As discussed earlier in the introduction, electronic biosensing can be achieved by the 

attachment of biological receptors to the oxide surface of the SiNR FET sensors. 

Selective binding of target bio-analytes with surface immobilized receptors is 

expected to result in an electrical response which can be measured in real-time. Even 

though various groups have reported successful, highly sensitive recognition of  

biological events (ranging from enzyme-substrate [46], antibody-antigen [81]–[83] 

and complementary single-stranded DNA [84]–[95]), however there are numerous 

difficulties[96] in reproducibility and consistency of the results.  
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Figure 2.9: Schematics of the Debye length screening for various biomolecules in a physiological salt 

solution (from left: enzyme, antibody and double-stranded DNA). the fraction of biomolecule 

charge that remains in the double layer will alter the sensor signal. 

 

One of the main limitations with highly sensitive biosensing using SiNR FETs is the 

charge screening[97] phenomenon which is directly related to the Debye length 

(distance at which surface potential decays to 1 𝑒⁄  of its initial value). As can be seen in 

Fig. 2.9, only biomolecule binding events that take place within the Debye length 

(0,001 × 𝑝𝑏𝑠, 𝜆𝐷 = 7.3 𝑛𝑚) influence the surface charge density and consequently the 

gate voltage of the biosensor[25]. On the other hand, charging events that take place 

outside the boundaries of the Debye length, either due to  the size of the biomolecule ( 

antibody-antigen complexes similar to 𝜆𝐷) or the ionic strength of buffer solution 

(1 × 𝑝𝑏𝑠, 𝜆𝐷 = 0.7 𝑛𝑚), are screened by the counter-ions and do not lead to any 

detectable variations in the surface charge density of the SiNRs. Using diluted 

electrolytes (low ionic strength buffers) to reduce the charge screening effects 

provides the potential to perform highly sensitive biomolecule sensing. However, for 

the purpose of commercialization it is a major drawback since it is impossible to 

dilute clinical samples such as blood or serum (protein activity is hindered in low 
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ionic solutions).  

Many groups have reported on different approaches to overcome the charge 

screening effect in high ionic strength solutions mostly with the focus on tuning the 

surface chemistry. Elnathan et al. for example reported the direct, sub-Pico molar 

detection of proteins in untreated serum and blood by lowering the high antibody 

surface coverage [98]. Lieber group have also proposed incorporating a biomolecule-

permeable polymer layer as a new strategy for performing measurements in high ionic 

strength solutions [99]. There have also been reports on using smaller macromolecule 

versions of the receptor molecules such as antibody fragments [100] or aptamers 

[101], [102] with the aim of bringing the binding events closer to the surface. 
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3 SiNR BioFETs: fabrication 

and characterization 

 

Compared to the conventional ISFETs, the majority of modern electrochemical 

sensors currently contain one-dimensional (1D) nanotubes [100] and nanowires [14] , 

or two-dimensional (2D) nanoribbons [8] and graphene [103]. Even though in all 

types of nanosensors, the nanostructures serve as the conductive channel between the 

source and the drain, however factors such as ease of fabrication, compatibility with 

CMOS processing schemes and straight-forward surface modification has opened up 

more opportunities for SiNWs and SiNRs in biological application. SiNW sensors 

were initially fabricated by two techniques: the bottom-up, first introduced by Lieber 

et al.[83], in which the vapor-liquid-solid (VLS) grown NWs were used as building-

blocks for the FET sensor, and the top-down CMOS compatible technique,  

introduced by Bashir et al. [104], in which epitaxially grown silicon NWs were 

fabricated at precise locations on silicon wafers. However regardless of the fabrication 

process, it was still a challenge to overcome the manufacturability and integration 

problems with such techniques. The first successful CMOS compatible top-down 

approach for the fabrication of SiNW nanoFETs was reported in 2006 by Reed et al. 

which as mentioned in their report ‘appears to have potential for extension to a fully 

integrated system’ through anisotropic wet etching of  ultrathin silicon-on-insulator 

(SOI) wafers [81]. Additionally, Linnros et al. adapted the same technique to fabricate 
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SiNR FET sensors[8] and reported that comparable sensitivity to NWs can be 

achieved with nanoribbons. All devices investigated in this thesis were fabricated 

following the latter approach. In this chapter we will first give a summary of the 

design and fabrication details. Demonstration of on-chip microfluidic integration will 

be followed by electrical characterization and investigation of the device performance 

in ambient and solution conditions. 

3.1 SiNR FET sensor design and layout 

As can be seen from the layout of a single chip, shown in Fig. 3.1, the sensor consists 

of six spatially separated sets each with five vertically aligned nanoribbons of varying 

dimensions. The width of the nanoribbons ranges from 1 μm- 20 μm and the length 

ranges from 1 μm- 500 μm on a single sensor chip. The source and drain contacts are 

specific to each wire (no common S/D) and extend to the sides of the chip for probing. 

There is an integrated gold electrode at the beginning of each set that serves as a top 

gate for biasing the device through the liquid. An SU8 passivation layer shields the 

chip electrically from the liquid and limits the sensing only to openings on top of each 

nanoribbon. The last layer of the chip consists of a thick SU8 microfluidic layer with 

the channel aligned on top of the nanoribbons. This elaborate design not only enables 

us to investigate the NR response behavior in relation to size variations but also meets 

the spacing requirements for functionalization of each individual nanoribbon towards 

multiplexing.  

 

Figure 3.1: Schematics of all the lithography masks. (a) wafer-level schematics showing a total of 73 chips 

on a 4-inch SOI wafer. (b) Close-up of a single chip which consists of six spatially separated sets 

and the microfluidic channel which is aligned to the sets. (c) Schematics of a single set on the 

chip consisting of 5 nanoribbons and an integrated gold pseudo-reference electrode. The chip is 

passivated with an SU8 layer except for openings on top of each nanoribbon ‘sensing area’.  
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3.2 Sensor Fabrication 

The process scheme for the CMOS compatible device fabrication includes four 

lithography steps starting with nanoribbon patterning followed by metallization, 

passivation and microfluidic channel integration (shown in Fig. 3.2). In the scope of 

this work a total number of 8 wafers have been fabricated. 

 
Figure 3.2: Schematics of the different layers on a single chip defined by lithography. From right to left: 

silicon layer, Ti/Au metallization layer, SU8 passivation layer and SU8 microfluidic layer. 

 

The devices were fabricated using SOI wafers with a buried oxide thickness of 145 

nm and a low boron doping level of 1015 cm-3. The initial thick device layer was 

thinned down through thermal oxidation and wet etching to a final thickness of 48 

nm (wafer#1), 38 nm (wafer#2) and 28 nm (wafer#3) for each wafer. The positive 

photoresist (MEGAPOSIT SPR700 series photoresists) was exposed by UV 

lithography and developed to create the nanoribbon patterns. In order to define the 

patterns on the device layer, plasma dry etching was used to first remove the silicon 

oxide layer using the end-point system on the Applied Materials Precision 5000 

etcher with a combination of CHF3 and CF4 gases. The silicon oxide gate dielectric was 

produced by dry thermal oxidation of the wafers which gave an 8 nm final oxide 
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thickness.  

 

Figure 3.3: Summary of the top-down SiNR FET fabrication process: (a) Thinning of the silicon device 

layer by thermal oxidation. (b) Stepper lithography in order to define the nanoribbon pattern 

on the resist. (c) Plasma dry-etching to define the nanoribbon patterns on the silicon layer 

followed by thermal oxidation to form the gate oxide. (d) Dry oxidation to grow thin layer of 

gate-oxide on top of the nanoribbons. (e) Stepper lithography to define the metallization 

pattern on the chip. (f) Wet-etch in buffered HF to etch the oxide on top of the source and drain 

areas. (g) Thin film deposition to evaporate Ti/Au on the entire surface. (h) Lift-off by 

sonication in solvent bath. (i) SU8 passivation layer. (j) 3D schematics of a set on the chip with 

theSU8 microfluidic layer. (k) Top-view of the fabricated set. 

 

In order to define the Schottky contacts, the pattern was defined by UV lithography 

using the SPR 700 photoresist with an additional bottom lift-off resist (LOR) layer. 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

(j) (k) 
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The gate oxide was removed from the source/drain contacts by wet etching in 

buffered HF and immediately after a double layer of titanium/gold (Ti/Au) was 

evaporated on the entire surface of the wafers using thin film deposition (final 

thickness of the Ti/Au layer 20/200 nm) in one run. During the metal lift-off process 

the LOR layer creates a gap between the deposited metal in the openings and on the 

photoresist. The remaining photoresist and metal is then lifted-up in a PG remover 

solvent bath, using sonication. The process steps are shown in Fig. 3.3. 

