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Abstract 

Biosensors based on nano-scale electronic devices have the potential to achieve exquisite 

sensitivity for the direct detection of biomolecular interactions. Silicon nanowire field-

effect transistor (SiNW-FET) is the most promising candidates for these purposes because 

of their biocompatibility, very high surface-to-volume ratio, fast response, and good 

reliability of the signal. In the last few years, several promising results based on SiNW

sensors, which were either fabricated by “top-down” or “bottom-up” methods, have been 

reported, such as biosensors for protein binding, DNA hybridization or the detection of 

extracellular signals from electrogenic cell.

The aim of this work was to fabricate SiNW arrays in a large scale with robust methods 

and then apply for the detection of biomolecules. To achieve these tasks, we have 

developed a novel “top-down” approach for wafer-scale processes of SiNW arrays based 

on a combination of two technologies: the novel and high throughput nanoimprint 

lithography and wet anisotropic etching of silicon. Devices were fabricated at the clean 

room facility at the Institute of Bio- and Nanosystems (IBN), Research Center Juelich, 

Germany. By our approach, the dimensions of the SiNWs can simply be tuned using 

different etching times of the sub-processes. This process offers a large dimension control 

of the desired nanowire structures without using an expensive mask or highly complicated 

nanostructuring of the devices. For the full fabrication process, we employed thermal 

nanoimprint lithography and anisotropic etching of Si by tetramethylammonium hydroxide 

(TMAH) in combination with other micro-fabrication techniques such as wet etching, dry 

etching and photolithography to create the SiNW array sensors. Two complete fabrication 

rounds were finalized including top-down structuring, implantation and silicidation of 

contact lines, passivation of the devices with a high quality SiO2 layer deposited by a “low 

pressure chemical vapor deposition” (LPCVD) process to enable device operation in liquid 

environments, gate oxide formation, metallization. Finally, chips were wire bonded and 

encapsulated with epoxy glue enabling stable and reliable operation within electrolyte 

environments. Main advantages of our fabrication protocol are that the sensors could 

achieve high sensitivity, while possible mass production and reproducibility of the devices 

are guaranteed. The chip designs were based on either 4×4 arrays for the first round or 

28×2 arrays for the second round 
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The SiNWs were thoroughly electronically characterized by using different configurations 

such as back gate control (VBG) or front gate control (VFG). We also studied the difference 

between front-gate and back-gate operation of the devices with respect to the stability of 

the electric signal.  

The SiNW sensors were then further applied for the detection of chemical and biological 

substances. First, we demonstrated the pH sensitivity of the devices and found that with 

front-gate operation, the pH sensitivity of the devices was 41 mV/pH and did not depend 

on the wire dimensions. In further experiments the devices were used for detection of Ca2+

ions and for monitoring the buildup of polyelectrolyte multilayer as a model to understand 

the sensitivity and detection mechanism of the SiNWs. It was also demonstrated that the 

SiNW arrays were sensitive to biotin-streptavidin binding and DNA immobilization and 

hybridization. The SiNW sensors generally showed approximately 8 times larger signals 

for biomolecular detection in term of flat-band voltage change in comparison to past 

experiments with our standard microscale ISFETs reported previously. 
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Zusammenfassung 

Nano-Scale Biosensoren haben das Potential hervorragender Sensitivität für die direkte 

Detektion von Biomolekül Interaktionen. Aufgrund der guten Biokompatibilität, dem 

hohen Oberflächen zu Volumen Verhältnis, der schnellen Antwortzeit und der guten 

Zuverlässigkeit  sind die sogenannten Silizium Nanowire Feldeffekt Transistoren (SiNW-

FETs) von allen Ansätzen die vielversprechendsten Kandidaten. In den letzten Jahren 

wurde über verschiedene vielversprechende Ergebnisse basierend auf SiNWs zur DNA 

Hybridisierung oder zur extrazellulären Detektion von Aktionspotentialen berichtet. Die 

Fabrikation erfolgte entweder durch “top down“ oder “bottom up“ Methoden.  

Ziel dieser Arbeit war die Erstellung einer Methode zur Fabrikation eines großen Arrays 

von SiNWs auf einem Chip für die Anwendung in der Biosensorik. 

Um dieses Ziel zu erreichen wurde ein neuer “top down” Ansatz entwickelt, der die 

Prozessierung ganzer Wafer ermöglichte und auf der Kombination der neuartigen 

Nanoimprint Lithographie mit hohem Durchsatz und anisotropem Ätzen von Silizium 

basiert. Die Chips wurden vollständig im Institut für Bio und Nanosysteme des 

Forschungszentrums Jülich gefertigt. Im gesamten Fabrikationsprozess kamen neben der 

nanoimprint Lithographie und dem anisotropen Ätzen mittels TMAH noch weitere 

Mikrofabrikationsschritte, wie nasschemisches Ätzen, Trockenätzen oder 

Photolithographie zum Einsatz. 

Das Chip Design bestand entweder aus einer 4x4 Matrix, oder einer 28x2 Matrix. Durch 

den hier entwickelten Ansatz können die Dimensionen der Drähte, durch die Verwendung 

unterschiedlicher Ätzzeiten, einfach modifiziert und angepasst werden. Dies ermöglicht die 

volle Kontrolle der Drahtgrößen, bei gleichzeitig minimalen Kosten, da keine zusätzlichen 

Masken oder komplizierten Nanostrukturierungen verwendet werden müssen. 

Weiterhin erfolgt noch die Passivierung der Leiterbahnen mit einem hochqualitativen SiO2.

Hierzu wurde die SiO2 Schicht mittels “low pressure chemical vapor deposition” (LPCVD)

abgeschieden.  

Den letzten Schritt stellen das Drahtbonden der Chips und die Verkapselung mittels 

Epoxy-Kleber dar. Dies führte zu einem stabilen Chip der in Elektrolyt Umgebung 

betrieben werden kann. 
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Hauptvorteil unseres Fabrikationsprotokolls ist die Möglichkeit der Massenproduktion mit 

guter Reproduzierbarkeit in Kombination mit der hohen Sensitivität der Sensoren.  

Die Nanodrähte wurden sorgfältig mittels verschiedener Konfigurationen wie “front gate“ 

und „back gate“ Kontaktierung charakterisiert und die Unterschiede in Bezug auf Stabilität 

des elektrischen Signals analysiert.  

Die Demonstration der Leistung der Chips erfolgte auch anhand der Detektion chemischer 

und biologischer Signale. Mit der „front gate“ Konfiguration wurde eine pH Sensitivität 

von 41 mV/pH gemessen, die unabhängig von den Drahtdimensionen war. In weiteren 

Experimenten kamen die Chips zur Detektion von Ca2+ Ionen und zum online Monitoren 

des Aufbaus von Polyelektrolyt Stapeln zum Einsatz. Dies wurde zur Erstellung eines 

Funktionsmodells zur Analyse der hohen Sensitivität der Drähte verwendet. Schließlich 

konnte noch die Bindung von Biotin-Streptavidin sowie die Immobilisierung und 

Hybridisierung von DNA mittels des Chips verfolgt werden. 

Die hier produzierten SiNWs zeigten ein viel größeres Signal bei der Detektion von DNA 

als es in vergangenen Experimenten mit Standard micro-ISFETS berichtet wurde. 
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Chapter 1. Introduction 

Sensing of chemical and biological substances has an important role in modern life. This is 

due to the fact that many commonly used chemical and biological substances are dangers 

to human health, agriculture and environment. Highly sensitive and selective detection of 

these substances offer many applications in various fields such as security [1], clinical 

screening and diagnosis [2, 3-5], drug discovery, food control, and environmental 

monitoring [4, 6-8], and also help for understanding of the biological systems [9, 10]. In 

this sense, it is imperative to develop a sensor for these purposes. In doing so, the sensor 

needs to meet some basic requirements, such as fast response, be small, robustness, be 

relatively cheap in terms of fabrication, present stability over long periods and be specific 

to one analyte or at least to a group of analytes of interest. To fulfill these tasks, most of 

the time interdisciplinary solutions including physics, electronics, chemistry, and 

biochemistry need to be developed for those sensors. 

In this context, biosensors are the devices of choice, ideally small and portable, that allow 

the selective quantization of chemical and biochemical analytes. They consist of two main 

components: A transducer and a (bio)chemical recognition element. The (bio)chemical 

recognition element is accomplished by exploiting the natural selectivity of biochemical 

processes, in which enzymes, antibodies, chemo receptors, and nucleic acids meet their 

respective binding partner with high affinity. In the presence of analytes, the specific 
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binding events of the biological systems at the surface of the transducer cause a change in 

local environment at the surface. The transducer monitors the effect, and converts the 

biochemical recognition event into a measurable signal. Transducers may measure 

gravimetric, optical, thermal, or electrochemical effects that change during the binding 

process. In some concepts, the analyte of interest is coupled to a reporter molecule – the 

so-called label – and the effect is caused by this label interacting with the recognition site. 

Because of the many reasons, like, to avoid an extra binding step of the label to the analyte, 

to reduce the consumption of label material and the cost, and finally, to enhance the overall 

assay time, there is nowadays a strong drive towards the development of label-free 

biosensors. The principal of the label-free biochemical sensor is illustrated in figure 1.1. In 

this concept, receptor molecules are immobilized on the transducer surface and the binding 

event of the sample molecules to the receptor create change in electric signal of transducer 

such as a change in monitoring current or voltage. The signal changes are amplified and 

measured by electronic equipment and the data are stored. In the last step, data analysis 

and some calculations give final results. There are many potential advantages to label-free 

approaches, most noteworthy is that they can provide direct monitoring of analyte binding 

to target molecules without modifying the molecules of interest with labels or by using 

reporter systems. 

Figure 1.1 Scheme of a typical biochemical sensor [11]. The transducer converts the 

biochemical signal on the surface of the transducer to the readable electronic signal. The 

signal is then amplified and displayed by electronic readout. 

�����
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Nowadays, exploration of nanomaterials and nanotechnology for different biomedical 

applications has been highly investigated. For example, the nanotechnology is enabling the 

development of small, inexpensive and highly efficient and sensitive biosensors, with 

broad applications [12-14]. It is envisaged that by enhancing the interactions that occur at 

the nanoscale, sensors may offer significant advantages like enhancing the sensitivity and 

selectivity over conventional sensors. Such advantages are special due to the similarities in 

sizes between the nanoscaled sensors and those detectable molecules. These unique 

properties of nanoscale materials make them ideal candidates for sensing applications. The 

devices could either be integrated into existing micro technology platform or creating new 

and independent platforms [15, 16]. Using nanotechnology processes, the sensor devices 

can be highly integrated enabling a broad range of applications such as multiplexing 

detection. In this case, various specific probe molecules are immobilized on each sensor of 

a large scale array and specifically bound to a target contained inside an analyte solution 

such as blood serum. 

Improving sensitivity is a major issue while developing nanoscale sensor devices. At the 

nanoscale, sensors should be able to detect a single molecule or atom [17-21]. The small 

size, light weight, and high surface to volume ratio of nanostructures make them ideal 

candidates for the detection of chemical or biological species with remarkable sensitivities 

that were initially thought to be unattainable. In addition, in nanostructure the entire 

structure can be affected by the analyte and not only the surface as the conventional 

sensors [12]. Another aspect of nanoscale devices is the fast response time of such sensors. 

In this case, the speed, in which species can be detected, is most definitely affected by the 

sensor dimensions [22]. Hence, nanoscale sensors present opportunity of improving the 

sensor’s dynamic performance, which is another key objective of nanosensor devices. 

A wide range of nanomaterials and nanoscale devices are promising candidates for 

biosensing applications [13, 23-25]. For instance, nanoparticles or quantum dot offer to 

tune or to amplify the response of standard optical sensors towards narrower frequency 

bands to increase the accuracy and selectivity of such sensors and enable medical imaging 

of different targets [18, 23, 25-27]. The surface of nanoparticles can be functionalized with 

different species such as proteins or DNA for specific applications [25, 28, 29].

Nanocantilever sensors can measure the deflection of a laser beam or a piezoresistive 

element upon binding of desired molecules to a thin cantilever [30-32]. Each of these 

methods offers promising performances, however, there are also coherent limitations of 

such approaches because of the mandatory laboratory readout. 
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Since the introduction of ion-selective field-effect transistor (ISFET) [33], the device was

extensively studied as prospective biosensor to detect all kinds of biomolecules. The 

ISFET structure is derived from a metal-oxide-semiconductor field-effect transistor 

(MOSFET), a basic electronic element in all of the modern electronic devices. In ISFET, 

the metal gate contact of the MOSFET is removed and the gate dielectric material is

directly employed as a transducer for detection of chemical and biological substances. 

Normal ISFET has the gate length from few µm to few hundreds of µm. The progress in 

the detection of variety of biomolecular interactions using ISFETs with either 

potentiometric or impedimetric principles are reported in literatures [34-48]. The details of 

ISFET device and the two different methods will be discussed in chapter 2 of this thesis. 

Scaling of the microscaled ISFET device to nanoscaled device for biosensing applications 

by using a silicon nanowire (SiNW) was firstly demonstrated by C. Lieber and coworkers 

[49]. After the pioneering work, there are extremely increase of researches on SiNW 

sensors for bioelectronics applications. SiNW has potential to produce an ultrahigh 

sensitive, label-free sensor for a broad range of applications. At the nanoscale, the SiNW 

structure increases the surface-to-volume ratio, the geometry of the SiNW restricts current 

flow to a much smaller confined region than in usual Si bulk ISFET devices and thus is 

increasing the device sensitivity such that only a small number of charged molecules can 

cause a measurable signal. By modifying the surface of the SiNWs with different type of 

catcher molecules such as antibodies, aptamers, single stranded DNA or PNA, specific 

proteins, or other molecules, the device is very sensitive to detect many different target 

analytes, enabling varieties of different biomedical applications [49-65]. Beside the 

chemical or biomolecular detections, the SiNW devices can also be used to study the 

activity of electrogenic cells [10, 66, 67] or even the signal propagation and 

communication inside neuronal networks [10].

In the related biosensors and bioelectronics literatures, several different methods for SiNW 

fabrication are described [49, 53, 54, 61, 68-73]. They can be divided into two categories: a 

“bottom up” approach that is usually based on vapor-liquid-solid method (VLS) with metal 

precursors (mostly Au), and a “top down” approach that is based on advanced lithography 

techniques. In the latter case usually silicon-on-insulator (SOI) substrates were used and 

mostly electron-beam lithography (EBL) is used to define structures. In the “bottom up” 

approach epitaxial, cylindrical nanowires with a diameter from several nm to 100 nm are 

grown with high quality. However, this approach has several limitations such as complex 
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chip integration, difficulties in individual nanowires positioning, and a difficult process to 

achieve reliable ohmic contacts [72]. These result in a low yield of working devices per 

fabrication process which leads to immense fabrication costs per device and prevent 

commercial products so far. In contrast to this, the “top down” approach has several 

advantages. First of all, the nanowires are uniform in size and well aligned as a ‘process 

intrinsic’ results. The “top down” methods usually produce functional nanowires in high 

yields, and in predetermined orientation and position on the substrate. In addition the 

device fabrication can be adapted to industrial CMOS processes, promising a low-cost 

production of single use test kits.  

The nanowires produced by the “top down” approach typically have widths from 50 nm to

few hundreds of nm and lengths ranging from 3 µm up to 1 mm [54, 61, 70, 71, 74, 75].

However, realizing nanowires in very small diameters is one of the big challenges of the 

“top down” approach, since EBL has its limitation as well as it is a low through put 

technology. Deep UV lithography would in principle fulfill the requirements, but is 

difficult to access at the research level. Several strategies of size reduction for SiNWs 

fabricated in a “top down” approach can be realized by a process called “self-limiting 

oxidation” after structuring [54, 68, 76] or by wet anisotropic etching of Si [61, 75]. By 

these approaches, the size of the SiNW can be achieved in the same range as in the 

“bottom up” approach. In addition, the sensitivity of the devices fabricated by the “top-

down” approach depends on its fabrication protocol. One major problem of the direct “top 

down” approach is that the SiNWs are usually defined by a reactive ion etching (RIE) 

process. It was previously described that in this case uncontrolled plasma reactions create 

defects on the SiNWs surface [77-79] led to degradation of the electronic properties, and 

hence, decreased sensitivity of the devices [61, 80]. In contrast to this, SiNWs fabricated 

by wet anisotropic etching of Si with e.g. tetramethylammonium hydroxide (TMAH) 

showed high electric performances [80] as well as improved sensitivity of the finalized 

SiNW sensors [61].  

�����

The goal of this thesis was to create SiNW-FET arrays by “top-down” approach on wafer–

scale level for biosensors and bioelectronics applications. To achieve our targets, three 

steps were conducted: i) first, fabrication of robust and high quality SiNW-FET arrays, ii) 

second, electronic and electrochemical characterization of these devices and developing an 

amplifier readout for the SiNW chips, iii) demonstrating the devices as label-free biosensor 
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for the detection of chemical and biological species such as DNA hybridization, or protein 

interactions. All the experimental results are presented in four chapters in this thesis. 

The fundamental aspects of this work are covered by chapter 2. Section 2.1 will discuss the 

general principle of field-effect transistor operation as biosensors and the related theories 

for signal modeling. Section 2.2 will give an overview about related SiNWs’ works 

reported in literature as ultra-sensitive biosensors as well as described advantages of these 

devices over traditional micro scale ISFETs and theoretical considerations for such 

devices. Section 2.3 will give an overview about the novel nanoimprint lithography 

techniques and the anisotropic wet etching of Si by TMAH solution. 