In the final step, the passivation and microfluidics layers are defined using UV 

lithography followed by hard-baking. For both layers the negative resist SU8 is used. 

SU8 photoresist has many remarkable properties that make it ideal for use in 

electrochemical sensors. It is a chemically stable, highly cross-linked epoxy which is 

difficult to remove after hard-bake; it is chemically resistant which makes it ideal for 

use with acidic or basic solutions; it is biocompatible and has a glass transition 

temperature of higher than 200°C. The passivation layer is 2 µm SU8 layer with 

openings on top of each nanoribbon which is serves as the ‘sensing window’ when the 

devices are exposed to solutions. The microfluidic channel is 100 µm thick and 100 

µm wide SU8 layer with three different designs. Fig. 3.4 shows a schematic of the 

fabricated chip after dicing.  

 

Figure 3.4: Final SiNR FET structure showing an optical image of a set and SEM image of a fabricated 

nanoribbon. 

 

3.3 Sensor Electrical characterization 

Reliable sensing measurements require that sufficient and controlled electrical testing 

is implemented at all stages after fabrication. Validation of sensor specifications 

includes a controlled step-by-step electrical characterization starting from wafer-level 

down to a single transistor on the chip, under ambient and wet (electrolyte) 

conditions.  
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3.3.1 Wafer and component characterization 

Whole-wafer I-V characterization was performed using the semiautomatic Cascade 

12000 wafer prober (by Cascade Microtech) which allows precise wafer alignment. All 

devices on the wafer were characterized via back gate biasing using the Keithley 4200-

SCS system. Device electrical characteristics were assessed by measurement of the 

IDS-VGS characteristics of up to 64 devices on a given die (Fig. 3.5). To understand the 

uniformity of our fabrication process, we investigated the variation of the threshold 

voltage as a function of its position on the wafer. For a group of 64 devices 

characterized, we were able to obtain the average threshold voltage. The standard 

deviation for the sample was calculated to be between 150 – 500 m𝑉 depending on 

the size of the nanoribbons. The off-current of dry devices is measured to be on the 

order of 10 pA to 100 pA which yields a good on/off ratio of approximately 4-5 orders 

of magnitude. According to the wafer characterization results, there were no yield 

issues with the high volume production of devices and the wafers were approved for 

dicing. The variations in the threshold voltage on wafer-level can be attributed to a 

non-uniform silicon device layer that was thinned down using dry oxidation.   

 

Figure 3.5: Semi-automatic setup used for recording the device electrical characteristics and an example 

of the I-V characteristics of two dies located at the center and corner of a 4-inch SOI wafer 

showing the deviation and hysteresis in chips located at the corners. 
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3.3.2 Characterization under ambient conditions 

Initial evaluation of the as-fabricated sensors (after dicing) is performed under 

ambient conditions using a manual probe station. The electrical measurements were 

carried out with a Keithley 6485 picoammeter and a 2636A power supply. During the 

I-V measurements, back-gate voltage (Vbg) was applied through the silicon substrate 

at a constant drain voltage (VDS) of 1 V. The drain current (IDS) was recorded while 

sweeping the gate voltage. Fig. 3.6 shows the electrical characteristics in logarithmic 

scale of 25 devices from the 30-nm and 40-nm thick device layer wafers. The devices 

show ambipolar behavior (electron and hole transport) as expected, due to the 

Schottky contacts. As a result, negative Vbg results in hole accumulation and positive 

Vbg in electron accumulation (inversion) in the nanoribbon channel. Considering an 

ideal case with no interface traps, according to (1.19) the subthreshold swing for a 

back-gate biased (box thickness 145 nm) SiNR FET with a device layer of 30 nm is 

expected to be: 

𝑆𝑆 ≈ 60 
𝑚𝑉

𝑑𝑒𝑐
 [1 + (

𝑡𝑜𝑥

휀𝑜𝑥

 ×  
휀𝑠𝑖

𝑡𝑠𝑖

)] =  930 
𝑚𝑉

𝑑𝑒𝑐
 

The measured subthreshold swing in our devices is in average (930 ∓ 100)
𝑚𝑉

𝑑𝑒𝑐
 which 

is in good agreement with the calculated lower boundary value. The NR FETs show 

large hysteresis and low transconductance under accumulation mode (could be 

attributed to presence of trapped charges in the oxide layer). Due to the instability 

issues under negative bias, it was concluded that all sensing measurements must be 

performed in the inversion mode.   

 

Figure 3.6: I-V characteristics (in log scale) for 25 SiNR FETs on a single chip. (a) 30 nm thick device 

layer. (b) 40 nm thick device layer. 
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3.3.3 Device-to-device reproducibility 

As was described previously, a single chip consists of 4 similar sets each with 

nanoribbons of different surface areas that are repeated in all sets. Comparison of I-V 

characteristics of NRs with similar dimensions can help us understand the quality and 

the reproducibility of the fabrication process.  

 

Figure 3.7: Electrical characteristics of SiNR FETs of dimensions 100x20 µm (red) and 50x10 µm (black). 

(a) IV characteristics of the mentioned nanoribbons on the same chip. (b) Transconductance 

plot of all devices with the same  
𝐿

𝑊
= 5 ratio on a single chip. 

 

As can be seen in Fig. 3.7a, the reproducibly depends on the nanoribbon 

configuration and size, showing small or no visible shift in the threshold voltage for 

the 50x10 µm device. The transconductance (𝑔𝑚) of all devices with the same  
𝐿

𝑊
= 5 

ratio on a single chip, shown in Fig. 3.7b, can be used to extract the electron mobility 

(μ) according to: 

𝜇 =  
𝐿

𝑊
×

𝑔𝑚

𝐶𝑜𝑥𝑉𝑑𝑠
                                                       (1.20) 

which is calculated to be in average (150 ± 40)
cm2

Vs
. According to the transfer 

characteristics, the fabrication process yields acceptable degree of reproducibility of 

devices on a single chip. 

3.3.4 Device performance following plasma cleaning 

Following fabrication, it is important to remove any SU8 contaminants from the 

surface of the gate oxide. To do so, a cleaning step using oxygen plasma is performed.  

Chemical reaction with highly reactive oxygen radicals and ablation by energetic 
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oxygen ions not only leads to a clean sensing area but also promotes hydroxylation 

(active OH groups) on the surface. Although advantageous, plasma cleaning could 

possibly damage the gate oxide, if not done properly. As a result, the chips were 

characterized after plasma cleaning to investigate possible deterioration of the device 

performance. As can be seen in Fig. 3.8, the device transfer characteristics remain 

unchanged except for a shift in the threshold voltage (to more negative). This is an 

expected behavior that is due to activation of hydroxyl groups on the surface which 

create negative charges on the surface through reaction with atmospheric moisture.  

 

Figure 3.8: Electrical characteristics of SiNR FETs of dimensions 100x20 µm before (black) and after 

(red) plasma cleaning. 

 

3.3.5 Characterization in buffer solution 

In order to perform measurements in solution, a custom-made measurement set-up 

was developed. The basic elements of the data acquisition system consist of a Keithley 

6485 picoammeter and a 2636A power supply. The system allows for simultaneous 

characterization of two devices on the chip. Before measurements a PDMS layer is 

aligned with the inlet and outlet openings of the on-chip microfluidic layer. A lid with 

inlet and outlet tube lies on top and is used to mount the chip on a metal chuck. As 

can be seen in Fig. 3.9, there are two possible configurations of the lid, one with a 

silver/silver chloride coated outlet and one with a container outlet where a leakage-

free reference electrode (Leaking-Free reference electrode LF-2, Innovative 

Instruments, Inc.) can be dipped in the solution. During measurements in liquid, the 

reference electrode is grounded and is merely used to set a fixed solution potential 

value.  
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Figure 3.9: Sketch of the two variations of the removable lid used for delivery of the liquids to the 

microfluidic channel. 

 

The substrate back-gate biasing is done through the metal chuck. Alternatively, 

solution gating can be done through biasing the gold pseudo-reference electrode 

integrated on the chip which is exposed to the liquid flowing in the microfluidic 

channel (the image of the whole set-up is shown in Fig. 3.9a). In order to reassure that 

the fabricated devices are reliable for fluidic measurements the leakage current, 

threshold variations and device durability in fluid, need to be measured.  One of the 

main concerns with using conventional MOSFETs as electrochemical sensors (in 

electrolyte) is the gate leakage current. The very thin silicon gate oxide layer (8 nm in 

our case) can lead to undesirable current flow from the channel to the gate oxide 

instead of the normal source-to-drain path. If the gate oxide is interfaced with an 

electrolyte with high conductivity, this leakage current will additionally flow through 

the solution. Thus, it is important to check the device leakage current (𝐼𝐺𝑆) before 

performing any sensing measurements. As can be seen in Fig. 3.9b, the device leakage 

current in phosphate buffered saline (PBS) solution was measured to be in the range 

of 1 pA-1 nA which is negligible compared to the device current. We did however come 

across devices with high leakage currents. The leakage issue with such these devices 

was attributed to the removal of the SU8 passivation layer when it is exposed to 

solutions in the microfluidic channel. Poor adhesion of the insulation layer can lead to 

electrical short circuiting between the metal contacts (source and/or the drain) and 

the electrolyte and can cripple the device operation. Additionally, for fifty non-stop I-

V sweeps, we observed an initial drift in the threshold voltage. However, the 

measured shifts become negligible with time (usually 300 seconds) when the devices 

reach electrical stability in the solution.  
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Figure 3.10: (a) Manual set-up used for sensing. The measurement set-up is capable of monitoring two 

devices simultaneously. (b) Comparison of device electrical characteristics in dry and in buffer 

conditions. The source/drain current was measured while sweeping the back-gate voltage 

(source/drain voltage was set to 1 v).  

 

3.4 Solution-gate versus back-gate biasing 

To investigate the effect of biasing conditions on the BioFET operation, we analyzed 

the electrical characteristics using standard buffer solutions. As mentioned 

previously, the gate potential can be applied either via the silicon substrate (𝑉𝑏𝑔) or 

via the integrated gold electrode (𝑉𝑙𝑔) which is in direct contact with the solution in 

the microfluidic channel. Fig. 3.11 shows the results from biasing the back gate while 

keeping the liquid gate floating and vice versa. I-V sweeps from NR1 was collected 

while running buffer solution (pH 10) in the channel. For a 140-nm buried oxide and 

8-nm top gate oxide thickness, the ratio of the capacitance of the top-gate to that of 

the back-gate (𝐶𝑙𝑔/𝐶𝑏𝑔) is roughly equal to (17.5) and a transconductance ratio equal 

to 17 was extracted from the I-V curves. However, the ratio of back gate to liquid gate 

subthreshold swing is calculated to be as low as (3.7 ± 0.3) which according to 

previous studies is reported[105] to be due to higher oxide trap densities when the 

back-gate is used. 

Additionally we observed that gating with the liquid gate demonstrates higher 

leakage currents compared to back-gate. Both back and liquid-gating are still 

operational during pH measurements (measuring shifts in threshold voltage) 

considering the fact that the devices were stable in solution with small observed 

hysteresis. 
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Figure 3.11: (a) Comparison of device electrical characteristics for back-gate (black) and liquid-gate (red) 

biasing conditions. (b) Sketch of the setup. The back-gate voltage VBG is applied to the silicon 

substrate and the liquid gate VTG is applied via an integrated gold gate located in the 

microfluidic channel (for simplicity the gold electrode is shown as immersed in the solution).  

 

3.5 Screening devices with optimized pH sensitivity 

As discussed previously, the subthreshold regime (due to the exponential change in 

the drain current with a change in gate potential), is known as the optimum operation 

regime for pH-sensing. Nevertheless, it is still important to investigate how different 

additional device parameters can be optimized to enhance the pH sensitivity even 

further while operating in the subthreshold regime.  

 

Figure 3.12: (a) pH response versus device layer thickness. The device with 30nm thick silicon thickness 

shows the optimum sensitivity. (b) Comparison of device pH response for a thick (30nm) and 

thin (8nm) gate oxide.  
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Thus, for the initial sensitivity investigations, SiNR FETs with 20-nm, 30-nm and 

40-nm thick device layer where fabricated for batch A (Fig. 3.12a shows the pH 

response for pH 6 to pH 3 citrate buffer with liquid-gate biasing of the same NR 50 x 

10 from the three various chips). As can be seen, at an optimum thickness of 30 nm 

the sensitivity reaches maximum value, and for a thicker device layer the pH response 

decreases. Our results are in agreement with the developed [106]  model for the 

description of the sensitivity under the influence of partial charges at the 

semiconductor/electrolyte interface. According to the proposed model, the thickness 

effect is directly related to the Debye screening length in the silicon layer and for 

thicker layers than the Debye length, the influence of partial surface charges on the 

NR channel decreases.  

A second batch of wafers (Batch B) was fabricated to additionally study the effect of 

the gate-oxide thickness on the pH response. For this purpose, we employed two 

silicon oxide thicknesses ( 8 nm and 30 nm) and as Fig. 3.12b shows, the pH response 

of NR1 was recorded under liquid gating (voltage applied to the gold contact) in pH 3 

and pH 6 buffer solutions. The measured pH sensitivity ratio (65 mV/pH)/(35 

mV/pH) of the two oxide thicknesses was 1.8 which compared to the capacitance ratio 

of factor 4 is much lower than expected. We concluded the discrepancy between the 

sensitivity and capacitance ratios to be due to a seemingly larger trap state density in 

the thick gate-oxide devices. Consequently, from the initial device characterization in 

the subthreshold regime, it is evident that the optimum pH response is achieved with 

a 30-nm thick silicon device layer and an 8-nm thick gate-oxide passivation layer. 

3.6 Multiplexed data acquisition 

As mentioned previously, our manual set-up is capable of performing simultaneous 

electrical measurements on just two SiNR FETs. In order to increase the accuracy of 

the sensing results and to avoid errors and issues that originate from measuring the 

devices separately, a multiplexed data acquisition system was developed. The system 

allows for simultaneous electrical characterization or real-time current recording on 

12 devices, specifically designed towards the simultaneous detection of various 

analytes in a sample (nanoribbons can be functionalized with different receptors 

using spotting). The system also includes a fully-automated pump system which can 

be programmed to systematically switch between various solutions. During this 

thesis, two different variations of the chip carrier schemes were developed for the 

multiplexed system (Fig. 3.13); initially the wirebonding scheme and later the probe 

card (epoxy) scheme (4 1/2” Probe Cards, Accuprobe, Inc.).  
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Figure 3.13: Multiplexed measurement set-up: (a) Optical image of the probe card scheme (b) Optical 

image of the wirebonding scheme on a chip carrier. (c) Real-time current monitoring of 7 

devices under back-gate biasing and shifting between pH 3 and 11 (0.5M NaCl).  

 

The new automated multi-channel I-V test system consists of an 8-row x 12-column 

matrix card (Model 7174A Low Current Matrix Card) which can be expanded with 

additional cards. The matrix card is controlled by a switching matrix (Model 707B 6-

Slot) multiplexer that can automatically switch between SiNR FETs for parallel 

measurements. The characterization system includes a dual-channel system source-

meter (Keithley2636A) to apply the source/drain voltage and measure the 

source/drain current and a DC power supply (Model 2200-20-5) which sources the 

gate voltage (back gate or liquid gate) and measures source/gate leakage current. 

Before measurements, the chip is first mounted on a magnetic positioner and the 

microfluidic lid is then aligned to the inlet and outlet holes on the chip. Fig. 3.13b 

shows a schematic of the multiplexed data acquisition system and a multiplexed real-

time current recording of 7 NRs while switching between pH 3 and pH11 (0.5M NaCl) 

solutions. 
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Figure 3.14: Cross-section of a typical epoxy card PCB (with the ring assembly attached). The fabricated 

chip is fixed on a vacuum chuck and the microfluidic lid containing the inlet and outlet tubes 

aligns on top of the chip. 

As can be seen in Fig. 3.14, the epoxy card consists of a printed circuit board (PCB) 

and the epoxy ring assembly. Probes are placed in plastic template of the ring 

assembly. The ceramic ring and epoxy hold the probes (30 in total) in their proper 

orientation which corresponds to the selected contact pads (gold electrode, source 

and drain) on the SiNR FET sensor. The completed assembly is then glued to the PCB, 

and the probe tails are soldered to appropriate PCB solder points.  

3.7 Integration of a Reference SiNR FET Sensor 

As discussed previously, drift can be a major source of error and uncertainty during 

pH measurements. To eliminate the influence of possible drift effects, it has been 

found necessary to measure the variations of 𝑉𝑡   relative to a fixed reference pH buffer. 

Combinations of an ISFET with a reference field-effect transistor (REFET) have been 

reported in the past by many researchers[107], [108]. In the conventional reference 

FETs the surface is covered with a thick polymer layer that is insensitive to pH 

variations and thus can be combined with a sensor FET in a differential current mode 

readout circuit. The drawback of the mentioned reference system is that the electrical 

response of the two devices is not identical. This is due to the fact that the thick 

polymer layer increases the overall effective thickness of the gate dielectric in the 

reference FET.  