Chapter 3 will present and discuss in details all experimental protocols that have been used 

throughout this work. In the first part of this chapter, the sensor designs and the fabrication 

process flows are shown in detail as well as the critical points in the fabrication process are 

addressed. The next parts provide details about the measurement setups, SiNW 

characterization procedures and the experiment protocols for pH sensing, the detections of 

multilayer polyelectrolytes build up, Ca2+ ion binding to oligopeptides, biotin-streptavidin 

binding and DNA immobilization and hybridization by the SiNW devices. 

Chapter 4 will present and discuss about the results of SiNW arrays fabrication and 

characterization. The results of the chip fabrication process will be presented and discussed 

in the first part of this chapter (section 4.1). In section 4.2, the electronic characterization 

results of the devices will be discussed in detail. Section 4.3 gives some remarks of the 

chip fabrication and characterization. 

In chapter 5, the results of the biomolecular detection using the SiNW arrays such as the 

pH sensitivity experiments of the nanowires, highly sensitive detection of Ca2+ ion, 

electronic monitoring during the layer-by-layer adsorption of polyelectrolyte, biotin-

streptavidin molecules binding as well as for the detection of DNA molecules are 

presented and discussed. 

Chapter 6 will conclude this thesis and give outlook for future improvements and 

applications of the system.
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Chapter 2. Fundamentals 

2.1. The ISFET as label-free biosensors 

This section gives a short introduction about the working principle of an ISFET device and 

the basic principle of the device operation for biosensor applications. 

2.1.1. ISFET: structure, operation and characteristics

Structure

The ion-sensitive field-effect transistor (ISFET) was invented by P. Bergveld in 1970 [33].

The device was derived from the metal-oxide-semiconductor field-effect transistor 

(MOSFET), a basic device in microelectronic circuits. Both devices have identical 

structures except for the gate electrode that contacts the gate oxide. For instance, while the 

MOSFET employs a metal or polysilicon layer as a gate electrode [83, 84], the ISFET 

employs a system of reference electrode immersed in the electrolyte solution as a gate 

electrode.  

The ISFET device generally consists of four terminals: source, drain, bulk and gate 

electrodes. In a normal operation mode, the bulk terminal is set to the same voltage as the 

source terminal, normally grounded. Simply, the ISFET has three terminals: source, drain 

and gate electrodes. A schematic of a p-channel ISFET device is illustrated in figure 2.1. 
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Figure 2.1. Schematic illustrates cross-section of a p-channel ISFET device. Source and 

drain terminals are defined by the p+ regions in an n-type silicon substrate. Gate capacitor 

is a thin layer of oxide that separates the Si substrate from electrolyte solution. The gate 

voltage is applied through a reference electrode immersed in electrolyte solution on top of 

the gate oxide. The thick passivation layer on the contact lines is necessary for a reliable 

operation of the devices in the different electrolyte solution as well as to avoid interfering 

with the signal at the gate oxide.  

The source and drain regions (p+ regions) are highly doped by acceptor ions in the n-type

Si substrate and, thus, create a pnp- structure inside the substrate. A thin layer of oxide, 

called gate oxide, is grown on top of the n-type silicon substrate between source and drain, 

acting as a capacitor for the field effect. In order to limit the capacitive coupling of the 

source and drain contact lines and to avoid leakage current into the signal of the ISFET, the 

source and drain contact lines are covered by a thick layer of insulators. Depending on 

application purposes, the gate surface of the ISFET can be further modified by depositing 

other materials on the oxide layer such as Si3N4 for pH sensors [85-87], monolayer of 

polymer for biomolecular binding [42, 88], or high-k materials to enhance the electronic 

coupling with biology systems [82].  

In the following treatment of the ISFET, it will be referred to the p-channel ISFET, which 

is composed of a pnp-structure, because most of the works in this thesis were based on p-

channel transistor. However, all considerations apply in analogous manner to the n-channel 

ISFET. 
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Operation principle 

Figure 2.2. Energy band diagram of a long channel p-channel transistor. The voltage 

applied to the gate reduces the energy barrier and thus forms a conductive channel 

between source and drain at the threshold voltage (VTH). The black lines represent the 

transistor in an “off-state”. The red lines represent the transistor in an “on-state”. The 

dash colored lines show the relationship of the energy barriers on the voltage applied 

(Adapted from [89]).  

The operation of the ISFET is similar to the operation of a MOSFET device, where the 

gate voltage modulates the current between the source and drain, IDS. This phenomenon 

can be physically explained by using a simple energy band diagram model of the device as 

shown in figure 2.2. In the equilibrium condition, due to the different free- charge polarity, 

the two pn junctions at source-channel and drain-channel interfaces form a built-in 

potential under flat band condition. The energy band bending caused by two pn-junctions 

forms a potential barrier under the gate. When the gate voltage equals zero (VGS = 0 V), the 

charge carriers (“holes” in this case) cannot pass the channel due to potential barrier 

between the channel and the drain/source areas. Therefore, there is no current flow 

between source and drain even if a drain voltage is applied (VDS < 0 V). When a gate 

voltage is applied (VGS < 0 V), the potential barrier decreases with increasing gate voltage 

until it reaches the threshold voltage (VTH). At this point, an inversion layer of charge 

carriers is formed under the gate area, thus, forming a conductive channel between source 

and drain. When a drain voltage is applied, an electric current flows between source and 

drain. With low drain voltages, the device operates like a resistor with the gate voltage 
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controlling the resistance, while under high drain voltage the device operates like a current 

source with the gate voltage controlling the magnitude of the current. More details about 

the FET devices can be found in several semiconductor text books [84, 90].

Characteristics 

Potential drops across the ISFET with an applied gate voltage are shown in figure 2.3 [91].

They are the voltage drops at the reference electrode, the electrolyte solution, the oxide –

electrolyte interface, the gate oxide layer and the silicon under the gate. They depend on 

the reference electrode type, the composition of the electrolyte solution, the gate oxide 

charges and the specific doping level of the silicon, respectively. Therefore, threshold 

voltage of an ISFET is defined as [92] 

Ψ   2.1

ΦF is the potential difference between the actual Fermi level in the silicon between source 

and drain and the Fermi level of the intrinsic silicon. A potential change of 2ΦF at the 

silicon surface is generally defined as the onset of the inversion layer. Eref is the reference 

electrode potential related to vacuum. The potential at the gate oxide-electrolyte interface 

is determined by the surface dipole potential of the solution χsol, which is a constant, and 

the surface potential Ѱs, which results from a chemical reaction, usually governed by the 

dissociation of surface-oxide groups. ΨSi is the silicon work function, q is the elementary 

charge, Cox is the capacitance of the gate oxide, Qox, Qss and QB are the fixed charges

located at the oxide, the surface state density at the silicon surface and the depletion charge 

in the silicon, respectively. 

For a real ISFET device, all contributions in equation 2.1 are in a first approximation 

constant except Ѱs. The surface potential depends on the oxide-liquid interface, where the 

surface charge depends on the dissociation of the oxide surface group at different pH-

values of the solution or by the adsorption of the charged molecules to the surface. 

Therefore, the ISFET is sensitive to the pH-value of the electrolyte and to the binding of 

biomolecules, realizing at the same time a pH sensor and a biosensor. It is important to 

note that the electrochemical reference electrode (RE) is necessary to keep the ISFET 

working reliably as it will be discussed later.  
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Figure 2.3. Potential drops at gate electrode of an ISFET structure. The potential drop 

due to the reference electrode and electrolyte interface is (Eref + χsol). The potential drop 

due to double layer at the electrolyte–insulator interface is (Ѱs). The potential drop within 

the insulator is Ѱox. The potential drop due to the depletion charges in the semiconductor 

is Ѱsi (Adapted from [91]).

If the gate voltage is higher than the threshold voltage (VGS > VTH), the source to channel 

barrier is large and the number of charge carriers in the channel is small. In this case, the 

diffusion of the charge carriers dominates and the drain current IDS varies exponentially 

with (VGS-VTH) as given by 

μ    2.2

where m= 1+  with CD is semiconductor depletion capacitance, μ .is effective hole 

mobility. The subthreshold slope 

(mV/decade)    2.3

shows the necessary increase in gate voltage to increase the drain current by a factor of 10. 

For a well-designed device, S is smaller than 80 mV/decade [90]. The theoretical lower 

limit is 60 mV/decade at room temperature. 

When VGS < VTH, an inversion layer of hole carriers is formed under the oxide layer of the 

channel, thus, creating a conducting channel between source and drain. The holes density 

(Qp) of the inversion layer per unit area parallel to the surface over the entire channel 

length L is given by 

    2.4

In this equation, W is the width of a transistor, Cox is the gate oxide capacitance per unit 

area and VGS and VTH are the gate source voltage and threshold voltage, respectively.  



2.1. The ISFET as label-free biosensors 

12

An applied drain-source voltage causes Qp to vary along the channel length, because the 

voltage drop across the gate oxide is now a function of the channel length. Assuming that 

the voltage drop at position x along the channel length is V(x), the hole density at position 

x is given by 

  2.5

while the current at position x is equal to 

  2.6

Since IDS must remain constant along the channel, V(x) and dV(x)/dx must vary such that 

the product of VGS-V(x)-VTH and dV(x)/dx is independent of x. The resulting relation 

between the drain current as a function of drain-source voltage VDS and gate-source 

voltage VGS is given by 

      2.7

The nonlinear relationship between IDS and VDS reveals that the transistor cannot generally 

be modeled as a simple resistor. However, for a small drain voltage ǀVDSǀ << 2 (ǀVGS-VTHǀ), 

equation 2.7 reduces to:    

    μ    2.8

This equation exhibits a linear relation between IDS and VDS for a given VGS and the 

transistor behaves simply like a resistor. 

If the drain voltage increases, the drain current reaches a saturation and becomes constant 

for ǀVDSǀ > ǀVGS - VTHǀ. At the point where VDS = VGS - VTH, the channel experiences a 

pinch-off state. Thus, further increase in VDS simply shifts the pinch-off point toward the 

drain. In the saturation mode, the relation between the drain current and the voltage is 

given by  

    μ     2.9

This equation applies for a long channel transistor, while the equation must be modified 

considering the channel modulation effect for short channel transistor [84]. 

The transconductance of an ISFET is the derivative of the drain current in dependence of 

the change of the gate voltage and can be determined from the transfer characteristic of the 

device: 

        2.10
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μ

μ
.  2.11

The maximum of this value is a measure for the quality of the device. A higher value 

corresponds to a larger change in the drain current for a given change in VGS. For an 

ISFET device, this parameter is the most important one, because it reflects the sensitivity 

of the device. 

Figure 2.4. Output characteristics of a p-channel ISFET device show the dependent of 

current on VDS at constant VGS values. At low VDS the transistor behaves like a resistor 

while at high VDS the current IDS is saturating. 

Since the ISFET has three terminals, there are two ways to plot the characteristics of the 

transistor, namely the transfer and the output characteristics. The output characteristics 

displays the dependence of the drain source current (IDS) to the drain-source voltage (VDS)

at constant gate-source voltages (VGS), while the transfer characteristics displays the IDS

versus VGS at constant VDS. In figure 2.4 shows typical output characteristics of a p-

channel ISFET measured in electrolyte solution of pH 7. The black and red curves (at VGS

= 0.0 V, 0.5 V) present the output current measured at VGS below VTH, IDS is 0. The green, 

blue and cyan curves present the output current at VGS above VTH. At low VDS, the current 

is linearly dependent on VDS, while at high VDS the current is saturated and only depends 

on VGS. 

Figure 2.5 shows the transfer characteristics of the p-channel ISFET in linear and in 

logarithmic scales. On a linear scale, essentially no current flows until the gate voltage 

reaches the threshold voltage, VTH. On the logarithmic scale, however, the drain current 



2.1. The ISFET as label-free biosensors 

14

increases exponentially for |VGS < VTH|. Above threshold voltage, IDS varies as the gate 

overdrive, VGS - VTH to a characteristic power. Normally, the working point of an ISFET 

device is chosen at the maximum value of transconductance at a certain VDS.

Figure 2.5. Transfer characteristics of a p-channel ISFET showing IDS (on a logarithmic 

scale on the left and a linear scale on the right) versus the gate–source voltage, VGS. The 

transistor is considered to be switched on when VGS is equal to the maximum voltage 

supplied to the device. The higher the slope in the subthreshold region (VGS < VTh), the 

better the transistor switch-on characteristics become. Above threshold, the change in ID

for a given change in VGS is called the transconductance, gm. The working point of an 

ISFET for a constant voltage mode is usually chosen at the maximum value of the 

transconductance.

2.1.2. The oxide-liquid interfaces

When a silicon oxide surface is in contact with an electrolyte solution, surface hydroxyl 

groups (SiOH) are built up at the oxide-electrolyte interface. These hydroxyl groups are 

charged depending on the pH-value of the solution. The pH – value at which the surface is 

neutral, is called the point of zero charge (pHpzc) (pHpzc = 2.2 for SiO2) [94]. At a pH lower 

than the pHpzc, the oxide surface is positively charged and at a pH higher than the pHpzc the 

surface is negatively charged. Consequently, at physiological pH value (pH ≈ 7), the net 

surface charge of silicon oxide is negative. In this section, the relationships between the 

surface potential ѰS and the pH-value of the solution, the surface charge density σ and the 

concentration of ions in the electrolyte are discussed. 
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Figure 2.6. Schematic illustrates the acid-base equilibrium (chemical reactions) on silicon 

oxide surface. The reaction involves the protonation and deprotonation of hydroxyl groups 

(OH) from the oxide surface. To which extent the one reaction exceeds the other is strongly 

influenced by the pH-value and determines the net surface charge [93]. 

A general model of the surface potential ѰS changes per unit bulk electrolyte pH-value was 

developed by Bergveld’s group [95]. Depending on the pH of the solution, the hydroxyl 

group at the oxide surface can protonate or deprotonate to form positive or negative charge 

as shown in figure 2.6 and build up an effective charge at the oxide surface. Due to this 

charge an electrostatic potential Ѱs is developed in the electrolyte solution side near the 

oxide surface. This potential between electrolyte solution and oxide surface causes a 

difference of proton concentration between electrolyte bulk and surface that is according to 

a Boltzmann statistics: 

    Ψ      2.12

where  is the respective activity of H+ (proton), the subscripts S and B refer to the 

surface and the bulk solution, respectively; q is the elementary charge, kb is the Boltzmann 

constant and T is the absolute temperature. Transformation of equation 2.12 yields the 

Nernst equation, which describes the relation at equilibrium between Ѱs and the 

corresponding differences in the pH-value between bulk and surface: 

    Ψ     2.13

The capability of the surface to store charge as a result of a small change in the H+

concentration at the surface is directly related to the intrinsic buffer capacity βint 

     β σ     2.14
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Because of charge neutrality, an equal but opposite charge with respect to σ0 is build up in 

the electrolyte solution side at the interface. The two opposite charges form the so-called 

double layer capacitance CDL. This value depends on the electrolyte solution and describes 

the amount of charge delivered from the bulk electrolyte to the interface upon a change in 

the surface potential: 

          2.15

Combination of (2.14) and (2.15) leads to an expression for the sensitivity of the 

electrostatic potential ѰS towards the change of the pH-value at the oxide surface: 

     Ψ     2.16

Combining the Nernst equation and equation 2.16 gives a general expression for the 

sensitivity of the electrostatic potential to changes in the bulk pH-value:   

     Ψ     2.17

with  

        2.18

α is a dimensionless sensitivity parameter, and its value varies between 0 and 1 depending 

on the intrinsic buffer capacity and the double layer capacitance. The magnitude of βint and 

CDL relative to each other determine the deviation of the pH sensitivity from an ideal 

Nernstian behavior, which corresponds to a change of 59 mV/pH at room temperature (T = 

300 K). However, in reality this maximum will not be reached as the surface SiO groups 

act as pH buffers. The following paragraph will discuss how βint and CDL are related to the 

structure and composition of the specific gate oxide and employed electrolyte solution, 

respectively.  

Yates et al [96] developed a site-binding model to describe the charging mechanism of the 

oxide surface. According to this model, the charging of the oxide surface is the result of a 

thermodynamic equilibrium reaction between the surface hydroxyl groups (SiOH) and the 

H+ ions of the bulk electrolyte solution. The reactions are: 

SiOH  ↔  SiO- + H+ 2.19

SiOH2
+ ↔  SiOH + H+. 2.20

This chemical reaction shows that an originally neutral surface hydroxyl group can bind a 

proton from the bulk solution to become a positive surface charge with the dissociation 
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constant Ka, as well as to donate a proton to the solution, leaving a negative charge on the 

oxide surface with the dissociation constant Kb. It is noted that the K values at thermal 

equilibrium are intrinsically dimensionless and constant independent of the ionization state 

of the oxide surface. The relation between the surface activity and the bulk activity of H+ is 

given by the Boltzmann equation. Depending on the chemical equilibrium of the surface 

sites, a surface charge density σ0 exists:  

        2.21

where Ns is the density of the available sites on the oxide surface. The pH dependent 

intrinsic buffer capacity of an oxide is 

      2.22

This expression is valid for all oxides whose charging mechanism can be described by the 

association and dissociation of one amphoretic group. The values of NS, Ka, Kb are oxide 

dependent.  