In our design (Figure 3.15) we have tried instead to create a Sensor/Reference 

combination by separating the flow in a set of FET arrays from the rest of the sets. 

This was done by integrating an additional microfluidic channel where we can flow a 

reference buffer.  
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Figure 3.15: Real-time pH response of the sensor FET and the reference FET. 

The plot in Figure 3.15 shows the simultaneous, real-time pH measurements 

performed on the sensor and the reference FET. Using a dual syringe pump (CMA 

402), the reference channel was kept at pH 12 (flow rate = 0.1 µL/min) while different 

pH values were flown sequentially in the sensor channel with switching to pH 12 in 

between (flow rate = 7 µL/min). Comparing the current of the two devices, it is 

evident that the reference FET has no pH response and that the sensor FET response 

is affected by drift which without the use of a reference can be a source of error in 

measurements. Thus, this design allows us to constantly observe and account for any 

instability in real-time by comparing identical FETs (with identical surface); one 

exposed to a fixed reference pH and the other in contact with varying pH solutions. 

 

 

 

 



 

 

 

 

 

4 Results: Optimization and 

Integration of SiNR BioFETs 

 

 

Varying the width, length, the gate oxide material, and the surface chemistry can alter 

the electrical characteristics and thus the pH response of nanoribbons. This can 

ultimately lead to an optimized arrangement of multiple sensor devices with a high 

sensitivity on a single chip that can eventually be utilized for multiplexed biosensing. 

Previous work in our group by Elfström et al. has suggested that for a thick device 

layer (100 nm), the sensitivity increased with decreasing the width of the 

nanowires[11]. In later work and through simulations it was further shown that the 

threshold voltage increases with decreasing thickness of the silicon nanowires. In this 

section we have further investigated the parameters that affect the pH response of a 

SiNR FET sensor. In the last part of the results, we report on a new integrated 

droplet-based microfluidic system which has the potential to be used in biosensing 

applications.  

4.1 Modes of operation of SiNR FET sensors and  pH 

response 

As shown previously in Fig. 3.1, the fabricated chips with the silicon nanoribbons of 

varying surface areas allow us to study the effect of width and length on the pH 

response. For this purpose, the pH response of SiNR FETs with size variations was 

compared using microfluidics.  
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Figure 4.1: pH response modulation. (a) Effect of back-gate voltage on the pH response of a 100x20 µm 

SiNR FET when switching between pH 3 and pH 8.5 buffer solutions in subthreshold regime. 

(b) pH response versus back-gate voltage results for nanoribbons of varying length and width. 

For each nanoribbon the measurements were performed for VSD=0.1 V (●), VSD=0.5 V () and 

VSD=1 V ().  

 

For the initial investigation, the real-time pH response of the devices was recorded 

at various back-gate and source/drain voltages. The results are shown in Fig. 4.1 and 

as can be seen switching between pH 3 and pH 8.5 buffer solutions results in a 

decrease in the signal. This is due to the deprotonation of the surface hydroxyl groups 

when going to more basic solutions and thus the surface charge becomes negative. As 

a result, a drop in the conductance (electron conduction at positive VBG) of the 

channel and a decrease in the signal compared to the initial pH 3 buffer solution are 

observed for a positive back-gate bias (inversion mode). As shown in Fig. 4.1a, the pH 

response of a SiNR FET device can be modulated by changing the gate voltage. In 

order to find the optimum response, the same measurements were additionally 

performed at varying source/drain voltages (VSD=0.1 V, VSD=0.5 V and VSD=1 V). Fig. 

4.1b shows the pH response (ΔI/I) versus VBG and VSD for nanoribbons of the same 

length but a change in the width by a factor of two. Our results suggest that the 

highest response (independent of the nanoribbons size) is achieved in the 

subthreshold regime of FET-based sensor operation and also that the response 

increases for higher VSD=1 V in case of a 30-nm thick device layer. Comparison of the 

pH response versus width suggests that the wider nanoribbons have higher response. 

This trend is in agreement with the investigation[109] on the gate-referred voltage 

noise (SVG) which has been reported to be inversely proportional to the channel width 

for the nanoribbons of the same length.  
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Figure 4.2: (a) pH response (ΔI/I) in subthreshold versus linear regime when switching between pH 5 

and buffer solutions of pH 6.5, pH 7.4 and pH 8.5. The device source/drain voltage was set to 

VSD=1 V while sweeping the back-gate voltage. (b) Repeatability of the pH response 

measurements. The 50x10 µm was exposed to pH 5 and pH 8.5 repeatedly under back-gate 

voltage ranging from -1V – 6V. 

 

Next we further investigated the pH response of the 50-µm long and 10-µm wide 

SiNR FET sensor (which has the highest pH response according to Fig. 4.1b), when 

switching between pH 5 and three other buffer solutions of pH 6.5, pH 7.4 and pH 

8.5. For this purpose the real-time current shifts were first extracted and then 

normalized to pH 5 buffer. The results of the normalized response (ΔI/I) versus back-

gate voltage are shown in Fig. 4.2a and as can be seen the highest response regardless 

of pH value is achieved in the subthreshold regime. The response is rather stable until 

threshold voltage is reached and in the linear regime the response drops dramatically.  

One important factor with FET-based sensor devices is the accuracy and 

repeatability of the response. For this purpose the pH measurements for switching 

between pH 5 and pH 8.5 were repeated over the course of several days. The results 

are shown in Fig. 4.2b and the data suggests that the pH measurements are more 

accurate in the subthreshold regime compared to the linear regime. It is also 

important to note that at low back-gate voltage and low off-current (Ioff) close to 

depletion, even though the response is high, however the calculated standard 

deviation (σ = 0.0236) between repeated measurements is three times higher than the 

mean standard deviation for the data points in the subthreshold regime. This could be 

explained by the increase in noise and the reduced signal to noise ratio at low back-

gate voltages and thus performing measurements in this range should be avoided.  
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Figure 4.3: (a) I-V plot of a 100x100 µm SiNR FET showing the pH response referenced to pH 2, for the 

range pH 4 → pH 6 → pH 8.5 → pH 10 → pH 12 buffer solutions. As we go from acidic to basic 

direction the conductance of the device drops due to deprotonation of the surface hydroxyl groups 

which yields negative surface groups. (b) Threshold voltage shift versus pH comparison of 

different nanoribbon geometries on the same chip. 

To demonstrate sensing with the NRs in a large pH range, we used the bare silicon 

oxide surface without any functionalization. The back-gate voltage 𝑉𝐵𝐺  is applied to 

the Si substrate, while the liquid gate voltage 𝑉𝑙𝑔 was kept floating and the reference 

electrode was immersed in the outlet container. The response of the NRs to increased 

pH values (acidic to basic) can be observed by the shift of the I-V curves which 

corresponds to a change in the surface potential due to deprotonation of surface 

hydroxyl groups (-OH) of silicon oxide. Fig. 4.3a shows an example of the I-V curves 

for a 100x100 µm NR FET in different buffer solutions. The shift in 𝑉𝐵𝐺  is proportional 

to the pH and the sensitivity is expressed as ΔVpH /ΔpH (mV/pH). Fig. 4.3b shows the 

extracted voltage shifts in response to shifting pH values for each nanoribbon sensor. 

As can be seen the largest response is obtained from the widest NR FET with the 

highest surface area and the smallest signal from the nanoribbon with the smallest 

surface area. It is also important to notice that the pH response is not linear 

regardless of the NR size. This is a well-known trend which is related to the intrinsic 

characteristics of silicon oxide surfaces and is dependent on the buffer capacity and 

the pH of the point of zero charge of the oxide surface [66]. For silicon oxide, the pH 

response is expected to be linear for pH values higher than pH 8 and is expected to be 

(59 mV/pH) between pH 10 and pH 12 according the Nernst equation. However, our 

devices show the so-called ‘super-Nernstian’[110]  response which has been the source 

of a lot debate among the scientific community. We believe that the higher than 

expected response in our devices is due to the large subthreshold swing which in 

return means that for a certain change in the NR conductance higher voltages are 

needed.   
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4.2 Effect of salt concentration on the sensor pH 

response  

In section 4.1, pH buffer solutions with certain ionic species and strength were used 

for the pH detection. In this section we will analyze the dependence of the pH 

response on salt concentration of electrolyte solutions with alkali metallic ions such as 

sodium. This is an important effect that needs to be studied since as discussed 

previously, protonation/deprotonation of the surface hydroxyl groups in presence of 

potential determining ions (𝐻+ and 𝑂𝐻−) in an electrolyte leads to charging of the 

silicon oxide surface. An ideal pH sensor is expected to respond only to variations in 

hydrogen ion concentration (pH) and not to the counter ions (such as sodium) 

present in the solution.  