Hiemstra et al. introduced a multisite complexation model (MUSIC) to describe the 

charging mechanism of oxides [97]. This model is based on crystallographic considerations 

and can be unified with the site-binding model. In this model, the charging of silicon oxide 

surfaces is completely dominated by the dissociation of individually coordinated, neutral 

groups so that the protonation of the silanol groups is negligible in the normal pH-value 

range. The intrinsic buffer capacity of the SiO2 surface is given by: 

        2.23

The oxide–electrolyte interface formed an electric double layer. The thickness of the 

double layer is usually given as being approximately 1.5 λD, where λD is the Debye–Hückel 

length: 

          2.24

where n0 is the bulk concentration of the electrolyte, εr is the relative dielectric permittivity 

of the solvent, ε0 is the permittivity of the vacuum, kb is the Boltzmann constant, T is the 

temperature, z is the ion charge, and e is the elementary charge. For z = 1, the approximate 

λD values calculated for electrolyte concentrations of 1 × 10−3, 1 × 10−5, and 1 × 10−7 M are 

10 nm, 100 nm, and 1 μm, respectively. It is important to note that potential drops within 

the double layer and remain constant in the bulk electrolyte. 
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Figure 2.7. Gouy – Chapmann- Stern model of the electric double layer build up at the 

interface between the oxide and the liquid with the potential drops over this layer (Adapted 

from [91]).

There are several models to describe the double layer capacitance. The most widely used 

one is the Gouy-Chapman-Stern model, which describes the compensation of a surface 

charge by two consecutive layers of counter ions as depicted in figure 2.7. In the inner part, 

so called Stern layer, the ions are directly adsorbed to the surface and immobile. By 

contrast, in the outer part a diffuse layer exists composed of mobile ions, which obey 

Poisson – Boltzmann statistics [98].  

In the Gouy – Chapmann model [99, 100], the excess charge at the solution side of the 

interface has an opposite sign and is equal in value to that of the solid state surface. The 

ions in the solution are therefore electrostatically attracted to the solid state surface, but the 

attraction is counteracted by the random thermal motion that acts to equalize the 

concentration throughout the solution. The equilibrium between these opposite trends is 

given by the well-known Boltzmann equation. The relation between the surface charge 

density and the surface potential is expressed as 

    Ψ    2.25

where εr is the dielectric constant of the bulk electrolyte, n0 is the concentration of each ion 

in the bulk solution and z is the valance of the ions. This equation is called the Grahame 

equation. A differentiation of this equation with respect to ѰS gives the differential 

capacitance of the diffusion layer: 

    Ψ    2.26
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The Gouy-Chapmann theory has one major drawback. All ions are considered as point 

charges that can approach the surface arbitrarily close. This assumption causes unrealistic 

high concentrations of ions near the surface at high values of ψ0. Stern [98] introduced that 

ions cannot approach the electrode surface closer than their ionic radius. The distance of 

the closest approach is called the outer Helmholtz plane (OHP) or Stern layer. 

The capacitance per unit areas of the Stern layer CSt can be estimated by the plate capacitor 

formula: introducing the half of the hydrated ion radius rion as the relevant distance 

between the charge sheets yields 

          2.27

where ε0 and εr are the permittivity of vacuum and the dielectric constant of the Stern layer, 

respectively. The total capacitance at the interface is a serial circuit of the Stern 

capacitance and a diffusion capacitance. It is given by 

   Ψ   2.28

2.1.3. ISFET responses to biomolecular binding

As mention above, the ISFET can be used for label-free electronic analysis of 

biomolecules by monitoring the electronic signal caused by variations in the charge density 

at the gate oxide-electrolyte interface. Currently, various kinds of biorecognition materials 

for biological analysis such as DNA, proteins, enzymes, and living cells have been applied 

to ISFET measurements. This application owes to their unique electrical and biological 

properties, thereby elevating the sensitivity and specificity of detection [101]. The ISFET 

type for distinct bioanalysis depends on the contained layer of immobilized biomolecules 

on the gate surface as bio- recognition probes. These probes include enzymes, antibodies, 

and DNA strands assorted concepts of biosensors like enzyme FETs, immune FETs, and 

DNA FETs [102]. The detection principles of biomolecules are usually based on two 

mechanisms: i) a change of the surface potential at the oxide-electrolyte interface. ii) a 

change of input impedance of the ISFET, due to the binding of charged molecules at the 

interface or local changes in the electrolyte composition. Details about these mechanisms 

are given in the following subsections.

Charge-based detection 

Biomolecules such as DNA or proteins adsorbed onto the oxide change the surface charge 

density at the oxide-electrolyte interface, which result in a change of the surface potential 
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according to the Grahame equation (equation 2.25). For DNA detection, for example, 

single-stranded DNA (called probe DNA) is immobilized on the gate surface. The probe 

molecules bind with a complementary single-stranded DNA presented in the electrolyte to 

form a double-stranded DNA, the DNA hybridization process (detail in section 3.9). An 

extra charge generated from the hybridization process of the target DNA from the 

surrounding solution to the probe DNA on the gate changes the threshold voltage of the 

transistor. The signals from different sensor approaches achieved by DNA hybridization 

were reviewed by Poghossian et al. [103]. The change of the surface potential due to the 

DNA corresponds to the change of the threshold voltage of different ISFET devices had a 

large variation in related literatures from several to hundreds of mV. An example of real 

time charge-based detection of DNA hybridization using a micro-scaled ISFET is shown in 

figure 2.8 [46]. The changes of the surface potential after immobilization of the 20 base 

pair probe DNA on the gate surface and after DNA hybridization were 4 mV and 6 mV, 

respectively. The immobilization process takes place within a few minutes, while the 

hybridization process takes much longer (about 60 minutes). 

Figure 2.8. Real time, label free detection of immobilization and hybridization of DNA by 

an ISFET. The change of the sensor signal relates to the adsorption of DNA molecules on 

the gate surface. (Epor receptor: 5-ACTCATTCTCTGGGCTTGG-3) [46]. 

As discussed in subsection 2.1.2, the surface potential depends on the dissociation of the 

hydroxyl group in thermal equilibrium in response to changes of the pH-value. However, it 

also responds to other changes of the electrolyte composition. If the hybridization process 

changes the amount of charge in the DNA layer, the hydroxyl groups response by 

absorbing or releasing hydrogen ions, or by changing the local concentration of the 

electrolyte. The level of complexity of those effects including the adsorption of charged 
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biomolecules and the change of the local pH-value or ion concentrations leads to 

difficulties in predicting the change of the surface potential, and maybe affects the device 

sensitivity. The mechanisms underlying the charge-based detection are still under 

discussion, however, there are several models used to explain the change of the surface 

potential based on these effects. 

According to Poghossian et al. [103], probe ssDNA-molecules arranged with a center-to-

center average interprobe distances are immobilized to a part of the surface of an ISFET, 

while the remaining surface between the immobilized molecules stays in contact with the 

electrolyte solution. For probe ssDNA, depending on the immobilization process, the DNA 

molecules can align perpendicular or in a certain angle to the surface. Caused by the 

hybridization, the target molecules binding to the probe realize a redistribution of the ion 

concentration in the intermolecular spaces or the alteration of the ion sensitivity of the 

transducer. These resulting changes in the potential at the intermolecular regions can be 

detected by the ion sensitive field-effect sensor. Assuming a high density of the 

immobilized ssDNA of about 2x1013 molecules/cm2 and 100% hybridization efficiency in 

the high electrolyte concentration of 0.5 M, the change of the sensor signal as predicted by 

this model is about 28-35 mV. This effect depends on the ionic strength of the bulk 

electrolyte solution, and is stronger in a solution with low ionic strength. 

Landheer at al. [104, 105, 106] proposed a model based on the potential drops across the 

EIS structure for the sensitivity of FET-sensors used to detect charged macromolecules in 

the electrolyte solution. This model considers structures where the oxide has amphoteric

surface sites that have been functionalized. In this model, the layer of biological charged 

macromolecules is considered as a planar ion-permeable membrane, whose potential 

profile is described by the Poisson–Boltzmann equation. Target biomolecules such as 

proteins or single-stranded DNA fragments dissolved in electrolytes are considered as 

charged molecules surrounded by a diffusion layer of counter-charge. A hypothetical DNA 

hybridization experiment explainable by this model suggests the use of low concentration 

electrolyte solutions to obtain considerable change in the surface potential for uncharged 

insulator surfaces with and without oligonucleotides on the surface. Both of these models, 

however, can only explain the small signal experiment as summarized in reference [103].

A model for the larger changes of the signal described in other publications is still not 

existing. 

Recently, Wunderlich et al. [107] discussed the importance of three sensitivities of the gate 

interface - the sensitivity to the density of biomolecular charges, the sensitivity to changes 
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in ion concentration, and the sensitivity to changes in the pH-value. In this model, the 

biomolecules to be detected bind with high affinities to specific receptors on the surface, 

and thus irreversible binding of the charges can be assumed. The receptors are assumed to 

be located in the same plane as the acid-based charges originating from the protonation and 

deprotonation of titratable surface groups, e.g. amphoteric OH groups on the SiO2 gate of 

the ISFETs. The authors concluded that a quantitative detection of charged molecules by 

FETs is optimally achieved on surfaces with both low pH-sensitivity and low surface 

potential, which corresponds to a low response to pH-value and electrolyte concentration 

changes. Further improvements to this model were introduced by McKinnon et al. and can 

be found in a recent publication [108]. 

Impedance-based detection 

The binding of biomolecules to the gate surface can also be detected via an impedimetric 

method as described below. The binding to the gate surface changes the input impedance 

of the interface leading to a change of the total impedance. When applying an AC signal to 

the gate input, the response of the ISFET to the applied signal depends on the frequency of 

the signal. The adsorption of biomolecules such as DNA hybridization or protein 

interaction on the surface causes a change of the frequency response of the ISFET [35, 42-

45, 109, 110]. 

Figure 2.9 Equivalent circuit of an ISFET including the contribution of the FET, the oxide-

electrolyte interface, and the bulk solution. The biomolecule-membrane at the oxide-

electrolyte interface is described by capacitor (Cmem) in parallel with a resistor (Rmem )

[35].

An ISFET with a membrane of biomolecules on top of the gate is generally expressed as an 

equivalent electronic circuit as shown in figure 2.9. The underlying ISFET contributes to 

the total impedance by the silicon-electrode resistance (RSi) in series with a space-charge 

capacitance (CSC), and the capacitance of the oxide layer (Cox). When the ISFET is 
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operated in inversion, the space-charge capacitance can be neglected in comparison to the 

oxide-layer capacitance. The membrane bulk impedance is described by a bulk resistance 

(Rmem) in parallel with a bulk capacitance (Cmem). The interfacial part of the membrane 

impedance consists of the double-layer capacitance (CDL), the resistance of the charge 

transfer at the interface (RCT), and a contribution from the diffusion of ions, described by 

the Warburg impedance (ZW). If interfacial effects to the membrane impedance are 

detectable, this generally occurs at low frequencies (<5 Hz). However, the rapid exchange 

of ions at the interface results in a charge-transfer resistance that is too small to observe 

[35, 44].  

The last components included in the equivalent circuit are the contributions of the 

electrode and the electrolyte solution, Rsol. Experiments showed that the impedance 

response of ISFETs is strongly depending on the ion concentration of electrolyte solutions 

as well as the distance from the reference electrode to the gate surface. This effect can also 

utilize for determination of conductivity of an electrolyte solution [111].  

Figure 2.10. Frequency response of an ISFET after DNA hybridization of different 

mismatches of target DNA binding to the probe ssDNA, which was previously immobilized 

on the gate surface of 4 transistors of the 16-channel device [43].

The equivalent circuit for the gate input can be described by a transfer function. The 

transfer function is the mathematical representation of the relation between the input and 

the output signals of a frequency-dependent system. Biomolecular interactions at the gate 

oxide make a change in the membrane impedance and lead to a change in the frequency-

dependent of the transfer function.  
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       2.29

Figure 2.10 shows an example of DNA hybridization detection via an ISFET’s transfer 

function [43]. By employing this technique, the authors were able to detect a single 

nucleotide mismatch of the target DNA sequence. 

2.2. Silicon nanowire (SiNW) FET biosensors

The current revolution in applied life sciences is strongly linked to the availability of new 

experimental tools that enable the manipulation of biomolecules and the study of biological 

processes at the molecular level using state-of-the-art nanomaterials and nanotechnology 

[128]. The progressive downscaling of the technology has created materials with at least 

one critical dimension in the range from few nanometers up to several hundreds of 

nanometers. There are two main reasons for the exploration of matters in the nanometer 

range: Firstly, the nanoscaled materials are comparable in size with most biological objects 

such as proteins, DNA, cells or viruses etc., making them as an ideal interface between 

biological systems and sensor devices. Secondly, the nanoscaled materials possess new 

physical and chemical properties arising from their size. A high surface-area-to-volume 

ratio of the nanoscaled materials causes the surface atoms to play an important role in 

determining the physical, chemical and electronic properties of the devices. The 

surrounding interface change the properties of the nanomaterials make them excellent 

substrates for biomolecular sensing. 

Recently, a diversity of nanoscaled sensor types such as cantilevers [30, 112], carbon 

nanotubes [113-117], quantum dots [23, 63, 118-120], semiconductor nanowires [121-

124], and nanogaps and nanopores [125, 126] have been designed and fabricated that 

utilize different nanomaterials as a transducer to sense biomolecules. However, advantages 

of sensors designated to operate like ISFETs over the other transducers are that nanoFETs 

can directly translate the biological interaction into a recordable electric signal. Sensors 

based on nanoFETs promise to revolutionize bioanalytical research by offering a direct, 

real time, highly specific, ultra-sensitive method for label-free detection of biomolecules 

[61, 127, 128]. In this category, the silicon-nanowire field-effect transistor (SiNW-FET) is 

widely studied for biochemical sensing, since it utilizes the well-understood silicon 

technology in contrast to other FET-types like carbon nanotubes or oxide semiconductor 

nanowires. 
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Figure 2.11. Structure of a SiNW-FET device used as a biosensor. As an ISFET, the device 

consists of source and drain contacts at the terminal of the nanowire. The wire and the 

source-drain contacts are separated from the Si substrate by a SiO2 layer providing the 

SiNW-FET with the possibility to be operated using either the back-gate or front-gate

contact. In most reported cases, the back gate was employed due to the limitation of the 

front gate, which always needs a reference electrode and prohibits the device from being 

miniaturized.

A structure and an electric configuration of a SiNW-FET sensor are depicted in figure 

2.11. The SiNW-FET consists of four terminals: the source and drain electrodes, which 

have direct contact to the SiNW, the back gate (BG) electrode which is connected to the Si 

substrate, and the front gate (FG) electrode is the reference electrode and electrolyte 

solution. The back gate and front gate can separately control the SiNW operation or couple 

together to control the devices operation. It means that IDS can be modulated by either the 

back-gate voltage (VBG), or the front-gate voltage (VFG), or both at the same time. This 

mechanism is explained in detail in the publication of Elibol et al. [129]. The electronic 

characteristics of a SiNW-FET are in principal similar to the characteristics of ISFET 

devices, which were described in detail in section 2.1.1. However, the different dimensions 

of the devices have to be considered, since the width of the SiNW-FET is very small 

compared to the width of the planar ISFET. This relation is given by [130]: 

    μ (linear region) (2.30) 

and 

μ (saturation region), (2.31) 

where L is the length of the SiNW and Cox is the gate oxide capacitance. The value of Cox

for a cylindrical can be calculated according to equation 2.32: 
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    (2.32) 

where h is the thickness of the gate oxide, and r is the radius of the silicon nanowire.  

The working principle of a SiNW-FET device as a biosensor is similar to the ISFET sensor 

described in section 2.1.2 and 2.1.3. Therefore, the device is also sensitive to detect 

charged biomolecules that bind to the surface of the SiNW. However, this device shows a 

much higher sensitivity over the conventional micro-scaled ISFETs. One of the reasons is 

due to the high surface-to-volume ratio of the SiNW, the charge carriers inside the 

nanowire are highly influenced by the surface charges of the biomolecules binding at the 

SiNW’s surface. Furthermore, due to the comparable size between the biological systems 

and the cross-section of the SiNW sensors (figure 2.11), the SiNW need less molecules to 

generate a visible signal compare to the planar ISFET. Nair et al. [22] used a simple 

scaling-relationship model based on diffusion limited transport of analyte molecules to 

compare the sensitivity and the response time of nanodevices and planar micro-scaled 

ISFETs. As shown in figure 2.12, the response time of biomolecules binding to the probe 

molecules on the surface of the SiNW is much faster than that on the normal planar ISFET. 

The figure also shows that the detection limit of typical nanowire sensors can be down to 

the femtomolar level of analyte concentration, while for planar ISFETs, the detection limit 

is in the picomolar range of the analyte concentration and the necessary time to achieve 

this detection is much higher (in the range of 109 seconds), which is more than 31 years. 

Figure 2.12 Relationship between the response time (ts) and detectable concentration of 

the analyte (ρ0) for different sensor configurations. For a detection time of 100 s, the 

cylindrical nanowire system can detect picomolar concentrations, while a planar system 

can detect only in the nanomolar range (Adapted from [22])
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In the following, the use of SiNW-FETs for biosensing applications is reviewed. A decade 

ago, scientists of C. Lieber’s group at Harvard University firstly utilized SiNW field-effect 

devices as biosensors and bioelectronics interfaces [127]. A “bottom-up” approach was 

used to fabricate boron-doped SiNWs by the nanocluster-mediated vapor-liquid-solid-

growth method. The SiNWs were later aligned between two metal electrodes on a SiO2/Si 

substrate to realize an electric contact [10, 127]. The SiNW-FET sensors were highly 

sensitive and enabled real time electrical detection of biological and chemical species. The 

amine- and oxide-functionalized SiNWs exhibited a pH-value-dependent conductance and 

were linear over a large range of pH-values (between 2 and 9). The above mentioned 

publications also show that the devices are capable to detect the streptavidin or m-

antibiotin binding to biotin-functionalized SiNWs with a streptavidin concentration down 

to the picomolar range or a m-antibiotin concentration down to 10 nM. The devices show a 

linear change of the conductance at low concentrations of the analyte and are saturated at 

higher concentrations. Calmodulin-functionalized surfaces of the devices enable to 

reversibly detect Ca2+-ion binding with a concentration of 25 µM. This could lead to the 

application of studying biological activity processes such as muscle contraction, protein 

secretion, cell development and death. Additionally, Lieber’s group also showed that the 

SiNWs can be used as ultrasensitive sensors for the detection of DNA hybridization with 

concentrations of target cDNA down to 10 fM [55]. Further publications by the same 

group reported that SiNW-FETs are able to detect small molecules such as ATP [63],

multiplexing cancer cells [65], and even single viruses [60] and studied neuronal signal 

[10]. The results of Lieber’s group show that such devices are ultrasensitive as biochemical 

sensors and have an extremely broad range of applications in medicine and life sciences. 

Following these pioneering work, there was an extremely increase of research on SiNW 

sensors for bioelectronic applications. To overcome the inherent problems of a “bottom-

up” approach, “top-down” approach are mostly used to fabricate SiNW sensors nowadays. 

The details of nanowire fabrication are discussed in section 3.1. Z. Li et al. [70] introduced 

a silicon nanowire transistor, which was structured by electron-beam lithography (EBL) 

and etched by reactive ion etching (RIE) on silicon-on-insulator (SOI) wafers, with wire 

diameters ranging from 50 to 800 nm. These devices showed the possibility to detect the 

DNA hybridization process of target cDNA to ssDNA-functionalized nanowires. In this 

publication, it was shown that smaller nanowires are more sensitive than larger ones. 

However, the noise of the devices increases with decreasing size of the wire. In this 

experiment, the author demonstrated the sensitivity of the device to be 25 pM of target 
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DNA in pure water. The device’s response was fast with a detection time of less than 50 s. 

The conductance of p-type NW was found to be 46% increased, while it was decreased by 

12% for an n-type device. 

Bunimovich et al. [52] used arrays of 400 SiNWs with a wire diameter of 20 nm for DNA

detection, which were fabricated by the superlattice nanowire pattern transfer (SNAP) 

method [71]. Interestingly, the author demonstrated that the SiNWs can be used for real 

time DNA hybridization detection under electrophysiological conditions (1xSSC, 

concentration 0.16 M), which is generally accepted to be impossible with micro-scaled 

ISFETs. In this experiment, the probe-DNA was immobilized on the SiNWs using two 

different methods. In the first approach, the probe-DNA was electrostatically adsorbed 

onto a Poly-L-Lysine coated surface of the native oxide SiNW. In the second approach, the 

probe-DNA was selectively and covalently immobilized on the alkylated non-oxidized 

SiNWs. With the first method, the detection limit of the devices was 1nM of target DNA in 

1xSSC buffer, while the second method resulted in a much higher sensitivity with a 

detection limit down to 1 pM of target DNA in the same buffer solution. In this 

publication, the authors claimed that there was no signal of the DNA hybridization in pure 

water, because of the significant ssDNA-ssDNA repulsion in pure water, while in the 

physiological solution the DNA hybridization is more efficient with a high ionic strength. 

The ability to detect DNA under physiological conditions may allow the use of SiNWs to 

detect biomolecules in direct biological samples such as serum or tissue culture media. 

Furthermore, this publication also shows the importance of controlling the surface 

chemistry of SiNWs for their optimization as biological sensors. 

Stern et al. [61] demonstrated ultra-highly sensitive Si nanowire sensors that were 

fabricated by a different approach. In this case, the nanowire sensors were fabricated by e-

beam lithography and RIE on a thin oxide layer on top of a SOI wafer. These structures 

were then transferred to the thin Si layer underneath by wet anisotropic etching using a 

TMAH solution. These devices showed a sensitivity, which was much better compared to 

the report by Z. Li [70] and in the same range as with nanowires fabricated by a bottom-up 

approach [55]. The detection limit of these sensors was reported as low as 10 fM for 

streptavidin binding to a biotin-functionalized nanowire. This improved sensitivity was 

caused by the wet Si etching process, which produced very smooth silicon surface and 

reduce the number of defects at the surface of the silicon nanowire to a minimum.  

Recently, many other research groups continue to employ SiNWs as ultrasensitive 

biosensors [54, 131]. SiNW sensors can be regularly fabricated by “top-down” approach 
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using EBL, deep ultraviolet lithography (DUV lithography) [54, 68] or nanoimprint 

lithography [62, 75] or other lithography technologies to define the structures in 

combination with size-reduction strategies such as self-limiting oxidation or anisotropic 

etching of Si. Gao et al. [54] used a combination of DUV lithography with a self-limiting 

oxidation to produce SiNWs with widths even smaller than the resolution of an e-beam 

writer ranging from 5 to 50 nm. The devices showed a detection limit of 10 fM of target 

DNA.

The reported sensitivities of the different SiNWs for biomolecular detection shows vary 

from nM to fM or even aM of analyte concentration. Also the used buffer solutions are 

greatly varying from pure H2O to physiological electrolytes. The detection mechanism of 

these SiNW biosensors is under discussion. However, the related theory that described 

above (section 2.1.3) can also be partly applied for the SiNW biosensors.

2.3. Nanofabrication techniques 

Nanostructures can be fabricated by different techniques, which can be divided into two 

main categories: a “bottom up” approach and a “top down” approach. Typically a “top-

down” approach is based on lithography techniques such as EBL or DUV lithography. In 

recent years, nanoimprint became popular as a low cost technique for nanofabrication with 

high throughput. Anisotropic etching of Si by TMAH is commonly used for 

micromachining. This also became available as a strategy for the size reduction for 

fabrication of nanoelectronic devices with high electrical performance. This section will 

discuss the principles as well as the feasibility of these techniques for SiNW sensor 

fabrication.  

2.3.1. Nanoimprint lithography

Nanoimprint lithography (NIL) was proposed in 1995 when Stephen Y. Chou firstly 

reported sub-25 nm holes made in polymethylmethacrylate (PMMA) polymer with an 

imprinting mold [132]. This new technology was proposed to replace the expensive DUV 

lithography or EBL, with the same level of lateral resolution or better but at a fraction of 

the cost. It is a parallel process, just as optical lithography, but without the diffraction-

induced limit on structure resolution like in optical lithography and in addition it does not 

suffer from the proximity effect like e-beam lithography. The nanoimprint process has been 

applied for high throughput fabrication of a wide range of nano devices such as electronic 
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[133-136], optical and photonic devices as well as for structuring of patterns for biological 

applications [137, 138]. In 2003, the International Technology Roadmap for 

Semiconductors (ITRS) included NIL as one of the next-generation lithography candidates 

for 32 nm technology and was kept as a candidate for the 22 nm technology on the 2009 

released roadmap [139]. The mechanism and relevant parameters of this technique have 

been studied in detail in the last 15 years of development [140-149].  

Figure 2.13. Schematics show the principle of a thermal nanoimprint process (left), and 

related temperature and pressure profiles during the process (right).

The principle of thermal NIL that was used in this thesis is illustrated in figure 2.13 and 

can be explained as following: A substrate with surface relief structures, as called imprint 

mold or mold, is aligned on a substrate, which has been coated by a thin layer of a 

thermoplastic polymer. The mold and the substrate are aligned and heated above the glass 

transition temperature of the polymer so that the polymer is softened and can flow. When 

the final temperature is reached the mold is pressed into the thin polymer layer at a 

pressure in the range of 30 to100 bars, depending on the viscosity of the molten polymer 

and the cavity of the relief structures. As the imprint depth is less than the polymer 

thickness, the mold surface does not have a direct hard contact with the substrate and such 

damage of the mold and the substrate is prevented. After that, the temperature is decreased 

below the glass transition temperature of the polymer and the pressure is released at a 

certain temperature called the demolding temperature or venting temperature and the mold 

is decoupled from the substrate. The temperature and the pressure profile at different stages 

of the imprint process used in this thesis are plotted on figure 2.13 (right). After the mold 



2. Fundamentals

31

separation, nevertheless, the polymer layer still covers the whole wafer just the thickness 

of the polymer differs within the structures. In a final step the residual layer of the polymer 

inside the imprinted pattern areas is removed by reactive ion etching (RIE). The polymer 

patterns obtained after removal of the residual layer is in the same as those obtained by 

optical lithography or EBL. 

In this technique there are numbers of key factors needed such as the mold properties, the 

designed structure cavities, the polymer properties, the separation step and especially the 

RIE process to establish a reliable process and a high aspect ratio of the transferred 

structures. 

The reliability of nanoimprint depends on the size and distribution of the sample structures; 

this is called the “imprint-proximity effect”. Nanoimprint relies on displacement of a 

polymer layer into the cavities of a structured mold. Depending on the applied pressure, 

time and the viscosity of the polymer, this can lead to systematic effects over the long 

distances. For example, dense arrays of structures will displace more polymers and 

depending on the distance of the structures, this may not imprint correctly due to the 

polymer displacement over long distances and subsequent thickening. In the same way, 

smaller features are easier to imprint than larger features, because bigger features generally 

need more polymer material and filling takes more time and may not fill up completely 

resulting in defects. However, the viscosity of the polymer decreases as the temperature 

increases so that the imprint of a big cavity is faster at high temperature. This proximity 

effect leads to defects of the structures and a different thickness of the residual resist layer 

in different parts of the sample, where the lateral structures are different.  

The resolution of the nanoimprint process transfer to the polymer layer is mainly 

dependent on the resolution capability of the mold fabrication. Main requirement for the 

polymer are the low glass temperature to enable a low imprinting temperature, low 

viscosity to facilitate the flow of the polymer during the mold filling process, low 

shrinkage after imprinting to maintain the pattern fidelity and the polymer needs to have 

high resistance to the RIE process to serve as a mask for the structure transfer via RIE. 

As discussed above, the most difficult task of the imprint lithography is imprinting both 

large and small structure at the same time. While the small feature can be imprinted 

quickly, large features may not get filled up completely. Another factor that affects the 

imprint results is the structure of the patterns. The residual layer after the imprint depends 

on the distribution of the cavities and the protrusion structures. The more uniform the 

distribution, the more uniform the residual layer is. 
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In the last step of removing the residual layer by RIE, which is carried out under oxygen 

plasma, is indiscriminative, it etches both, the residual layer and the imprinted polymer 

pattern structure. Depending on the relationship between the thicknesses of residual layer 

and the structures – the so called aspect ratio - the process has to be controlled precisely so 

that the thickness of structured polymer is large enough to guarantee a reliable process. If 

the polymer distribution was inhomogeneous and the variation of the residual layer was 

large, then this might result in pattern damage and distortion. 

2.3.2. Anisotropic Si etch using TMAH

In order to avoid RIE of the active silicon layer, which degrades the device performance 

[77-79], TMAH was chosen to etch the Si device layer as it is very selective to SiO2 or 

metals and etches anisotropically [150, 151]. TMAH etches the Si (111) plane much 

slower than others [150-152]. Lui et al. [80] has shown excellent electronic properties of a 

nano-FET device fabricated by e-beam lithography and subsequent etching by TMAH on 

SOI (110) compared to the same device fabricated by RIE. Many recent SiNW fabrication 

processes for bioelectronic applications have employed TMAH etching as a powerful tool 

to fabricated robust and highly sensitive devices [61].  

Figure 2.14. Schematics of the anisotropic TMAH etching process of Si on a SOI wafer to 

create SiNWs. The bottom right picture shows an SEM image of SiNW produced by TMAH 

etching on SOI structure after 1 minute etching. The etching rate of other planes is much 

faster than the (111) plane, which created a SiNW longer than the defined structure. 

The principle of the TMAH etching process of Si on a SOI (100) wafer is shown in figure 

2.14. A thin layer of oxide or nitrite on top of Si layer acts as a hard mask to protect the Si 

layer underneath. The TMAH solution is etching the exposed Si layer. The Si anisotropic 
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process creates a (111) plane sidewall which has an angle of 54.7o to the (100) plane. The 

resulting Si nanowire has a trapezoidal cross-section under the oxide mask layer. With the 

high etching rates into the Si (100) plane in combination with the etch stop layer of the 

BOX, a short etching time is needed to etch down the device layer. Due to the anisotropic 

etching, all other planes are etched much faster than the (111) plane and all the defect 

roughnesses projected from the SiO2 mask layer are eliminated. This is resulting in SiNWs 

with very smooth surfaces compared to the dry etching by RIE. Furthermore, the size of 

the nanowire under the mask can be tuned by different etching times. 



34



3. Materials and methods 

35

Chapter 3. Materials and methods 

The purpose of this chapter is to introduce properties of materials as well as experimental 

techniques that were used throughout this thesis. The first part of this chapter gives details 

of the “top-down” SiNW fabrication protocol used in this work. The methods for chip 

packaging, the setup for electric characterization and biomolecular detection of SiNW 

devices, and the chip cleaning and surface functionalization protocols for biomolecular 

binding are described in section 3.2, 3.3 and 3.4, respectively. Sections 3.5 to 3.9 introduce 

the methods for the distinguished biochemical sensing experiment such as pH sensitivity, 

the detection of Ca2+, proteins and DNA molecules. 

3.1. SiNW fabrications

In this thesis, a novel “top-down” approach for wafer-scale processes of SiNW arrays was 

developed based on a combination of nanoimprint lithography and wet anisotropic etching 

of Si on SOI wafer. Devices were fabricated at the clean room facility of the Institute of 

Bio- and Nanosystems (IBN), Research Center Juelich. For the complete sensor fabrication 

process, we employed nanoimprint lithography and anisotropic etching of Si by TMAH in 

combination with other micro-fabrication techniques such as wet etching, dry etching and 

photolithography to create the SiNW array sensors [62, 75]. Nanoimprint lithography, as 

discussed in subsection 2.3.1, is the high through put technique for nanostructures 
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fabrication. TMAH etching of silicon (details in subsection 2.3.2) is a simple technique 

with mass production capability.  

The following paragraphs will discuss our chip design for biosensor applications as well as 

the different process steps. The critical points of each fabrication step are pointed out and 

the improvements of the individual steps from the first to the second generation of chip 

design and fabrication are highlighted and discussed [62, 75]. 

3.1.1. Sensor designs

In this work, two different generations with two different layouts of the SiNW arrays were 

fabricated.  

Figure 3.1. Layout of the 4×4 SiNW sensor array with common source contact (left) and 

the gate area of the array (right). In this first design, one gate consists of six nanowires in 

parallel having a length of 3 µm. The open gate areas is 13 µm × 24 µm and the non-

implanted areas are 7 µm × 20 µm between source and drain contact line, respectively. 

In the first sensor design, the SiNW chips were mainly based on 4 × 4 arrays of SiNW 

sensors, which was compatible with the classical ISFET design of our group [9, 153, 154].

Only at the gate areas, the design was modified for the SiNWs taking the special chip 

processing protocol into account. In this design, some test chips of high density arrays of 

SiNWs (16 × 16 and 32 × 32 arrays) were added, that will in future be used for highly 

multiplexed detection and for the electronic coupling experiments with living cells [66,

72]. The chip size was 5 × 5 mm enabling a parallel processing of 130 chips on a single 4” 

wafer. The layout of the standard 4 × 4 sensor array having a pitch of 200 µm between 
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each nanowire area is shown in figure 3.1 (left). The chip included quite long contact lines 

for 16 individual drains and a common source contact to the nanowires. The contact lines 

and nanowires (blue areas) were fabricated by nanoimprint lithography, while the metal 

contacts (yellow areas) were fabricated by a lift-off process at the end of the chip 

fabrication protocol.  

Each sensor of the array consisted of six nanowires in parallel. The length of the nanowires 

was fixed to 3 μm in all designs. The widths of the wires were varied from chip to chip by 

100 nm, 200 nm, 500 nm and 1 µm (mask measures), respectively, to investigate the effect 

of the nanostructure size to the electronic performance. The source and drain contact lines 

were highly implanted with boron ions, while doping level of the nanowires was not 

changed in comparation to the original SOI wafer doping level. The transition areas 

between the nanowire and the implanted contact line were 2 μm at each side (outside the 

purple rectangular) create a total of 7 µm between source and drain. The opened 

passivation layer to define the gate area and to enable contact to the electrolyte solution 

was 13 μm in length between source and drain (blue rectangular) (figure 3.1, right). The 

nanowire surface was protected by dry oxidation of silicon, which resulted in a high 

quality gate oxide thickness between 6 nm to 10 nm depending on the fabrication process. 

The back gate contact to the bulk Si wafer was opened through the BOX layer by 

photolithography and wet etching. For the 16 × 16 and 32 × 32 arrays, the width of the 

wires was fixed to 500 nm (mask measure). For a more detailed description please refer to 

appendix A.