 

Figure 4.4: Effect of solution ion concentration on the pH response of the SiNR FET sensor. (a) Real-time 

current measurements for switching between 1 mM NaCl solution pH 3 and NaCl solution pH 9 

with decreasing concentration starting from 1 M up to 0.1 mM concentration. The pH of the 

solution was fixed by adding NaOH with concentration corresponding to each diluted solution. 

(b) pH response (ΔI) (pH 3 to pH 9) versus NaCl concentration for three SiNR FETs of the 

same dimensions from a single chip. 

To investigate the ion-sensitivity of the SiNR FETs, first we recorded the real-time 

current response when switching from NaCl solution pH 3 to decreasing 

concentrations of NaCl solution pH 9 at constant back-gate voltage (Fig. 4.4a). The 

pH response (ΔI) as a function of pH 9 salt concentration for three nanoribbon 

devices of the same dimension on a single chip is plotted in Fig. 4.4b. As can be seen, 

for the three devices measured, the pH response of bare silicon oxide surface 

decreases linearly with increased salt concentration from 1 mM to 10 M. Assuming 

that all solutions have the same pH value, we believe that the observed decrease in pH 

response with increased ionic strength, originates from the counter-ion adsorption 

(𝑁𝑎+
 in this case) to the surface −𝑆𝑖𝑂− groups, causing the surface to become less 

negative[111].  
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As discussed previously, the site-binding model[42] (SBM) (which has been 

generally used to explain the acid-base reactions at the surface), predicts a change in 

surface charge to more negative when switching from pH 3 (pHpzc where the surface is 

neutral) to pH 9 solution according to  

𝑀𝑂𝐻2 
+ 

   H+  

⇋
 

 𝑀𝑂𝐻 
   OH-  

⇌
 

𝑀𝑂−                                         (1.21) 

The SBM is however not fully developed and a more precise description of the 

surface reactions at the oxide/electrolyte interface additionally includes the counter-

ions present is the background electrolyte. According to the surface complexation 

model [112]–[114], for a monovalent solution such as NaCl two additional surface 

reactions that occur are as follows: 

𝑆𝑖𝑂𝐻 +  𝑁𝑎+  ⇄  𝑺𝒊𝑶 − 𝑵𝒂 + 𝐻+                                          (1.22) 

𝑺𝒊𝑶𝑯𝟐 − 𝑪𝒍 ⇄ 𝑆𝑖𝑂𝐻2
+ + 𝐶𝑙−                                           (1.23) 

Consequently, the charge of the surface is screened by the counter ions 𝑁𝑎+
 or 𝐶𝑙− 

which accumulate in the electrical double layer (EDL). As a result of the electrostatic 

attraction these counter-ions further react with the charged surface groups to form a 

complex[43]. Starting from an electrically neutral surface at pH 3 and shifting to pH 

9, the surface is assumed to be largely negatively charged and thus 𝑁𝑎+
 is dominant in 

the complexation reaction. In addition, we found a significant dependence of the 

response on the nanoribbon surface area (with NR of the dimension 100x100 µm 

showing the highest ion sensitivity). This area-dependent ionic response might be 

additionally attributed to the diffusion[115] of counter-ions, in particular 𝑁𝑎+
,  into 

the thin oxide layer.  

 

 

Figure 4.5: Schematics of the silicon nanoribbon FET exposed to NaCl solution showing the interaction of 

various ions in the solution with the oxide surface. 
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It is important to point out that, although pH detection can still be carried out at 

high salt concentrations, however, the counter ions in the electrical double layer could 

potentially block the access of charge determining ions (𝐻+ 𝑎𝑛𝑑 𝑂𝐻−) to the surface of 

SiO2 on the nanoribbons with time, and as it is evident in the plots in Fig. 4.4 (in case 

of switching between pH 3 and pH 9), deprotonation can occur much slower upon 

change of the pH level at high ionic concentrations compared to low concentrations. 

This delayed response time at high ionic concentrations has also been attributed[116] 

to transfer of mobile ions, such as 𝑁𝑎+ in our case, from the solution onto the sensor 

oxide which causes a permanent hysteresis in the response. Another proposed yet 

debatable explanation for the slow response in high salt concentrations is the 

formation of a gel-like water layer on the oxide surface in basic solutions[115]. It has 

been proposed that this interfacial water layer forms a rigid network with 𝑁𝑎+
 

counter-ions and thus slows down the diffusion of 𝑂𝐻−
  ions from the bulk solution to 

the oxide/electrolyte interface [42]. A schematic of the complexation reaction at the 

oxide/electrolyte interface is shown in Fig. 4.5. 

Considering the fact that most biosensing measurements are performed in 

physiological media which contains 𝑁𝑎+ ions, the negative effects of such cations 

must be avoided either by using  other gate oxide alternatives to replace silicon oxide 

or by covering the silicon oxide surface through chemical modification.  

4.3 Aminosilane-derived layers on silicon oxide gate 

The most popular platform for chemical modification of silicon oxide surface is 

chemisorption of a few nanometer thick self-assembled monolayers (SAM) [117], 

firstly to enhance the pH-sensitivity of silicon-oxide gated nanosensors[83], but also 

because biomolecules such as proteins[118] or DNA[119] can be coupled at the other 

functional end of certain monolayers. One method of producing SAMs is silanization 

which uses aminosilanes as the reagent. 3-aminopropyltriethoxysilane (APTES) is 

most commonly used due to its ease of fabrication and cost [120].  

Silanization is commonly performed in solution phase[121] although recently there 

have also been reports of silanization in vapor phase[122] and via molecular layer 

deposition (MLD)[123]. Commonly, prior to APTES silanization the surface silanol 

groups of the silicon oxide are activated using oxygen plasma to clean the surface and 

maximize the number of silanol (-OH) groups (𝑁𝑠) at the surface. Following the 

activation the sample (the SiNR FET chip) is immersed in the solution containing 

APTES. During the silanization process, hydrolysis of ethoxy groups (liberating EtOH 

in the medium) in APTES leads to formation of silanol groups. APTES silanols then 

condense (formation of Si-O-Si bonds at the interface) with surface silanols and form 

a condensed aminopropyltriethoxysilane (APS) self-assembled monolayer. 

 The ideal structure of a monolayer is such that amino groups (-NH2 terminal 
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group of APTES) are oriented away from the underlying silicon surface via a lateral 

siloxane network. To ensure a dense mono-layer of chemisorbed APTES molecules on 

the oxide surface, studies have suggested using a combination of an anhydrous 

organic solvent[124] and in-situ heating[125] of the solution mixture in an oil bath 

upon sample immersion. However, one drawback of APTES silanization in FET-based 

sensor applications is the control of the APTES layer thickness and uniformity. APTES 

molecules hydrolyze and polymerize easily under solution conditions. The unwanted 

polymerized APTES accumulate on the oxide surface during condensation and create 

rough features with “islands” and multilayers. 

4.3.1 Microwave-assisted heating and solution phase silanization  

To address the aforementioned limitations of solution-phase deposition, here we 

present the investigation on microwave-assisted heating of the silanization solution as 

an alternative to conventional heating with an external heat source (oil bath). Over 

the last decade, microwave (MW) irradiation has gained a lot of interest in the field of 

organic chemistry due to the enhanced reaction rates, reproducibility and scalability 

[126], [127]. 

The efficiency of MW heating relies on the ability of the solvent (anhydrous 

toluene) or reagent (APTES) to absorb microwave energy and convert it into heat. 

“Microwave dielectric heating” occurs when dipoles or ions align to the applied 

electric component of the microwave irradiation and lose energy in form of heat 

(through friction or dielectric loss) when they try to realign themselves with the 

alternating applied field. Consequently materials with higher dielectric constant 

absorb more microwave energy and heat up much faster. Within the frequency range 

for MW heating (2.45 GHz), the rotations of the polar molecules in the liquid begin to 

lag behind the electric field oscillations. This results in a phase displacement (δ) and 

an energy dissipation factor [128], or loss tangent which can be written as,  

tan 𝛿 =  휀′′

휀′⁄                                                       (1.24)  

where 휀′′ is the dielectric loss (efficiency with which electromagnetic radiation is 

converted to heat) and 휀′ is the dielectric constant of the material (polarizability of the 

material by the electric field). As a result, a reaction medium with a high loss tangent 

value is required for efficient absorption and, consequently, for rapid MW heating. As 

we discussed earlier in this section, anhydrous toluene is commonly used is solution 

phase silanization and considering the fact that this solvent has medium to low loss 

tangent (tan 𝛿 =  0.040 compared to ethanol tan 𝛿 =  0.941)[127], one might presume 

that it cannot be used in MW heating. However, since either the substrates (the chip) 

or the reagents (APTES) are likely to absorb MW, the overall dielectric properties of 

the silanization medium will in most cases allow sufficient heating by microwaves. To 
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study the overall heating efficiency of the silanization medium using anhydrous 

toluene as the solvent, samples were exposed to microwave irradiation for a fixed time 

and under fixed power.  