The purpose of the second sensor design was to integrate a micro fluidic cell to the chip 

and improve the device performances based on the results of the first run such as to 

eliminate the effect of the contact line resistance to the electronic characteristics of the 

devices, which will be discussed in section 3.2 and increase the sensitivity. The chips were 

designed in a 2 × 28 array of individual SiNWs having one drain contact each while 

sharing one common source. The layout of this second chip design is depicted in figure 3.2 

(left). The wire lengths were varied (10 μm, 20 μm, or 40 μm, respectively) and the wire 

widths were either 200 nm or 400 nm (mask measures) from chip to chip. The implantation 

area of the source and drain contact lines were designed identically to the nanowire 

structure, while the gate opening was designed to be 2 μm larger than the implanted area 

on each side (figure 3.2, right). The pitch between the wires in a single line is 50 μm and 

between both lines it was 500 µm. The chip size was 7 × 7 mm enabling 100 chips on one 

4 inch wafer. High density 128 × 128 arrays were included into this wafer design having a 
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pitch of 25 μm between all nanowires. The length and the width of the wires were 5 μm 

and 400 nm, respectively. Several test structures were added which will be described in 

appendix A 

Figure 3.2. The layout of the 2 × 28 SiNW sensor array (left) and the gate area with a 

single, individually addressable wire (right). Drain and source contact lines are shown in 

green. Grey parts are electrical contacts to the source, drain and back gate, respectively. 

Four mask alignment marks were added to the design to prevent the proximity effect of the 

nanoimprint process and further use for chip alignment. The source and drain contacts are 

highly ion implanted. The nanowire, which is a lowly doped p-type Si same as the original 

SOI wafer is shown in blue. The open gate area, which is 2 µm larger than the non-

implanted area from each side, is shown in purple.

3.1.2. Imprint mold fabrication

The nanoimprint mold (stamp) was fabricated by EBL and RIE on a 4” silicon wafer, too. 

In this process, a SiO2 layer with thickness of 180 nm was thermally grown on the 4” 

silicon wafer by wet oxidation at 1050oC. Subsequently, a PMMA resist with a thickness 

of 230 nm was spin-coated onto the wafer (500 rpm / 30 s - 4000 rpm / 30 s) and then 

prebaked for 2 minutes at 180oC on the hot plate. The designed structures were transferred 

to the PMMA resist by direct e-beam writing with an e-beam lithography machine (Leica 

EBPG 5000 Plus). The electron beam writing processes were done in two steps. First the 

contact lines were defined and then the nanowires were defined with different parameters 

as shown in table 3.1 for the first run (the 4 × 4 arrays) and in table 3.2 for the second run 
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(2 × 28 arrays with single SiNW), respectively. These parameters were chosen from 

several e-beam dose tests performed to find out the optimized parameter for this “nano-

microstructures” combination on the nanoimprint mold.

Table 3.1 The e-beam lithography parameters used for fabrication of the first nanoimprint 

mold

Table 3.2: The e-beam lithography parameters used for fabrication of the second 

nanoimprint mold  

Table 3.3. Depth profiles of the structures on the mold fabrication process after each 

process steps. 

After electron beam writing processes, the PMMA resist was developed for 60 seconds in a 

developer solution (AR-600-55) with mega sonic support and then stopped in iso-propanol 

for 50 seconds. Because PMMA is a positive e- beam resist the areas that were subjected to 

the e-beam was dissolved in the developer solution and exposed the SiO2 layer against 

PMMA. In the next step, the SiO2 layer was etched by RIE using CHF3 plasma (200 W, -

500 kV). The etch stop was controlled using a laser interference signal. To ensure 

uniformity of the structures the etching process was over-etched for 45 seconds. The 

remaining PMMA resist was etched by oxygen plasma in the RIE. The depth profiles of 
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the mold, measured after each step, are summarized in table 3.3. The structures on the 

wafer were 170 nm in height, which was equivalent to the thickness of the SiO2 layer. The 

roughness at the edges of the structures was in the range of 10 nm (figure 3.3) 

Figure 3.3. SEM image of a wire structure out of the second imprint mold. The roughness 

at the border of the structures was in the range of 10nm

In the final step, a monolayer of fluorsilane (Trichloro(1H,1H,2H,2H-perfluorooctyl) 

silane) was deposited on the wafer as an anti-adhesion layer to prevent sticking of the 

imprint resist into the mold during the nanoimprint process. The process was carried out by 

cleaning the wafer in acetone and iso-propanol and subsequently by Piranha solution. A 

surface activation process by oxygen plasma and subsequent gas-phase silanization was 

carried out in a glove box [155]. Successful silanization of the mold was confirmed by 

water contact angle measurements (95o ± 5o), indicating that the surface was homogenously 

covered by the fluorsilane. It is noted that the anti-adhesion layer is very stable on the 

surface of the mold, which allowed many subsequent imprint processes at high 

temperatures including standard cleaning procedures in acetone and final ultrasonification.  

3.1.3. Chip processing 

Figure 3.4 depicts the main fabrication steps for the wafer-scale “top down” fabrication for 

SiNW sensor arrays on an SOI wafer. The process started by thinning out the SOI wafer 

and then growth of a thin layer of dry oxide on top of the SOI wafer, which was used as a 

hard mask. Then the nanoimprint lithography followed to define the contact lines and wire 

structures. Following the imprint, dry etching of SiO2 by RIE and anisotropic etching of Si 

by TMAH solution were performed. Optical lithography and LPCVD techniques were 

employed for further chip processing and stable passivation of the devices against 
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electrolyte solutions. The imprint mold, all the masks for optical lithography and the final 

devices were fabricated at the clean room facilities of the IBN. 

Figure 3.4. Flowchart for the fabrication of the SiNW arrays. Our wafer-scale process for 

4” SOI-wafers is combining nanoimprint lithography with wet etching of Si using TMAH. 

Contact lines are p-doped for reliable operation of the devices. The finalized structure in 

step 8 shows back gate contact, bond pad, contact line and open wire (from left to right). 
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In the following, the fabrication steps of the nanowire sensors are described in detail:  

“Unibond” silicon-on-insulator (SOI) wafers, purchased from SOITEC, France, were used 

as a starting material for the process (figure 3.4, step 1). The SOI wafers consisted of three 

parts: A buried oxide (BOX) layer, which had a thickness of 400 nm, in between a top Si 

layer (device layer), which had a thickness of 360 nm, and a Si substrate (handle wafer). 

The device layer and the handle wafer were boron-doped (p-type Si <100> with resistivity 

of 14÷22 Ωcm). The SOI wafers were firstly thinned out to achieve the desired thickness 

of the top Si layer by wet oxidation and wet etching. After that, a thin layer of dry, thermal 

oxide was grown as a hard mask layer for the TMAH etch step (figure 3.4, step 2). The 

detail parameters of the thinning down SOI wafer is given in appendix A.2. The consumed 

thickness of the Si device layer by the oxidation step was roughly estimated by following 

equation: 

2
44.0 SiOSi tt ��     3.1

(
2SiOt is the thickness of SiO2 after oxidation and tSi is the thickness of consumed Si for 

oxidation) [83].  

Thermal nanoimprint lithography (NIL) transferred the structures from the mold to the SOI 

wafer (step 3). The nanoimprint process was performed by using an NX-2000, Full-Wafer 

Universal imprinter, with patented Air Cushion Press for ultimate nanoimprint uniformity 

by Nanonex. Inc. The imprint process was performed as described below: 

� The nanoimprint resist (Nanonex 2010) was coated on the SOI wafer and incubated 

at 90°C for 20 minutes. The thickness of the resists was determined to about 220 

nm by ellipsometry.  

� The mold was cleaned in acetone with megasonic support and dried by Ar-gas. The 

SOI wafer and the mold were carefully aligned based on the large flat of the wafers 

and both were fixed by two polyester foils and transferred to the imprinter. The 

alignment had to be carried out carefully in order to have reliable devices, because 

the TMAH etching strongly depends on alignment of the structures with respect to 

the <110> direction. Before imprinting on the SOI wafers, the imprint was done on 

a test wafer to remove the small particles on the mold because a small particle will 

create a large defect on the wafer after imprint.  

� The imprint chamber was evacuated for 5 minutes to remove air out of the 

structured cavities. After evacuation, the temperature of the imprint chamber was 

increased to 140°C and a pressure of 200 Psi was applied as the pre-imprint 



3. Materials and methods 

43

process. The main imprint process was carried out at a temperature of 170°C and a 

pressure of 450 Psi for 6 minutes, which is the maximum processing time for 

thermal imprint of the imprinter. During the main process, the temperature and 

pressure were kept constant. After the main process, the imprint chamber was 

cooled down to a venting temperature of 40oC, while the pressure was kept at 450 

Psi. When the temperature reached the venting temperature, the pressure of the 

imprint chamber was released. The mold and the substrate were carefully separated 

by hand at room temperature. The temperature and the pressure profile of the 

process are depicted in figure 2.11 (subsection 2.3.1). 

As already discussed in section 2.3.1, the nanoimprint process relies on the deformation of 

the polymer layer and the structure transfer by imprinting creates differences of surface 

topography in the imprint polymer. To gain an access to the SiO2 hard mask layer, the 

residual resist layer has to be removed by a further RIE step. In this step, the whole wafer 

surface was exposed to the oxygen plasma until the residual layer was completely 

removed. This step is very important in our process. Due to inherent inhomogeneity of the 

residual layer, this etching step represents an equalizing step. Details of this step will be 

discussed later. In our process, the residual layer was etched in oxygen plasma (O2, 200W, 

30 ccm) by RIE with a time variation in the range of a few seconds. 

In step 4, the structures were transferred to the SiO2 layer by RIE (CHF3, 200W, 20 ccm). 

The etch stop was observed by a peak that appeared in the signal of the laser interference 

device of the RIE. Past to this signal, an over etching of 30 seconds was carried out. After 

that, the resist was completely removed by oxygen plasma. It has to be noted that for this 

step, the selectivity between the SiO2 and the thermal imprint resist is very poor with a 

ratio close to 1:1. 

In step 5, the TMAH etching was performed with a 25% TMAH solution, while the 

temperature was kept stable at 90°C during the process. Some previous studies showed the 

effect of the parameters concentration, time and temperature on the etching process. A 

higher concentration roughened the surface to a lesser extent [150]. Directly before the 

etching in TMAH solution, the wafers were dipped for 30 seconds into 1% HF solution to 

remove the native oxide. Then they were rinsed in deionized water. The timing of this step 

had to be kept constant for all the wafers, because the size of the final SiNWs depended on 

the size of the nanostructured SiO2 hard mask. The Si was etched down to the BOX layer 

in about 15 seconds as observed by a change of the wafer color. However to ensure the 

process and to create smoothness edges of SiNWs, the wafers were etched for 1 minute and 
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were subsequently rinsed several times in deionized water. Figure 3.5 shows a SiNW after 

TMAH etching with the SiO2 hard mask still on top. The top surface of the SiNW is 

defined as the dark shadow in the SEM image on the right. It can clearly be seen that the 

roughness at the edges of the SiO2 hard-mask was not transferred to the SiNW structure 

during the TMAH etching step. It was rather found that the TMAH etching resulted in very 

smooth Si surfaces although the quality of the mold structure was not very good. This is 

one of the strengths of this fabrication protocol. On the transition part between the nano- 

and the microstructures, the etching rate was much faster than on the nanowire itself. The 

reason is that at this position other Si planes were exposed to the TMAH solution (picture 

on the left). 

After the TMAH etching process, in the first process run, the oxide mask layer was 

completely removed by 1% HF solution and 50 nm of SiO2 was deposited by low-pressure 

chemical vapor deposition (LPCVD). The LPCVD oxide on the contact lines was removed 

by optical lithography and subsequent wet etching (HF 1%). The oxide and the resist on 

the nanowire structures were left as protection mask for the feed line implantation. For the 

second process run, the oxide hard mask was removed only on the feed lines, while it 

remained on the wires. Here this oxide hard mask acted, together with the photo resist, as 

protection mask for the ion-implantation. 

Figure 3.5. Nanowire structure (transition part between nano- and microstructures) after 

TMAH etching. The silicon oxide hard mask can be seen on top. The TMAH etching 

process eliminates the roughness of the structure. 

In the following implantation step, boron ions were implanted on the contact lines to 

decrease the source and drain serial resistances of the SiNW arrays (step 6). The 

parameters were chosen based on simulation results (SRIM 2008). In the first process run, 

the boron ions were implanted with a dose of 5×1014/cm2 and an energy of 7 keV, while in 
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the second process run a higher dose of boron ions (1×1015/ cm2) was implanted with a 

lower energy of 6 keV . After the implantation, the photo resist was removed by acetone 

and the protection oxide layer was etched off by 1% HF solution. The wafers were then 

cleaned by a standard RCA process and subsequently annealed at 900oC for 30 minutes 

under the N2 atmosphere to activate the implanted ions and restore mobility and other 

material parameters [83].

In step 7, the wafers were covered with a layer of high quality SiO2 by LPCVD process 

(360 nm) for passivation of the contact lines against the electrolyte. In the second 

fabrication process, a thin layer of dry thermal silicon oxide (6 nm) was grown before 

LPCVD deposition to avoid a direct contact of the LPCVD silicon oxide to the SiNW 

surface. 

The wafers were then structured by optical lithography and the LPCVD SiO2 layer was 

etched with HF 1% to open gate areas (SiNW), source, and drain, and back gate contact 

pads. After that, standard RCA recipes were applied to clean the wafers. Then a dry 

oxidation process (820oC, 40 min) was performed to grow a thin layer of high quality 

oxide as gate dielectrics. Subsequently, the oxide on the contact pads was removed by an 

additional lithography and wet etching (HF 1%).  

In the last step of the fabrication process, a lift-off process was performed to deposit a

stack of metals (150 nm Al, 10 nm Ti, 200 nm Au) on the contact pads (Pfeiffer PLS 500 

e-beam evaporator). Furthermore, a rapid thermal annealing step (RTA) (N2-gas, 450oC, 10 

min) was performed to form ohmic contacts. 

3.2. Chip packaging and microfluidic fabrication

The chips were packaged or encapsulated to enable stable and reliable experiments in 

liquid environment. The encapsulation methods used for the SiNW chips were adapted 

from two previous protocols for the ISFET chips: flip-chipping and wire bonding [9, 42,

153]. Flip-chip was done with the SiNW chip of the 4×4 array of the first chip design only, 

while the wire bonding protocol was used with both designs: the 4×4 arrays and the 28×2 

array of the second design. Figure 3.6 present examples of encapsulated chips with flip-

chip protocol (left) of a 4×4 arrays chip and wire-bonding protocol (right) of a 28×2 arrays. 

The following paragraphs will describe in details each protocol.

Flip-chip encapsulation 

For flip-chipping, the 5 mm × 5 mm chips were cut from the fully processed wafer and 

then cleaned with acetone and isopropanol in order to remove the protection resist. Due to 
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the mechanical properties of the SiNW, the cleaning steps needed to avoid strong mechanic 

treatment like ultrasound or mechanical manipulation. The electrical contact between the 

bond pads on the chips and the carriers was formed by printing of a two-component 

conductive silver glue (Epo-Tek H20E-PFC, PolytecGmbH, Waldbronn, Germany) on the 

contact areas of the carrier using a screen printer (SP-002, Essemtec AG, Aesch, 

Switzerland). Then the chips were mounted to the back side of PCB carriers (WI-KA

GmbH, Baesweiler, Germany) by flip-chipping using a precise X-Y positioning system 

(Fineplacer 96, Finetech GmbH & Co. KG, Berlin, Germany). The glue was cured at 

150oC for one hour. Followed by application of a two component under fill epoxy (Epo-

Tek U300, Polytec) or epoxy resin (Epo-Tek 302-3M, Polytec) around the chip. Due to its 

viscous properties the epoxy was dragged between the chip and the carrier, thus insulating 

everything but the bond contacts electrically. The epoxy was cured at 150oC for 1hour. 

Finally, a small glass ring was glued on the carrier to form an electrolyte reservoir. 

Figure 3.6. Images of SiNW encapsulated chips by both methods: flip chipping (left) and 

wire bonding (right). The flip-chipping protocol was applied for 4×4 arrays chips while 

the wire-bonding protocol was applied mainly for the 28×2 arrays chips. With the second 

protocol, a microfluidic can be integrated on chip for analytes delivery.

Wire-bonding encapsulation 

For wire bonding the 7 mm × 7 mm chips were cut and cleaned as described above. Chips 

were fixed to a 68-pin LCC carrier (LCC 0850, spectrum, USA) by epoxy glue. An Al wire 

(Al/Si 1%, 25 μm -diameter, Müller Feindraht AG Switzerland) was bonded from the chip 

bond pads to the carrier via a wedge-wedge wire bonder. The epoxy resin or 

polydimethylsiloxan (PDMS) was manually filled on the chip to cover the bond wires and 

pads but still leave enough space for the micro fluidics (4.5 mm × 4.5 mm). The glue was 

cured at 80oC for 3 hours (Epoxy) or at 150oC for one hour (PDMS). A glass ring was 
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glued to the carrier and the space between the chips and the carrier was filled with the 

respective polymer used for the rest of the encapsulation. One has to consider the 

difference between the epoxy resin and the PDMS material. Epoxy is a stiffer and more 

stable encapsulation. Furthermore, it does not show significant swelling when in contact 

with electrolyte solution. However, it does not stand high temperatures (above 80oC) 

because above this temperature the epoxy melts and can be burned by H2SO4 (20%). In 

case of the PDMS encapsulated chips one has to be very careful to avoid the PDMS create 

a very thin film on the chip surface that is hard to remove after the curing process. Figure 

3.6 presents an example of an encapsulated chip with the two discussed encapsulation 

protocols. 

Microfluidic fabrication 

The microfluidic structure was fabricated based on PDMS (Sylgard® 184, Dow Corning, 

Germany). First, the mold was mechanically fabricated by creating the reverse structure in 

an AlMg alloy. The structure consisted of two parallel channels (200 µm width and height) 

with two separated inlets and one common outlet. Second, the PDMS mixture (10:1) was 

filled into the mold and cured for 1 hour at 120°C. After removal from the mold, the 

PDMS structure was connected to a transparent external flow cell, which can be aligned to 

the chip surface and subsequently be fixed to the chip holder socket. 