 

Figure 4.6: (a) Microwave-assisted heating rate of the different components of the silanization vessel 

which includes APTES dissolved in toluene and the SiNR FET sensor chip. The medium can be 

heated to 75°C in 160 seconds using MW heating. (b) Schematics of a monolayer of the surface 

silanol groups (APS) formed on the oxide.  

  

The plots in Fig. 4.6a show the microwave heating for different components in 

toluene which is measured by an infrared pyrometer in the MW synthesizer. As can be 

seen, the sensor chip immersed in anhydrous toluene can be rapidly heated to 75°𝐶 

when irradiated under microwave conditions in a sealed vessel. The rapid increase in 

temperature can be even more pronounced for the same media containing APTES 

which takes around 3 minutes. Such temperature profiles are very difficult to 

reproduce by conventional heating where it usually takes around 20-30 minutes. 

Another advantage of using MW heating in the silanization is the increased 

Brownian motion of APTES molecules due to absorption of microwaves. The MW-

induced motion not only creates a homogeneous medium but also leads to more 

efficient hydrolysis of the species during silanization.  

After confirming the efficiency of the microwave heating method, chips and control 

silicon samples were immersed in 1% (v/v) APTES in anhydrous toluene in sealed 

vials filled with nitrogen (moisture was excluded). MW heating was initiated at a 

maximum power of 400 W to reach the set temperature of 75 °C after which the 

temperature was kept constant by modulating the MW power until the end of the 

silanization reaction.  
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To remove physisorbed APTES, post-silanization cleaning was carried out in 

anhydrous toluene followed by ethanol rinsing and drying under nitrogen flow Post-

incubation at 110 °C under ambient atmosphere was performed for removal of 

residual toluene and in order to facilitate siloxane bond formation between adjacent 

APTES molecules (Fig. 4.6b).  

4.3.2 Structure of APTES film on silicon oxide  

Previous work by Howarter et al.[129] showed that the morphology and growth 

kinetics of APTES films deposited from solutions using conventional heating is 

affected by solvent, concentration, reaction time, and reaction temperature 

(Experiments with an APTES concentration of 1% only produced good films when the 

reaction was time-limited (1 h). Increasing the reaction time increased the APTES film 

thickness). Vandenberg et al. [121] also studied how various solution conditions for 

APTES silanization affect the structure of the formed layer. Consequently, they 

reported a large disorder in APTES layers. The explanation was that both head and 

tail groups of APTES can be oriented towards the oxide surface, forming hydrogen 

bond between the amine of APTES and the silanol groups of the surface. Additionally, 

cross-linking between the alkoxysilane units may yield polymerized silane structures 

on the surface, resulting in rough layers that are thicker than a monolayer (a 

monolayer is roughly 0.7 nm)[130], [131].  

We studied various MW-assisted reaction times in order to establish the optimum 

reaction conditions for preparing uniform thin films of APTES on silicon oxide-gated 

SiNR FETs. The ideal film for biosensing applications will have maximum surface 

coverage of amine functional groups and surface roughness on the order of the 

underlying substrate. The APTES films were characterized using ellipsometry, atomic 

force microscopy (AFM) and were further coupled to DNA capture probes to 

determine the ideal reaction conditions. The results are shown in Fig. 4.7. According 

to the surface characterization, it can be concluded that uniform monolayers with a 

high concentration of amino terminal groups can be produced at short silanization 

times (10 min MW heating). We believe that the silanization starts with nucleation of 

islands which continue to grow in the planar (two-dimensional) direction as the 

silanization is given more time until the entire surface is covered with a monolayer of 

APTES (APS). Prolonged silanization beyond a monolayer produces thicker films that 

have three-dimensional aggregate structures or islands of multilayers. It is also worth 

noting that as the APS layer thickness (measured by ellipsometry) increases beyond a 

monolayer, the standard deviation of the thickness (error bars in Fig. 4.7b) 

significantly increases due to the 3D island formation. Thus, we believe that the MW-

assisted silanization involves both continuous and island-type growth.  
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Figure 4.7: Surface characterization of the silanized oxide surface. (a) AFM images showing the temporal 

silanization of the oxide surface starting from the bare oxide surface (left), monolayer 

formation (middle, 10 min) and multilayers and polymerization (right, 60 min). The blue area 

in the depth profile depicts monolayer thickness.  (b) Ellipsometry for APTES thickness 

measurements, on silicon oxide substrates silanized under increasing MW-heating times. The 

APTES thickness is extracted by measuring the oxide thickness before and after silanization 

and subtracting the two values. For each condition, at least 5 spots from three different silicon 

substrates were measured to gain the average thickness and standard deviation. (c) 

Fluorescence image of spots with monolayer APTES modified with DNA capture probe and 

hybridized with fluorophore-tagged complementary DNA strands. 

 

Further investigations using fluorescent imaging of biofunctionalized surfaces 

(conjugation of DNA and hybridization with complementary fluorophore-tagged 

DNA) show that a higher density of DNA was bound to the monolayer surface 

compared to a polymerized APTES layer. The random orientations of APTES 

molecules in multilayers can result in a decrease in DNA coupling efficiency and 

hence a large variability in the performance of the DNA assays.  

It is also important to note that extensively long silanization times and exposure to 

MW irradiation (21 h) leads to rough films with large agglomerates on the surface 

surrounded by depleted and exposed bare silicon oxide areas. Based on the surface 
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characterization results, the optimized MW-assisted silanization condition is 1% 

APTES in anhydrous toluene and in-situ heating at 75 °C for 10 min which produces a 

smooth monolayer film passivation on the oxide surface (longer silanization reactions 

results in a mixed surface with partial coverage of the oxide). 

4.4 Effect of surface modification on pH response of 

SiNR FETs 

The non-Nernstian pH response of silicon oxide-gated FET-based sensors has been a 

major topic since the introduction of the ISFET concept. As discussed in chapter 2, 

the sensitivity of the SiNR FET sensor to changes in bulk pH can be quantified by 

measuring the shift in the threshold voltage of the device and is defined by the Nernst 

equation:[66] 

𝛿Ψ0

𝛿𝑝𝐻𝑏
= −2.3 

𝑘𝑇

𝑞
𝛼 ≤ 59 

𝑚𝑉

𝑝𝐻
                                         (1.25)  

As can be seen the sensitivity expression depends on the dimensionless parameter 

𝛼 which depending on the intrinsic buffer capacity of the oxide surface and the 

differential double-layer capacitance can be a value between 0 and 1. Additionally, 

Bousse et al.[132] introduced the sensitivity parameter β and showed that the slope of 

the sensitivity expression in (1.25) at pHpzc (pH of point of zero charge) can be written 

as (59𝛽 ⁄ (𝛽 + 1)) which is given by:  

𝛽 =
(2𝑞2𝑁𝑠)(

𝐾𝑎
𝐾𝑏

)
1

2⁄

𝐶𝐻𝑘𝑇
                                                     (1.26)  

where  𝐶𝐻 is the capacity of the Helmholtz layer which is a solution dependent 

parameter, 𝐾𝑎 and 𝐾𝑏 are the association and dissociation constants and, 𝑁𝑠 is the 

density of active sites on the oxide surface. The reported values for silicon oxide are  

𝐾𝑎 =  5 ×  10−6 and 𝐾𝑏 =  102 and 𝑁𝑠 =  5 ×  1018 𝑚−2 [39], [66]. This means that in 

order to modify the pH response of the gate-oxide surface from non-Nernstian to 

Nernstian, one option is to change these parameters. A possible way to change the 

dissociation constants is to bind other sites to the surface silanol groups or ‘chemical 

modification’ [133].  

As was shown in the previous section, using the 10-minute MW-assisted 

silanization, we were able to successfully cover the oxide surface with a monolayer 

and leave as few surface silanol groups (-OH groups) as possible unreacted (based on 

FTIR analysis). Thus, according to (1.26), monolayer-covered NRs are expected to 

respond differently to pH buffers, compared to a device with a bare silicon oxide gate.  
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To investigate the effect of APTES layer coverage on the pH response of the gate 

surface in various buffer solutions, the SiNR FET sensor was first silanized with 

APTES using the MW-assisted silanization and then exposed to buffer solutions 

(𝑝𝐻 10 → 𝑝𝐻 8 → 𝑝𝐻 6 → 𝑝𝐻 3) with pH 12 as the starting buffer. After each pH 

measurement, the measurement was carried out with the starting pH 12 solution. This 

procedure was introduced in order to provide identical starting conditions at the 

surface when measuring the signals due to pH change.  

An additional device exposed to prolonged silanization reaction (21 h) was also 

measured under the same buffer conditions. The APTES film in the latter device is 

expected to be a thick layer of polymerized APTES, with large areas of exposed 

(unreacted) surface –OH groups. The results of the real-time current measurements 

are shown in Fig. 4.8 and as can be seen the monolayer covered NR sensor gives a 

rather high reduction of sensitivity especially compared to the bare silicon oxide gated 

sensor, whereas the NR with a mixture of surface terminal groups gives a comparable 

increase in pH response. This can be attributed to the fact that additional amine 

groups with different dissociation constants are formed on the gate. 

 

 

Figure 4.8: pH behavior of three SiO2 surface variations. Bare oxide surface (blue), oxide surface covered 

with a monolayer of APTES (black) and a mixed surface containing both amino and hydroxyl 

groups (red). 

 



4 Results: Optimization and Integration of SiNR BioFETs| 54 

 

 

Considering an oxide surface with mixed silanol/amine terminal groups, the site-

binding model by which a site can become positively or negatively charged can be 

written as, 

𝑆𝑖𝑂𝐻 ⇄  𝑆𝑖𝑂− + 𝐻+                     𝐾− =  
[𝑆𝑖𝑂−][𝐻𝑠

+]

[𝑆𝑖𝑂𝐻]
                                        (1.27) 

𝑁𝐻2 + 𝐻+  ⇄  𝑁𝐻3
+                        𝐾+ =  

[𝑁𝐻2][𝐻𝑠
+] 

[𝑁𝐻3
+] 

                                        (1.28) 

According to reports[134], [135], values for the dissociation constants are 𝑝𝐾− = 6 

and 𝑝𝐾+ = 9. The pH at zero surface charge is 𝑝𝐻𝑝𝑧𝑐 =  (𝑝𝐾− + 𝑝𝐾+) 2⁄ = 7.5 which 

compared to the original  𝑝𝐻𝑝𝑧𝑐 = 3 for bare silicon oxide shifts to higher pH values 

and implies partial coverage of the surface with basic amine sites. The total density of 

available surface sites can also be written as, 

𝑁𝑠 =   [𝑆𝑖𝑂−]  + [𝑆𝑖𝑂𝐻] + [𝑁𝐻3
+] + [𝑁𝐻2]                                       (1.29) 

Since surface silanol groups are primarily involved in chemical modification, 𝑁𝑠  is 

expected to remain unchanged after silanization. Consequently according to (1.28), 

only a change in the 𝑝𝐾+ value of silicon oxide after silanization is the main factor in 

the optimized pH response. This explanation is in agreement with the experimental 

results where compared to bare oxide-gated SiNR FETs an increase in pH response in 

acidic buffer solutions was obtained.  

In case of a monolayer film coverage due to direct anchoring of APTES molecules to 

silanol groups (siloxane bonds), 𝑁𝑠 is also assumed to be unaffected following the APS 

silanization. The pH at zero surface charge for APS layer is  𝑝𝐻𝑝𝑧𝑐 =  9 which 

compared to bare silicon oxide shifts t0 basic pH values and displays basic properties 

(the surface is expected to be positively charged in buffers with (𝑝𝐻 < 𝑝𝐻𝑝𝑧𝑐). As can 

be seen in Fig. 4.8, the SiNR FET sensor with monolayer gate coverage is rather 

insensitive to pH despite the presence of amine groups which leads us to believe that 

amino groups are completely protonated in a wide pH range and thus give no 

contribution to the surface charge density. Our experimental results are in agreement 

with titration studies performed on APTES modified silica gels [43], [136], [135], 

[137]. It has been also suggested, by Van den Berg et al. [133], that a high coverage of 

the original surface silanol sites results in a pH-insensitive gate. The low pH response 

obtained in our measurements is an evidence for the formation of a film with 

monolayer coverage that efficiently passivates the surface silanol groups of the gate 

oxide. 
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4.5 Sensor integration with the droplet microfluidics 

system 

So far we have studied the pH sensing capabilities of our fabricated SiNR FETs in a 

continuous flow system. The principal aim of using microfluidic channels is to reduce 

reagent consumption and to obtain results in a shorter time compared to 

conventional techniques such as PDMS containers. As an alternative platform, we 

have additionally integrated a droplet-based microfluidic system which will allow us 

to implement new functionalities towards biosensing applications for example as 

microvessels for chemical or biochemical reactions[138]. This approach enables a new 

label-free detection method for droplet microfluidics that does not require the 

reaction to be coupled to a fluorescent molecule. In this section, we demonstrate the 

versatility of this approach through the detection of droplets with various pH values 

which to our knowledge has not been reported until now. A schematic of the complete 

setup is shown in Fig. 4.9. 

 

Figure 4.9: Schematics of the integrated system. From bottom the components are as follows: (a) A metal 

chip holder through which the back-gate bias is applied to the chip substrate. (b) The silicon 

nanoribbon chip with SU8 microfluidic layer. (c) PDMS droplet microfluidics chip with inlet 

tubing for oil, droplet and continuous flow to the chip. (d) A removable lid which is aligned on 

top of the chip outlet. the outlet tube has Ag/AgCl coating which is grounded during 

measurements and used as the reference electrode. 

 

 

4.5.1 Formation of droplets within microfluidic channels  

Droplet-based microfluidics involves formation of uniform droplets using two 



4 Results: Optimization and Integration of SiNR BioFETs| 56 

 

 

immiscible fluids such as water and oil (water-in-oil (W/O) emulsions)[139]. The 

droplet formation technique in our case involves three inlet channels (flow focusing 

method) [140]; a middle channel containing the water phase and two opposing side 

channels for oil phase (HFE mineral oil (3M) with 0.5% EA surfactant, RainDance 

Technologies). The three inlets converge into a main channel via a narrow orifice as 

can be seen in Fig. 4.10 and the flow rate in water and oil phase is 40 and 400µl/h 

respectively.  

 

Figure 4.10: The flow-focusing configuration for droplet formation. The oil and the aqueous phases meet 

at the junction, where the local flow field deforms the interface which causes the droplets to 

pinch off. 

 

Due to the shear force by the water-phase flow (in addition to the pressure build-up 

by the oil flow), the tip of the water phase elongates as the oil phase enters the main 

channel and eventually breaks into a droplet. The fluid flow rates, the channel widths 

and the relative viscosity are factors that can be altered in order to change the size of 

the droplets.  

4.5.2 Transfer of droplets from oil phase to the SiNR FET sensor  

In the integrated microfluidic device, the generated droplets in the oil phase are 

further selectively transferred to another water-phase continuous flow that is directed 

to the nanoribbon sensors on the chip[141]. Schematics of the droplet microfluidic 

system are shown in Fig. 4.11. As can be seen, applying an electric field (via an 

embedded electrode) across the junction where the two flows meet, induces 

dielectrophoresis (DEP) and instant capture of the droplet into the continuous 

phase[142].  

Following the transfer, train of droplets destabilize and mix with the continuous 
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flow (flow rate of 70µl/h) to the chip. For our specific application, it is required that 

the droplets containing buffer solutions be transported in a predictable and controlled 

manner. Thus, merging on demand can be achieved based on a high voltage amplifier 

(Model 623B, TREK Inc.) which amplifies a computer-generated signal and connects 

to the electrodes on the microfluidic chip to generate an electric field. 

 

Figure 4.11: Schematics of the droplet microfluidic chip. The system includes a droplet  generator (flow-

focusing), a Y-junction with electrodes on either side for droplet capture to the continuous flow 

and the continuous flow channel which directs the mixture of the droplets in the continuous 

flow to the chip. 

 

 

4.5.3 Pulse-controlled droplet transfer and pH detection 

As a proof of concept for the applications of the integrated system towards biosensing, 

we investigated the pH response of the sensors to droplets containing buffer solutions 

with varying pH values (pH9→pH6, pH9→pH7, pH9→pH8). DI water was chosen as 

the background solution in the continuous phase. In order to avoid any errors in the 

pH response after dilution with DI water, the ion concentration of all buffers were 

kept the same and the change in pH after dilution was measured with a pH-meter and 

was concluded to be minimal (±0.2). The measurements were performed under back-
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gate bias (0.8 V) while the reference electrode which in this set-up was the outlet 

coated with Ag/AgCl was grounded.  

 

Figure 4.12: (a) Real-time current measurements of pulse-controlled droplet generation and capture. 