3.3. Measurement setup and electronic characterizations

The SiNW chips were characterized with respect to their electronic properties and to the 

measurement configuration for biomolecular sensing applications. Figure 3.7 schematically 

shows the measurement principle for SiNW devices. Generally, as discussed in section 2.1, 

the main features of SiNW FETs can be determined by the transfer characteristics and the 

output characteristics at room temperature. The transfer characteristics shows the drain 

current (IDS) of the SiNW as a function of the gate-source voltage at constant drain-source 

voltages. The output characteristics show IDS as a function of the drain-source voltage at 

constant gate voltages. 

As can be seen in figure 3.7, the SiNW are surrounded by the high quality, thermally 

grown gate oxide (6-8 nm) that isolate the SiNW from the electrolyte and a BOX layer 

(400 nm) separating the SiNW from the handle wafer. Hence, the concentration of charge 

carriers in the nanowire can be controlled by an electric potential that can either be applied 

from the top through the thin oxide layer or from the bottom through the thick BOX layer. 

The first gate is the so-called front gate (FG), while the second is called back gate (BG). 
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Figure 3.7. Schematic illustration of the measurement setup for the characterization of the 

SiNW sensor arrays. A characterization using the back-gate can be done by applying the 

gate voltage through the Si substrate with the BOX layer as gate oxide. The front-gate 

characterization can be done by applying the gate voltage through the reference electrode 

immersed into an electrolyte solution.

In this work, the thickness of the Si layer was 40-60 nm. At room temperature and under 

the assumption that no fixed oxide charges exist, the Si layer is fully depleted of charge 

carriers in thermal equilibrium [84]. Like in any SOI-fully- depleted device with such a 

thin top silicon layer, both gates are strongly coupled electrostatically. This is indicating 

that the back-gate potential affects the front-gate characteristics and vice versa [129, 156,

157]. 

For the front-gate characterization, the use of a suitable reference electrode is crucial to 

keep the electrochemical potential drop over the electrode-electrolyte interface stable, 

hence to keep the electrochemical potential of the solution stable. Therefore, a reference 

electrode (SUPER–DRI-REF, World Precision Instruments, USA) was used for all the 

front-gate measurements in this thesis. The characterization measurements were performed 

in a Titrisol buffer solution of pH 7. The back gate characterization was carried out either 

with or without electrolyte on the front oxide. 

Two measurement systems were used throughout this thesis. They are shown in figures 3.8 

and 3.9, respectively. Figure 3.8 shows the measurement setup that uses a commercial 

Keithley semiconductor characterization system (Keithley 4200 SCM), which has three 

source measurement units (SMUs) with variable potential and one which is connected to 

ground. The encapsulated chips were placed in the socket and connected to the system in 
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the following manner: The common source was connected to ground, while drain, front 

gate and back gate were connected to the SMU 1, SMU 2, and SMU 3, respectively. Figure 

3.9 shows the custom-made amplifier system for the parallel characterization of multiple 

SiNW devices. The amplifier is a modification of an existing measuring system [42, 158].

In order to account for the smaller currents of the SiNW transistors, the feedback resistance 

was changed to 500 kOhm. The setup can measure the dc characteristics or the 

impedimetric response of SiNW by means of the transfer function of 16 channels 

simultaneously.

Figure 3.8. Photographs of the measurement setup based on the Keithley 4200 SCM. The 

encapsulated chip is placed in a socket (see left image) and connected to the Keithley 4200 

SCM (see right image). The source, drain, back gate and front gate are connected to the 

Keithley 4200 SCM by coaxial cables. The reference electrode was kept at a fixed position 

in all measurement.

The back gate characterizations were carried out by applying VBG from 30 V to -30 V. The 

VDS was applied from -3 V to 3 V. The measurements were performed with or without the 

electrolyte solution at the front oxide to identify eventual influences. 

The front-gate characterizations were carried out by applying VFG from -3 V to 3 V and 

VDS from -3 V to 3 V. In the case of the front gate, the reference electrode was used and 

kept at constant distance to the chip surface by an electrode holder. 

The transfer characteristic was carried out by sweeping the gate voltage (VFG or VBG)

forward and backward in the range of applied voltage, while the VDS were kept constant. 

The output characteristic was measured by sweeping the VDS at a constant gate voltage. 
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Transfer function characterization of the SiNWs was carried out by the readout setup 

shown in figure 3.9. The working point was set at the maximum transconductance of the 

transfer characteristics curves measured directly before the transfer function measurement. 

The frequency was applied from 1 Hz to 1 MHz with sinusoid signal amplitude of 10 mV

through the reference electrode. 

Figure 3.9. Portable measurement setup using the custom-made 16 channel amplifier 

system and the software interface. The flow cell on top of the chip socket (see left image) 

can be removed for the experiment, if necessary. The amplifier in each channel has a 

feedback resistance of 500 kOhm 

3.4. Surface cleaning and modification for biomolecular binding

Chip cleaning

Cleaning the chip surface plays an important role for reliable experimental results, 

especially for the reused chips. The cleaning procedure needs to fulfill several 

requirements: 

- The surface of the SiNW needs to be cleaned and still function properly. 

- The electric properties need to be maintained after chip cleaning. 

- The encapsulation must withstand the cleaning procedure. 

In order to meet the above requirements, several tests have been performed to get the best 

procedures. The following paragraph describes the most stable procedure obtained by the 

tests. 

The chips were encapsulated as described in section 3.2. The metal contacts were separated 

from the electrolyte by a polymer such as PDMS or medical epoxy. This polymer only 

withstands some chemicals. In order to avoid the effect of the oxygen plasma cleaning to 

Flow cell

Reference electrode

Power supplyp

Amplifier
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the electronic properties of the SiNW as discussed later in section 4.2, all the cleaning and 

activation steps for the chips were carried out by wet cleaning methods. One has to 

consider that the mechanical properties of the SiNW are not like the planar ISFET ones, so 

that the cleaning procedure has to avoid strong mechanic treatments such as ultrasonic or 

mechanical cleaning by cotton bud like in some procedures described for the MEAs or 

planar ISFETs [42, 159]. 

First, the encapsulated chip was rinsed with deionized water and in a second step cleaned 

with Piranha solution (2 H2SO4: 1 H2O2). The Piranha solution cleans contaminated 

organic molecules such as DNA, protein or silane molecules bound to the SiO2 surface. 

Only a small drop of piranha solution was put on the center of the chip to avoid direct 

contact with the encapsulation materials. Then the chips were heated to 60°C for 10 

minutes. In order to avoid the vapor from the piranha solution, this experiment has to be 

done in fume hut with a protection. In the next step, the chip was rinsed under a flow of 

deionized water for 5 minutes. Then the SiNW chip was cleaned with the Hellmanex 2% 

(HellmanexII, Hellma GmbH, Muellheim, Germany) at 40°C for 10 minutes and finally 

rinsed by deionized water for 5 minutes. One has to consider that the Hellmanex solution is 

an alkaline solution and also etches the silicon oxide. The etching rate of SiO2 is increasing 

with increasing temperature and concentration. In some cases, the gate SiO2 was etched

away and consequently the SiNW was also etched by the Hellmanex solution. After 

cleaning, the surface was activated by applying a mixed solution of HCl: MeOH (v/v) at 

room temperature for 30 minutes in order to form the OH group at the SiO2 surface needed 

for silanization. After rinsing with deionized water and drying with the Ar gas, the chips 

were directly transferred to the silanization process. 

The effect of the cleaning procedure was also investigated by measuring the front-gate 

transfer characteristics of the SiNW chips before and after cleaning. For instance, the effect 

of plasma cleaning on the electronic properties of the SiNW and the long-term stability of 

the signal in the electrolyte solution were measured. 

Surface functionalization 

In order to have a reliable binding of the biomolecular probes to the oxide surface, the SiO2

needs to be functionalized with a functional catcher molecule, which can be covalently 

bound to SiO2 and exposes a functional group for further binding with probe molecules. 

For the DNA immobilization and protein binding, APTES and GPTES were normally 

used. The APTES silanization results in an amino-terminated gate that can further bind 

OH-terminated functional molecule. The GPTES silanization results in an epoxy-group 
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termination. The epoxy group then can be broken in a solution environment of pH 8-9 or 

by UV light illumination. The opening of the epoxy group leads to an OH-terminated 

surface that can further bind amino-terminated functional molecules. Figure 3.10 illustrates 

the APTES and GPTES silanization reaction with the SiO2 surface. 

In the experiments in this thesis, the silanization of both chemicals mentioned above was 

performed as follows: The freshly cleaned and activated chip was placed in desiccator 

containing 100 µl of silane molecule solution. After sealing of the desiccators, the chamber 

was evacuated for one hour. The pressure of the chamber was adjusted to 5mbar for 

APTES and 45 mbar for GPTES silanization. The silane fume spread over the desiccator 

and created a homogenous monolayer of silane on the chip surface [42, 88]. The GPTES 

silane layer was in the range of 1 nm [88]. The water contact angles measured after the 

silanization were 60o for the APTES silanization and 66o ÷70o for the GPTES silanization, 

respectively, indicating that the silane molecules were bound to the surface. 

Figure 3.10. Schematic drawing of the gas-phase silanization reaction between the gate 

oxide and the APTES, which results in an amino-terminated surface, and GPTES, which 

results in an OH-terminated surface.

3.5. pH sensitivity experiments

As discussed in section 2.2, the amphoretic groups at the oxide surface can be protonated 

or deprotonated depending on the pH value of the bulk solution according to the site 

binding model. The protonation and deprotonation of the amphoretic group at the oxide 

surface relates to the change of the surface potential according to Nernstrian equation 2.13. 

This change of the surface potential at the gate oxide interface causes the change of the 

flat-band voltage according to equation 2.1. In an ideal case, the change of the surface 

potential, called the Nernstrian response, is approximately 59.3 mV/pH. With a silicon 
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oxide surface, a value of about 30-40 mV/pH is achieved, depending on the cleaning status 

[94]. 

Generally, the standard open-gate FETs of our group can be used to detect the pH of the 

solution by observing the change of the output signal of these devices, when the pH of the 

solution changes. In this thesis, the pH sensitivity of the SiNW - FETs was investigated by 

different measurement techniques: i) The change in the transfer characteristics and output 

characteristic as a function of pH values, ii) The change of the current IDS to the change of 

the pH value of the solution at a certain working point (VDS and VFG are constant).

All pH experiments with SiNWs were carried out with the Titrisol buffer with a pH value 

ranging from 2 to 12. The chips were cleaned as described in section 3.4. The pH standard 

measurements were carried out on the bare and freshly cleaned SiO2 without further 

surface modification. 

3.6. Detection of Ca2+ ions by SiNWs

Ca2+ions play an important role in eukaryotic cells. They are involved in signal pathways, 

induce neurotransmitter release and act as cofactor in the activation of enzymes and 

hormones. Calmodulin (CaM) is an acidic protein consisting of approximately 148 amino 

acids and four EF-hand motifs that are responsible for Ca2+ binding, when intracellular 

Ca2+ concentrations are elevated from a resting submicromolar level to a concentration one 

or two orders of magnitude higher [160]. Ca2+-bound CaM activates various proteins that 

modulate physiological activities, including gene transcription, muscle contraction, and 

neurotransmitter release [161]. The binding of Ca2+ ions to the CaM is reversible and is a 

fast process. Sensors with CaM modification for the detection of Ca2+ ions in the biological 

environment give more information about the activity of biological processes such as 

muscle contraction, protein secretion, cell death, and development [162]. Previous studies 

employed the possibility that SiNWs can be used for highly sensitive detection of Ca2+ and 

CaM-interacting proteins [127, 163]. 

In our work, a part of the CaM peptide (shown in figure 3.11) was used for the purpose of 

Ca2+ ion detection. The peptide was covalently immobilized on the SiNW surface as 

following: The SiNW chips were cleaned and silanized with GPTES in a gas phase process 

as described above. 10 mM of CaM peptide in pure sodium phosphate buffer (150 mM, pH 

8.5) was added on the chips surface and incubated for 2 hours. The amino group of the 

peptide reacts with the OH functional groups of GPTES to form a strong covalent bond 

between peptide and the SiNW surface. The chip was rinsed by the phosphate buffer and 
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then with deionized water. The measurement was carried out in a 0.01× PBS buffer. The 

Ca2+ ions were diluted in the 0.01× PBS buffer and added to the electrolyte during the 

electrical measurement to observe the interaction between Ca2+ and CaM peptide. 

Figure 3.11. Structures and chemical formula of the CaM peptide used in this work for 

Ca2+ detection [164]. 

3.7. Polyelectrolytes multilayer build up on SiNWs devices

Polyelectrolytes (PEs) are polymer chains with repeating units of an electrolyte group. 

These groups will dissociate in aqueous solutions (water), leading to charged polymers. 

The polyelectrolyte properties are, thus, similar to both, electrolytes and polymers. The 

PEs show both characteristics of salts and polymers. This means that their solutions are 

electrically conductive and often viscous. These structures that are commonly present in 

soft matter systems play a fundamental role in determining structure, stability and the 

interactions of various molecular assemblies [165]. Many biological molecules are 

polyelectrolytes. For instance, polypeptides of protein molecules and DNA are

polyelectrolytes.  

PE multilayers on a substrate can be formed by alternating adsorption of polyanions and 

polycations in solution. For a first layer, a charged substrate is immersed into the PE 

solution with opposite charge to the surface for a certain time (2-20 minutes) followed by 

rinsing with the pure electrolyte buffer. The second layer is formed by immersing the 

substrate to the opposite charged PE solution followed by again rinsing with the buffer. 

This method is the so-called layer–by-layer self-assembly method which was introduced 

by Decher et al. [166]. This method has practically no limitations to build up multilayers 

on various substrates and can also be extended to a variety of charged materials such as 

nanoparticles, proteins, DNA [165, 167-170]. The main force contributing to the multilayer 
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formation is the electrostatic interaction between the negatively and positively charged 

polyanions and polycations, respectively. Besides, the contribution of other interactions 

such as hydrogen bonding and hydrophobic interaction can also influence the multilayer 

formation, however to a lesser extent. 

The formations of the PE multilayer strongly depend on the salt concentration and the pH 

value of the dissolved PE solution rather than the concentration of the polyelectrolyte [165,

168]. Within the multilayer, the adjacent layers strongly interpenetrate with each other and 

the charges partly compensate each other [42]. For strong PE layers, one third of the 

charges combine with the previous layer. The remaining charge is compensated by counter 

ions and the following adsorption. The weak PE layers, the thickness and the surface 

coverage depend on the pH due to pH-depended swelling [42].

Multilayer adsorption of polyelectrolyte on field-effect transistors can be utilized as a 

model for biomolecular assays. Previous experiments employed multilayers of two 

differently charged polyelectrolytes on ISFET devices [42, 46, 82] or on electrolyte-

insulator-semiconductor (EIS) structures [171] to model the charge based detection 

mechanism of biomolecules by these field-effect devices. 

Figure 3.12. Chemical formulas of PSS and PAH [42]. PSS is totally dissociated in 

aqueous solution and possess negatively charged molecule. PAH is positively charged 

molecule and the number of charge depend on the pH of the aqueous solution.

In this work, poly (sodium 4-styrenesulfonate) (PSS) and poly (allylamine hydrochloride) 

(PAH) was used. The structures of the PSS and PAH are shown in figure 3.12, 

respectively. PSS is a strong polyanion that totally dissociates in aqueous solution. 

Therefore, it is fully negatively charged. PAH is a weak polyelectrolyte and it can only be 



3.7 Polyelectrolyte multilayer build up on SiNW devices  

56

charged when dissolved in low or medium pH-value solutions. In high pH-value solution, 

the allylamine hydrochloride groups donate H+ ions and form an uncharged amine group. 

Figure 3.13. Formation of a multilayer of PEs on the SiNW chips by electrostatic 

adsorption. First, the positively charged PAH polymer was adsorbed on the freshly 

cleaned, negatively charged SiO2 surface. Repeated adsorption of oppositely charged PE 

layers resulted in a buildup of a PE multilayer.

The potentiometric measurements of PAH/PSS multilayers on SiNWs was carried out by 

measuring the transfer characteristic of the SiNW after deposition of each layer. For this 

purpose, the chips were cleaned and activated by piranha solution at 60°C for 10 minutes. 

The PAH and PSS polyelectrolytes were diluted in 10 mM phosphate buffer and then the 

pH value was adjusted to 5.5 [171]. The concentration of the PEs were 50 µM for both 

PAH and PSS solution. The cleaned SiO2 substrate was firstly immersed into the PAH 

solution for 20 minutes and then rinsed three times with the buffer solution. The 

electrostatic interaction between the negatively charged SiO2 surface and the positively 

charged PAH forms the monolayer of the PAH on the SiO2 surface. In the next step, the 

SiO2/PAH substrate was immersed into the PSS solution for 20 minutes to form the 

SiO2/PAH/PSS layers. Further layer by layer adsorption was achieved by cycle repetitions 

separated by repeated rinsing steps with the buffer solution. The transfer characteristics 

were measured after the rinsing steps to observe the output signal, respectively. For in situ 

measurements, the PE solutions were applied through the microfluidic chamber. The pure 

buffer was rinsed through the chamber in between each PE solution exchange to wash 

away the unbound PEs as well as to avoid agglomeration and precipitation of the PEs in 

the chamber. Figure 3.13 illustrates the formation of a PE multilayer on the SiNW 
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structure. The large surface to volume areas of the SiNW were covered by the layers of the 

PE molecules compared to the planar micro scale ISFETs. 

3.8. Detection of biotin-streptavidin binding by SiNW

The biological affinity reaction between biotin and streptavidin was chosen to demonstrate 

the versatility of the SiNW biosensor. Biotin is a small, hydrophobic molecule that 

functions as a coenzyme of carboxylases. It is a naturally occurring vitamin found in every 

living cell. Streptavidin, a near-neutral, biotin-binding protein isolated from the culture 

medium of Streptomyces avidinii, is a tetrameric nonglycosylated analogue of avidin with 

a molecular weight of about 60,000 Dalton. The isoelectric point of streptavidin is 6.4 

[172]. Streptavidin shows a negative charge when diluted in an electrolyte with a pH-value 

higher than the isoelectric point and positively charged when the pH-value is lower. The 

biotin and streptavidin binding is one of the strongest affinity reactions in nature [173] with 

a dissociation constant of Kd~ 10-15. The reaction is rapid and essentially non-reversible 

and the complexes are extremely stable over a wide range of temperature, pH, organic 

solvents and denaturing reagents. The high affinity of the biotin-streptavidin system has 

found applications in different fields of biotechnology including immunoassays, 

histochemistry, affinity chromatography, and drug delivery. Each streptavidin molecule 

has four biotin-binding sites. Typically, the streptavidin-biotin system is used for signal-

amplifying “sandwich” complexes between specific reagents (e.g. antibodies) and 

detection reagents (e.g. fluorophores or enzymes). The specificity and detection reagents 

are independently conjugated, one with streptavidin and the other with biotin, or both with 

biotin, providing synthetic flexibility. 

Figure 3.14. Schematics for the reaction of EZ-Link Sulfo-NHS-LC-LC-biotin with an 

amino-terminated surface. This creates a covalent linkage of the biotin probe to the 

surface [42].
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The biotin layer on supporting substrates can be used as a binding site in the detection of 

anti-biotin antibodies or avidin/streptavidin tagged detectors. This binding serves as a 

model system for protein interactions as the binding process is well understood [173]. 

In this work, the SiO2 surface was biotinylated by a covalent bond between the EZ-link 

Sulfo NHS-LC-LC biotin and the amino terminal group functional on the SiO2 surface. 

EZ-Link Sulfo-NHS-LC-LC-biotin (sulfosuccinimidyl-6-[biotinamido]-6-hexanamido 

hexanoate) enables simple and efficient biotin labeling of antibodies, proteins and any 

other primary amine-containing macromolecules. The reaction principle of the biotin with 

the amino-terminated SiO2 surface is depicted in figure 3.14. NHS-activated biotin reacts 

efficiently with primary amine groups in pH 7-9 buffers to form stable amide bonds [42,

174]. In practice, the chips were cleaned and modified by gas phase APTES silanization 

described in section 3.4. Biotin was immobilized on the SiNW surface by adding 20 µl of 

0.5 mg/mL biotin in 10 mM boric acid (pH 8.5) to the chip followed by incubation for two 

hours [42]. The chips were rinsed with the same buffer several times and then rinsed with 

deionized water to remove unbound molecules. The electronic characterization of the 

transfer characteristics was carried out after each step. For biotin-streptavidin binding, the 

streptavidin was diluted in 0.01×PBS buffer and pipetted to the electrolyte solution during 

the real- time measurement. Figure 3.15 illustrates the biotin-streptavidin binding on the 

SiNW used in this work. 

Figure 3.15. Schematic of biotin-streptavidin binding to the SiNW surface. The gate oxide 

of SiNW was first modified with APTES. After that Biotin was covalently immobilized 

through the reaction shown in figure 3.14. Each streptavidin molecule binds to two biotin 

molecules on SiNW. 
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3.9. Detection of DNA by SiNWs

DNA is a nucleic acid that contains the genetic instructions used in the development and 

functioning of all known living organisms and some viruses [175]. The main role of DNA 

molecules is the long-term storage of information. The DNA segments that carry this 

genetic information are called genes and are involved in regulating the use of this genetic 

information. DNA has a double helical structure [176] with two single strands of long 

polymers. A single strand contains a backbone build from sugar and phosphate groups and 

nucleotides base group attached to the backbone. The backbone is negatively charged due 

to the phosphate groups and the strands are held together by hydrogen bonds between 

nucleotides. There are four different types of nucleotides found in DNA. The four 

nucleotides are named: adenine (A), thymine (T), cytosine (C) and guanine (G). 

Figure 3.16. Chemical structure of a DNA and a double helix form [176]. The DNA double 

helix created by the single stranded DNA when it has matching between the nucleotides.

The process of forming a double helix from two single-stranded DNA (ssDNA) molecules 

is called hybridization and is achieved by complementary paring of two base pairs (bp) via 

hydrogen bonds. The paring is not arbitrary, but only two pairs exist: A-T and G-C. A to T 

are connected via two hydrogen bonds and G to C via three hydrogen bonds. An important 

consequence of this pairing scheme is that a ssDNA molecule can combine only with its 

precisely fitting complement. This fact can be utilized for recognition of individual DNA 

molecules and individual organisms. For this purpose, a characteristic part of ssDNA is 
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immobilized at a surface and acts as a probe. The complementary strand DNA (cDNA) in 

the analyte is hybridized to the probe and forms a double stranded (dDNA). 

The hybridization process of the DNA is strongly affected by the pH value, ionic strength 

of the solution, temperature. In addition, this process involves the formation of hydrogen 

bonds between two negatively charged strands. Therefore, parameters like probe sequence 

length, DNA concentration, and nucleotide sequence are also affecting the reaction. 

Due to the electrostatic repulsion of the two ssDNA molecules, in higher salt concentration 

electrolyte, the DNA hybridization yield is higher and the double helix is more stable than 

in a lower salt concentration. 

For DNA sensor applications, the immobilization of ssDNA on a solid support substrate 

plays an important role in DNA biosensor research. The immobilization can utilize the 

electrostatic interaction between negatively charged ssDNA on positively charged surfaces 

such as poly-L-Lysine on a SiO2 surface [40, 52]. A more preferred method of 

immobilization of ssDNA to the substrate is a covalent bond via a cross linker reaction. 

The covalent binding has some advantages over the non-covalent binding, such as higher 

surface coverage, better orientation of the probes and a higher stability of the probe 

binding to the surface. 

Figure 3.17. Optical image of ssDNA solution was selectively spotted on the SiNW arrays 

and incubated at 370C for overnight.

In this work, the ssDNA was immobilized to the SiNW surface by both methods. For 

electrostatic interaction, the SiNW surface was coated by poly-D-lysine (PDL), which is a 

positively charged molecule (20 µg/mL, 0.01×PBS). After that, ssDNA diluted in 0.01 × 

PBS buffer was added to the surface and incubated for 1 hour. The negatively charged 

ssDNA is undergoing an electrostatic interaction with the positive charge of the PDL layer 
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to form a layer of probe DNA on the surface. The DNA was added until the surface was 

saturated with ssDNA. 

Figure 3.18. Schematics illustrate the DNA immobilization and hybridization processes on 

the SiNW chips. In the first step, SiNW was cleaned and activated by wet chemical method. 

In the next step, the surface was gas-phase silanized by GPTES. The epoxy ring of GPTES 

molecules was opened in PBS buffer pH 8.5 and covalently binds to amino group of the 

amino-modified ssDNA. cDNA molecules in the buffer solution hybridized with the ssDNA-

immobilized form double stranded DNA on the SiNWs. 

For covalent binding, the amino modified ssDNA was immobilized on the respective 

SiNW array. The chip surface was silanized by the gas phase GPTES process (section 3.4). 

The 20-nucleobases sequence of the probe DNA was 5’- amino C6- 

ATGAACACTGCATGTAGTCA-3’. The probe DNA was diluted in immobilized buffer, 

which was composed of 150 mM phosphate buffer, 0.5 M NaCl with a pH value of 8.5. 

The concentration of the probe DNA was 2 µM. The probe DNA solution was selectively 

spotted on the respective SiNW by a custom-made spotter system [158] and incubated at 

370C for 2 hours or overnight. Each spot has about 0.5 nl of DNA solution. The humidity 

of the incubator helped to keep the spot in the same condition of pH and concentration 

during the immobilization process. Figure 3.17 shows the DNA spotted on the chip 
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surface. The reaction of the amino groups with the hydroxyl groups lead to a strong 

covalent bond of DNA on the SiNW. After the incubation time, the SiNW was rinsed by 

the same buffer several times in order to remove non-covalently bound DNA from the 

surface of the chip followed by a deionized step to remove the salt contamination from the 

immobilized solution. 

The hybridization process was carried out in either ex-situ or in-situ experiments. In the 

ex-situ process, the target DNA (cDNA) was diluted in 1×SSC buffer solution with a 

concentration of 500 nM and added to the chip and incubated for two hours. After that the 

chip was rinsed with the same buffer and subsequently with deionized water. For the in-

situ process, cDNA was diluted in 0.01×PBS buffer and was added to the chips during the 

electrical measurement. 

The front-gate transfer characteristic of the chip was recorded within a low concentration 

of a diluted PBS buffer (diluted 100 times, 0.01xPBS) after each step. The in-situ 

measurement was carried out with the same buffer and at a maximum of transconductance 

of the SiNW. The DNA immobilization and hybridization on the SiNW surface is 

illustrated in figure 3.18 
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Chapter 4. Characterization of the SiNW 

devices 

4.1. Structures and topography of the SiNW arrays 

In the frame work of this thesis, two fabrication processes round of the SiNW sensor arrays 

on wafer-scaled was successfully established. A possible mass production as well as the 

reliability and reproducibility of the devices were demonstrated. For the complete 

fabrication process, nanoimprint lithography and wet anisotropic etching of Si by TMAH 

were established and included in the process flows for SiNW sensor fabrications at the 

clean room facilities of the IBN. In the second process run, several improvements over the 

first process run were achieved and will be discussed in this section.

First process run 

Figure 4.1 shows a differential interference contrast (DIC) image (left) of a 4×4 array 

nanowire and a SEM image (right) of the topography at a sensing area of the 4×4 array 

chip from the first fabrication run. A single sensing area consisted of six SiNWs in parallel 

connected via source and drain contact lines. The opened area in the thick layer of LPCVD 

oxide passivation was 14×20 µm.  
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Figure 4.1. DIC image of the 4×4 arrays of a finished chip out of the first design (left) and 

SEM image of one of the gate areas including six nanowires in parallel (right). The small 

gap between the contact line and the passivation layer was due to the non-perfect 

deposition of LPCVD on the vertical structure. 

Design (nm) 100 200 500 1000

Real (nm) 80±10 130±10 360±10 900±20

Table 4. 1. The bottom widths of SiNWs after the wet etching process in TMAH (second 

row) compared to the widths of the wires in the initial design (first row). The variation is 

about 10÷20 nm. 

Geometry of the finalized-SiNWs were different and depend on the initial designed shapes. 

The length of the nanostructures depended on the wet etching time in TMAH as well. In 

our process the anisotropic etching of Si in the TMAH solution was 1 minute, therefore,

the length of the wires was slightly longer compared to the initially designed structures. 

The width of the SiNWs was defined by the smallest width of the SiO2 hard mask along 

the wire structure. Due to the roughness at the edges of the SiO2 hard mask after the RIE 

process (Figure. 3.5), the size of the SiNWs after TMAH etching for the 200 nm design 

was 130 nm at the bottom width and 70 nm at the top width of the trapezoidal-shaped 

cross-sections. The size of the SiNW was determined by SEM characterization. The width 

of the wires had small variation from wire to wire and from chip to chip. It was mainly 

caused by the edges imperfection of the SiO2 hard mask. For the smallest design with 100 

nm wires, the wet etching process was not reliable. Some of these small wires were 

completely etched away in the TMAH solution due to the roughness of the SiO2 hard 

masks. For the downsizing effect by wet etching two reasons added up. First, the imperfect 

transfer of the design to our custom made nanoimprint molds and, second, the transfer of 
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these structures to the SiO2 hard mask by RIE etching. The bottom widths of the wires of 

the finished chips are summarized in table 4.1.

In figure 4.1 (right), small gaps between the contact lines and the passivation layer are 

visible. The reason was that the LPCVD oxide layer at the vertical walls was thinner 

compared to this at the planar surfaces. This effect was caused by an over etching of the 

SiO2 layer during the gate opening process, which resulted in an extended etching along 

this interface.  

From the SEM image in figure 4.2 (left), it can be seen that the SiNWs at the final stage of 

the process is much rougher compared to the very smooth surfaces of the SiNWs after the 

TMAH etching. The reason for this is the two step passivation procedure using an LPCVD 

deposition on the wires, one as protection for the ion implantation and another one for the 

final passivation layer. Both LPCVD layers were deposited, in the first process run, 

directly on the Si surface. These two steps resulted in defects on the surfaces, which lead to 

an increase of the surface roughness. 

Figure 4.2. SEM image of the SiNW surface after TMAH etching (upper left) and of a 

finished chip (lower left). A cross section of a 130 nm SiNW (size in width at the bottom) is

prepared by focus ion beam cutting (FIB) (right). It can be seen that the small nanowires 

became free standing due to the over etching of the BOX during the processes. 

The cross-section of the nanowires was studied after performing a focus ion beam (FIB) 

cutting as shown in figure 4.2 (right)). The results revealed that the small wires (130 nm) 

were free standing. The reason for this was the over etching of the BOX layer during the 

removal of the mask oxide after TMAH etching. In this step the oxide of the BOX was also 

etched to a same amount as the oxide hard mask and was laterally removed underneath 

both sides the SiNWs with roughly 80 nm at each side. This over etching side effect 

became more serious with each proceeding oxide etching step. The thickness of the top Si 
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layer on the chips was only around 50 nm, which was also measured by the SEM images of 

the FIB cut samples. 

Second process run 

In comparison to the first process run, the second process was improved in certain steps of 

the process flow. Firstly, the chips design was considered to have a better distribution of 

the structures as well as some additional cavities, which were added at the less dense areas, 

as it can be seen in between the common source and drains in the 4 corners (figure 3.2, 

chip design). The individual drain contact lines were designed in a way that the distribution 

of the imprint resist was resulting in a homogenous residual layer after imprinting, while 

still guaranteeing the same resistances of the drain contacts. The mask oxide layer had a 

thickness of only 30÷50 nm, which was much thinner than in the first process run. For the 

ion implantation, directly the mask oxide and the photo resist were used as passivation 

layers. Before depositing of the LPCVD SiO2 layer for passivation, a thin layer of oxide 

was thermally grown on top of the Si structures to avoid the LPCVD oxide being directly 

deposited onto the Si. The passivation layer was thicker than in the first process run to 

improve the coverage of the passivation layer especially at the high step edges between the 

contact lines and the down etched areas. In this second design the SiNWs were arranged in 

two parallel lines, which enabled an easy integration of the chips with an external PDMS 

microfluidic system. In future processes, micro- or nanofluidic channels could be directly 

integrated into the fabrication process.  

Figure 4.3. DIC image of the 2×28 sensor array of the second chip design at the center of 

a finished chip (left) showing the planar SiNW arrays. SEM image of a closer view (right), 

showing the individually addressable SiNWs between the drain contacts and the common 

source contact.

A DIC image of a finally processed chip out of the second process run is shown in figure 

4.3 (left) and the SEM image with a closer view is shown in figure 4.3 (right), respectively. 
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In this process, nanowires with different length ranging from 10 µm to 40 µm were 

produced. The widths of the wire were proportional to the total etching time in TMAH. 

The etching rate of Si (111) in our protocol was approximately 18 nm/min. With 5 min 

etching time in TMAH solution, we were able to tune the widths of the wires from 200 nm 

down to 60 nm with lengths up to 40 µm and a very high reproducibility from wire to wire 

on the wafer. However due to the under etching of the SiO2 explained before, the thinner 

wires were free-standing after removal of the oxide hard mask. Since during the complete 

process the wafer had to undergo many process steps, some of these thinner wire structures 

were broken.  

Lengths
Widths

10 µm 20 µm 40 µm

200 nm 155±10 nm 120±10 nm 120±10 nm

400 nm 330±10 nm 300±10 nm 270±10 nm

Table 4.2. The bottom widths of SiNWs (in nm) of the second process run in relation to the 

widths of the wire in the design. The variation was approximately 10 nm. The Si thickness 

was 44÷55 nm.

Also shorter wires were more stable than longer ones. Especially during the different 

cleaning steps in a process run the longer and thinner wires tend to break. The sizes of the 

final wires on the wafers of the second process run measured by SEM are summarized in 

table 4.2. The variation of the wires widths on a whole wafer was about 10 nm. The surface 

topography of the chip was highly improved compared to the first process run (figure 4.4).

The SiNWs were arranged periodically on the flat surface of the large gate areas in 

between the open area of the high quality LPCVD oxide contact line passivation layer 

(figure 4.3, left; figure 4.4, left). This will prevent any vortex of the analyte solution inside 

the small micro fluidic channel and will result in laminar flow conditions, which will be 

especially important when studying diffusion effects [178, 179]. The nanowire had a 

trapezoid cross-section with a close relation of the top width and the bottom width to the 

initial thickness of the Si layer. The aspect ratio is given by: 

     t
Si

b wtw ��
)4.57tan(

2     4.1

with wb is the width of the wire at the bottom, wt is the top width of the wire and tSi is the 

thickness of Si layer. With increased etching times the two planes (111) created a 

triangular cross-section of the SiNW. The surface roughness of the SiNWs after the 
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finished process was much smaller compared to the first process run (fig 4.4 (right)). In 

addition, the contact line was perfectly covered by the passivation layer as it can be seen in 

figure 4.4, left. This was due to the reduction of the hard mask oxide lead to decrease in 

step high between the contact line and the base plane after removing the mask oxide and 

also due to increase thickness of the passivation layer. 