Continuous flow contains only DI water and by turning on the pulse and during the 10 seconds 

until the pulse is turned off; droplets containing pH 9 are generated and captured by the 

continuous flow where they mix with DI water. The current drops as soon as the solution 

containing pH 9 buffer reaches the SiNR FET sensor (it takes approximately 50 seconds for the 

droplets to reach the NR). Recovery of the signal to DI water is an implication that there are no 

more droplets in the continuous flow. The same measurements were performed by generating 

droplets containing pH 6 buffer solutions. (b) Device pH response (ΔI/I) for generating 

droplets containing pH 6, pH 7, pH 8 and pH 9 potassium phosphate buffer solution. For each 

data point, the pH measurements were repeated 3 times to gain the average ΔI and the 

standard deviation. The same measurements were performed twice during the course of two 

days to check the reproducibility. 

 

The measurements started by generating pH 9 droplets from 500 mM potassium 

phosphate buffer. Applying a 10 second pulse will transfer the generated droplets to 

the continuous flow where they mix with DI water (volume ratio 9:16 

(𝑉𝑑𝑟𝑜𝑝𝑙𝑒𝑡 : 𝑉𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠)) and are directed to the nanoribbons. Fig. 4.12a shows the real-

time current recording for a sequential droplet generation and transfer from pH 9 

followed by pH 6 buffers. It approximately takes 50 seconds for the transferred 

droplet mixture to reach the probed nanoribbon.  The drop in current corresponds to 

the pH response of the nanoribbon FET sensor to the droplet train. As soon as the 

pulse is turned off, the droplet transfer stops and the continuous flow to the chip will 

only contain DI water. When DI water reaches the nanoribbons, the signal recovers 

back to DI water current. To ensure the repeatability and reproducibility of the 

measured signal from the droplets, the pulse-controlled measurements were 

performed three times at each pH value. The measured signal versus ΔpH data is 

shown in Fig. 4.12b, and as can be seen we were able to successfully detect droplet 

contents with the four-mentioned pH values using this new integrated system. It is 

also important to note that for two measurements performed on the same chip on two 

different days, the decrease in the sensitivity of the device is expected. This could be 

(a) (b) 
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due to extensive exposure of the nanoribbon and the SU8 passivation layer to 

potassium phosphate buffer which is a very strong etchant. Also as discussed earlier 

in this chapter, the non-linear pH response is a silicon oxide related characteristic 

response and can be optimized by using other oxide alternatives such as aluminum 

oxide instead.  
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5 Conclusion and Final Remarks 

 

Over the past few years, silicon nanoribbon and nanowire FET sensors have been 

used successfully for detection of proteins, nucleic acids, viruses and small molecules 

down to very low concentrations. The diversity of the sensing platform is facilitated by 

use of various receptors which can be conjugated to the gate oxide material of 

nanoFETs biosensors. However, fundamental aspects of the oxide/electrolyte 

interface such as double-layer effects and sensing methodologies still need to be 

understood in order to analyze biomolecular interactions occurring at the nanoscale.  

In this thesis we set the stage for use of SiNR FET nanosensors for multiplexed 

electrical detection studies. A sensor chip consisting of multiple nanoFET devices in 

an array was successfully designed and further developed through top-down CMOS 

compatible fabrication and microfluidic integration. The fabrication protocol yielded 

sensors with large degree of reproducibility of electrical properties such as 

subthreshold swing and threshold voltage on a wafer scale. Simultaneous electrical 

recording of different nanoribbon FETs was also demonstrated through a probe card 

scheme and an integrated reference/sensor SiNR combination which will open up 

opportunities to collect reliable data from multiple analytes. 

Furthermore, the silicon oxide-gated SiNR FETs were extensively studied in 

various electrolytes and performance limitations such as sensitivity to ion 

concentration, hysteresis and delayed pH response times were concluded to be the 

important challenges that needed to be eliminated for repeatable and reproducible 

measurements. This was firstly achieved by introducing a new surface 

functionalization method through microwave-assisted heating. We were able to 

achieve high quality APTES monolayers with full gate oxide surface coverage. 
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Compared to bare silicon oxide-gated SiNR FETs, the monolayer-covered devices 

showed better stability in electrolytes with high ionic concentration. Secondly, we 

substituted the silicon oxide gate with ALD aluminum oxide and successfully 

demonstrated that the hysteresis and delayed response can be eliminated by using 

aluminum oxide. However, bio-functionalization of such surfaces is still a challenge 

and protocols for surface modification need to be established before aluminum oxide 

can be used in SiNR FET biosensors. Lastly, this thesis goes one step further by 

integrating a droplet microfluidics system that is used to generate and transfer 

droplets to the SiNR FET sensors for detection of droplet content. This could be a new 

label-free method for analysis of droplet content that is usually dependent on 

fluorescent detection. The new integrated system is particularly promising due to its 

potential for use in cell screening.    

The results presented in this thesis put us one step closer to adaptation of FET-

based sensors in future point-of-care application by trying to address several 

outstanding issues and offering alternative routes. As a final remark, we believe that 

SiNR FET-bases sensors with the advantage of low cost and integration possibilities 

have the ability to be used in future point-of-care diagnostics.  
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Summary of Appended Papers 

Paper I. Effect of microwave-assisted silanization on sensing properties 

of silicon nanoribbon FETs. 

In this paper, we studied the surface chemistry and pH response of 3- 

aminopropyltriethoxysilane (APTES) modified silicon nanoribbon FET (field effect 

transistors) nanosensors. A new silanization method using microwave-assisted 

heating was introduced to create amino (–NH2) groups on the surface of the 

nanoribbons. Increased reaction rates, higher Brownian motion of APTES and water 

molecules and selective heating of the silicon oxide surface are among some of the 

advantages of using microwave irradiation for heating. The thickness, morphology 

and structure of the silanized films were characterized using ellipsometry, AFM, ATR-

FTIR and fluorescent imaging. Our results show that the film thickness and coverage 

depends on the microwave heating time. Additionally, our results show that a uniform 

monolayer coating reduces both the pH and ion (cation) sensitivity of the 

nanoribbons through successful passivation of the silicon oxide surface. Surface 

passivation helps eliminate interfering pH signals during biosensing. Furthermore, 

enhanced pH sensing of nanosensor by partial coverage of the oxide surface with 

amino groups was obtained.  

Paper II. Hysteresis and Time-delay in the pH Response of Al2O3 and 

SiO2-gated Silicon Nanoribbon FET Nanosensors. 

In this work, we have investigated the hysteresis and time delays in pH response of 

SiO2 -gated silicon nanoribbon FET nanosensors. The hysteresis effect was studied by 

exposing the nanosensors to cycles of pH values in acidic and basic direction. 

According to experimental results, the path-dependent hysteresis width increases 

with salt concentration and the effect is more profound in silicon oxide-gated 

nanosensors. Long-term drift in the threshold voltage of the sensors can be 

successfully addressed and monitored in real-time by an integrated sensor/reference 

FET combination. We also compared the magnitude of the hysteresis width with 

Al2O3-gated silicon nanoribbon FET nanosensors. The aforementioned devices show 

negligible hysteresis compared to silicon oxide sensors. However, detailed studies 

need to be performed to evaluate the compatibility of Al2O3 with the 

biofunctionalization processes before it can replace silicon oxide in biosensors.  

Paper III. Integration of a Droplet-Based Microfluidic System and Silicon 

Nanoribbon FET Sensor. 

In this paper, we demonstrate an integrated device that combines a droplet-based 

microfluidics system with silicon nanoribbon field effect transistors (SiNR FET). The 

generated droplets are first captured and a train of the captured droplets is then 
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mixed with an aqueous phase and directed to the nanosensor for detection. The 

integrated system is utilized to sense train of droplets containing buffer solutions with 

varying pH values. To our knowledge this is the first report on such integration and 

we envision the high potential impact of the described technology as a new label-free 

method for analysis of droplet content that is usually dependent on fluorescent 

detection. 

Paper IV. Localized Functionalization and Integration with Microfluidics 

for Multiplexed Biomolecule Detection using Silicon Nanoribbon FET 

Sensors. 

In this work, we propose a new approach for localized surface functionalization of 

individual silicon nanoribbons towards multiplexed sensing. This method is based 

upon spotting Using spotting we show a great selectivity for surface modification 

against surrounding regions which are passivated with a highly cross-linked epoxy 

layer. The selective surface modification of an array of nanoribbons on a single chip 

was then successfully visualized by spotting Cy3-labeled oligonucleotides followed by 

Fluorescent scanning. We expect that the selective surface functionalization approach 

we developed here will be extremely valuable for multiplexed, real - rime, label - Free 

detection of various biomarkers using nanoribbon-based sensor arrays. 

 

 

 