Figure 4.4. SEM images of a single SiNW out of the second process run. It can be seen 

that the contact lines were perfectly covered by a good LPCVD passivation layer (left).

The SEM image on the right shows a portion of a SiNW with a trapezoid cross-section 

having a very smooth surface (right).

Figure 4.5. A STEM image of the cross-section of a 360 nm (bottom width) SiNW prepared 

by FIB (left). The SiNW had a trapezoid cross-section. The undercut of the BOX layer was 

originating from the removal of the mask oxide layer after TMAH etching. This effect 

eventually leads to free standing small wires (less than 100 nm in this case). The gate 

oxide on the (111) plane was thicker than on the (100) plane as can be seen in the high 

resolution TEM image (right).  
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To validate the final structure of the wires, cross section and the thickness of the gate oxide 

layer on the different plane of the SiNW structure, scanning transmission electron 

microscopy (STEM) analysis was used. In figure 4.5, the cross section of a 360 nm 

(bottom width) SiNW can be seen. The analysis revealed that the cross section was not an 

ideal trapezoid as it had quite spiky etches, especially at the bottom side of the wires. It can 

also be seen that the gate oxide grown on (111) was thicker compared to that on the (100) 

plane. Nevertheless, the whole structure was totally covered by the high quality oxide layer 

having a thickness of about 7 nm on the (100) planes and 13 nm on the (111) planes,

respectively. The under etching of the BOX layer can be seen on the left and right side of 

the SiNW in figure. 4.5 (left). As discussed before, this was originating from several wet 

etching steps to remove the SiO2 during fabrication processes. At an intersection of the 

(100) and (111) planes, figure 4.5 right, due to the competitive oxide growth at the 

intersection was not as sharp as the shape of the nanowire itself. 

4.2. Electronic characterization of the SiNW arrays 

The SiNW arrays were characterized by the back-gate and front-gate operation as shown in 

figure 3.7. The transfer and output characteristics of the SiNW as a function of voltages 

were carried out by using the measurement set up with the Keithley 4200 SCM system as 

shown in figure 3.8. Contact lines of the SiNWs were either kept at the same doping level 

as the original wafer (7×1014 ions/cm3) or highly implanted by boron ions (1×1019

ions/cm3).  

4.2.1. Back-gate characteristics  

a. SiNW chips without implanted contact lines 

Typical back-gate transfer characteristics of SiNW without an ion implantation of the 

contact lines (non-implanted contact lines) is shown in figure 4.6. The back-gate voltage 

(VBG) was applied to the silicon substrate as shown in figure 3.7 and swept from -30 V to 

30 V in steps of 0.1 V. The transfer characteristics were recorded at different VDS: 1.0 V 

(black curve), 2.0 V (red curve), and 3.0 V (green curve). There was no electrolyte solution 

on the front gate oxide in these measurements.  

As can be seen in figure 4.6, the transfer characteristics of the SiNW correspond to three 

regimes: hold accumulation (a) at negative VBG (VBG < VTH1), inversion or electron 

accumulation (c) at positive voltage (VBG > VTH2), and depletion or off-state at VTH1 < VBG

< VTH2. Here VTH1 = -15 V is the threshold voltage of the hold accumulation regime and 



4.2. Electronic characterization of the SiNW arrays

70

VTH2 = 5 V is the threshold voltage of the inversion regime as shown in figure 4.6.

Consequently, these SiNWs can be used as p-channel transistors (at negative VBG) or as n-

channel transistors (at positive VBG).

Figure 4.7 presents a model to explain the above behavior of the devices with related 

energy band diagrams. In this process, there are two phenomena effective: First, the 

influence of the fixed charges at the oxide-silicon interface [180] and second, the Schottky 

barrier at drain contact and source contact between metal and low doped silicon [84, 181].  

Figure 4.6. Back-gate transfer characteristics of a SiNW transistor (380 nm × 3 µm). In 

this case, the drain-source contact lines have the same doping levels as the SiNWs. The 

transistors can be operated as p-type transistors or n-type transistors depending on the 

applied voltages to the gate.

When the thickness of the Si layer becomes thinner (40÷60 nm), a depletion of free charge 

carriers occurs due to the fixed charge at the Si-SiO2 interface [180]. Consequently, only 

the fixed charges close to the acceptor ions remain [157]. In this situation, there is no free 

charge in the channel and the transistor is in off-state (figure 4.7 b). When the back-gate 

voltage is sufficient, the free charges form in the channel. Consequently, the transistor is in 

on-state. Due to the same doping level of the contact lines and the nanowire, the energy 

state is constant on entire structures and there are only the different at the metal-silicon 

contact due to Schottky barrier [84, 181]. Depending on the bias condition of the back-gate 

voltage, the energy-band barrier of the silicon layer is bent and the bending directions are 

either up or down corresponding to electrons or holes formed in the channel. These carriers 

can tunnel through the barrier, thus, creating a current between source and drain [182]. For 
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a positive VBG, the electron barrier is sufficiently low and the thickness of the barrier 

decreases, so that an inversion-electrons channel forms and turns on with electron 

conduction as major carriers (figure 4.7 c). On the other hand, an accumulation of the holes 

is formed for a negative VBG, leading to a domination of the hole-carriers conduction 

(figure 4.7 a). Therefore the transfer-characteristic curves of this device shows 3 regions, 

accumulation of charges (hole carriers), depletion of charges (channel closed), and 

inversion of charges (electron carriers). Due to the lower effective mobility of hole 

compared to electron [84], the current amplitude of p-channel regime is smaller than the n-

channel regime of the SiNW as can be seen in figure 4.6.  

Figure 4.7. Back-gate operation of the non-implanted contact line SiNW sensor without 

fixed front-gate potential. Depended on the back-gate bias, either holes or electrons can be 

formed in the channel, resulting in p-channel or n-channel transistor behavior, 

respectively. 



4.2. Electronic characterization of the SiNW arrays

72

b. SiNW chips with a high boron implantation of the contact lines 

The main part of our fabrication process relied on a high implantation of the contact lines. 

Due to the long and very thin Si contact lines in our chip designs, reduction in serials 

resistance in correspondence with a high implantation level of the contact lines was an 

important step to improve the performance of the devices. The consequences of a voltage 

drop across the contact lines or the effect of the serials resistance to the devices 

performance will be discussed later in this chapter.  

The source and drain contact lines of the SiNW chips were implanted by Boron ions with a 

dose of 5×1014 ions/cm2 that corresponds to a concentration of approximately 1×1019

ions/cm3 for a silicon thickness of 50 nm. Detail about the implantation profiles on the 

chips was described in section 3.1.1. The resistances of the common source contact lines of 

both the 4×4 arrays and 28×2 arrays after ion implantation were in the range of 100 kOhm. 

These values are much lower compared to the non-implantation contact lines (about 1 

MOhm) and do not strongly depend on the electric field (such as back gate voltage) as 

compared to the SiNWs without implantation contact lines. The metal-silicon contact was 

proven to be an ohmic contact. 

Figure 4.8. Back-gate transfer characteristics of six parallel SiNWs (130 nm width and 3 

µm length) transistors in air. The drain-source contact lines were highly doped with Boron 

ions (6×1014ions/cm2). The chips show a behavior like p-enhancement transistors with a 

threshold voltage of -13 V for the back-gate operation. 
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Figure 4.9. Back-gate output characteristics of six parallel SiNWs (130 nm width and 3 

µm length) in air. The drain-source contact lines were highly doped with Boron ions 

(6×1014ions/cm2).

The electronic characterization of the devices with the back gate as gate voltage input was 

performed without electrolyte on the front gate side. The transfer characteristics were 

carried out by sweeping VBG from -30 V to 30 V in steps of 0.1 V at a constant VDS

voltage. Figure 4.8 presents back-gate transfer characteristics of the implanted contact lines 

SiNWs out of 4×4 arrays, which contain six parallel wires (130 nm width and 3µm length). 

The IDS (VBG) characteristics of this device is plotted from -30 V to 0 V. Black curve 

represent for VDS = - 1 V and red curve represent for VDS = - 2 V, respectively. The output 

characteristics of the same device recorded by sweeping VDS from -5 V to 5 V in steps of 

0.1 V at different VBG value from -10 V to -30 V in steps of 5 V (as shown in different 

colors) is presented in figure 4.9.  

As can be seen in these figures, the devices exclusively showed an accumulation behavior 

of a typical p-channel enhancement transistor with a threshold voltage of -13 V. There is 

no n-channel transistor behavior in the whole range of VBG from -30 V to 30 V (data not 

shown) as like the non-implanted contact line. The observed current of the device (IDS = 4

µA at VDS = -1 V, VBG = -30 V) was much higher compared to the previous case of SiNW 

without implanted contact lines (1μA at VDS = -1 V, VBG = -30 V). The subthreshold slope 

for the structure was 1.3 V/decade. It was obviously, the implantation of the contact lines 

changed the behavior of the devices and enhanced the electrical performance compared to 

the non-implanted contact lines. 
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The output characteristics of the devices confirm that SiNW behave as a long-channel p-

enhancement field-effect transistor. At VBG = -10 V, the device operates in subthreshold 

region, consequently the current IDS is not visible is the linear scale (black curve). When 

VBG lower than VTH, the output characteristics curves clearly show two regions: linear 

region (device act as a resistor) at ǀVDSǀ < ǀVGS-VTHǀ and saturation region at ǀVDSǀ > ǀVGS - 

VTHǀ, respectively.  

Figure 4.10. Operation of a SiNW with high boron doped contact lines. At negative VBG,

an accumulation of hole is formed in the SiNW and the transistor is in the “on-state”. At 

positive VBG, an inversion layer of electrons is formed inside the SiNW. Due to the different 

polarization of the SiNW and contact lines, there is no current flow through the device. The 

transistor is in the “off-sate”.

A model to explain the operation mechanism of the devise is presented in figure 4.10. On 

the Si device layer, the high doping dose of source and drain contact lines are presented as 

regions A and C, respectively, while the low doping channel is presented as region B. The 

contact lines are degenerately doped semiconductor because of the high doping 

concentration of Boron ions used in our chip fabrication (1019 ions/cm3). Within the 

applied VBG in our experiments, the major carrier in the contact lines (A and C regions) are 

holes as shown in figure 4.10. As discussed above, due to the fixed charge at the Si/SiO2
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interface the region B is fully depleted of free charge carries [180]. A large negative bias 

voltage is needed to convert the region B into accumulation. When a sufficiently negative 

bias voltage applied to the gate (VBG < VTH), the energy barrier is reduced and the channel 

is holes accumulated as shown in figure 4.10 a, the NW is turned on as the p-enhancement 

mode FET. At positive bias VBG, the energy barrier increases as shown in figure 4.10 b. An 

increase of VBG to more positive lead to formation of an inversion layer of electron, 

however, due to the different polarity between contact lines and the channel there is no 

electric transport in the structure. The SiNW is off-state. 

The transfer characteristics of transistors with different wire dimensions out of a 4×4 

transistor array are shown in figure 4.11 in both linear scale and logarithmic scale. As it 

can be seen, the maximums of IDS as well as the threshold voltages strongly depend on the 

width of the SiNWs. For small wires (80 nm and 130 nm width), the threshold voltages 

were approximately -13 V. In contrast, the threshold voltage of the 380 nm width one was 

determined to be -8 V and remained constant for all larger wires from 900 nm width to 

micro-scale wires (data not shown). However, in the curve of the large wire (380 nm and 

900 nm), a small kink was visible at VBG = -18 V. So far, the underlying reason for this 

kink could not be found. By extrapolating of the data of these curves from -30 V to -18 V, 

one can estimate that the intersection with the x-axis results to the same threshold voltage 

as for the small wires. 

In the logarithmic scale, it can clearly be seen that the on-set of currents start at the same 

value of VBG = -3.8 V for all the different wire widths but the small wires had much larger 

subthreshold slope compare to the large one. The values of the subthreshold slope were 

850 mV/decade for the 380 nm and 900 nm wire widths, while it was 1.3 V/decade for the 

130 nm wire width and 1.4 V/decade for the 80 nm wire width, respectively. There are two 

main mechanisms to explain this behavior:  

- The first is the effect of the fixed surface charge. At the gate-oxide layer and in the 

Si-SiO2 interface the fixed charges are always present caused by defects or 

unavoidable contaminations from the chip processing. The fixed charges are 

positive in this case and can block the conducting channel. In the smaller wires, the 

entire structure can be effected thank to the surface-to-volume ratio, and as a result 

the surface charge effect becomes more dominant compared to the larger one. Thus, 

the small wires need higher applied gate voltage to reach the flat-band voltage for 

holes [183, 184]. 
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- The second is the effect of the undercut in the back-gate oxide layer underneath the 

nanowires. The under etching of the BOX layer during the fabrication process 

always was the same. Therefore, the area of the wires, which still is in contact with 

the BOX, was much less for wires with smaller widths. Therefore, the influence of 

the back gate is reduced for the smaller wire structures.  

Figure 4.11. Size effect of the back-gate transfer characteristics for the SiNWs with a high 

boron implantation of the contact lines. Each channel had six wires in parallel with the 

same length of 3 µm. The wires widths were 80nm, 130 nm, 380 nm, and 900 nm, 

respectively.  

4.2.2. Front-gate characteristics 

The front-gate characterization was carried out as described in section 3.3. The front-gate 

voltage (VFG) was applied through an electrochemical reference electrode immersed into

the electrolyte solution was shown in figure 3.7. All the results shown in this section was 
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carried out with same condition (Titrisol buffer solution, pH 7, Merck). The back gate was 

keep floating during these measurements. 

a. SiNW chips without implanted contact lines 

Typical front-gate transfer characteristics of a SiNW without implanted contact lines are 

presented in figure 4.12. The chip had six SiNWs in parallel with a dimension of 130 nm × 

3 µm in the 4×4 transistor arrays. The VFG was swept from -2 V to 2 V and the VDS were 

varied from 0 V to 3 V in steps of 0.5 V as shown in different colors of the curves. As can 

be seen, the devices shown only an n-channel transistors behavior with a threshold voltage 

of VTH = 0.5 V. The same behavior was also observed with a larger variation of the front-

gate voltage, from -3 V to 3 V. The p-channel transistor behavior like for the back-gate 

characteristics of these devices did not exist in the front-gate operation mode. This 

behavior is understandable, because the contact lines were passivated by a thick layer of 

LPCVD oxide, so that the low bias VFG did not affect the charge carries of the contact 

lines. As discussed above, the fixed charges at the oxide interfaces can cause an inversion 

of electrons inside the Si layer [180]. This effect was clearer when the LPCVD oxide was

employed as passivation layer due to the defect of the LPCVD oxide. Due to this reason, 

the charge carriers in the contact lines were always electrons, while the charge carriers in 

the SiNW structure can be fully controlled by the front gate voltage. Thus, a negative bias 

of VFG creates an npn structure and an nnn structure for positive bias. In the npn structure 

with negative VFG, there is no electric current flowing through the devices due to different 

polarization of the charge carriers between the contact lines and the SiNW. On the other 

hand, in the nnn structure the electric current can be controlled by the front-gate voltage 

VFG. This effect is illustrated in figure 4.13. 
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Figure 4.12. Front-gate transfer characteristic of the non-implanted contact lines chip. 

The chip had 6 SiNWs in parallel and the width and the length of the wires was 130 nm 

and 3 µm, respectively. The chip showed an n-type transistor behavior over the range of 

VFG from -2 V to 2 V (data for the VFG from -2 V to -0.5 V are not shown).  

Figure 4.13. Front-gate operation principle for the SiNWs with non-implanted contact 

line.
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As can also be seen in figure 4.12 the transfer characteristics curves are overlap at VDS >

2.5 V, yellow and dark blue curves. The current IDS did not increase further at VDS higher 

than that value. It means that the largest IDS of the devices were achieved at a maximum of 

VDS = 2.5 V. The current IDS were saturated even if the VFG was increased. This effect was

caused by the high source and drain resistances and the contribution of the Schottky barrier 

at the metal-silicon interface as discussed above in section 4.2.1.a.  

Figure 4.14. Front-gate transfer characteristic of SiNWs with non-implanted contact lines 

with different geometry of the SiNWs. The length of the wires was 3 µm in all case. The 

data are shown in linear scale (left) and logarithmic scale (right) for VDS = 0.5 V

The threshold voltages of SiNW devices also depended on the size of the wires. The 

smaller wire widths had higher threshold voltages compared to large ones. A comparison 
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of the transfer characteristics of the different wire widths is presented in figure 4.14 in both 

linear and logarithmic scales. It can clearly be seen that the threshold voltages increase 

with decreasing wire diameters. Subthreshold slope extracted from figure 4.14 were 

determined at approximately 90 mV/decade for the 130 nm, 380 nm and 900 nm wire 

widths and 100 mV/decade for 80 nm wire width. 

b. SiNW chips with a high boron implantation of the contact lines 

6 parallel wires on 4x4 arrays out of first fabrication process 

Figure 4.15 shows the transfer characteristic of the 6 SiNWs (130 nm ×3 µm) out of the 

4×4 arrays of the first fabrication process in linear scale and logarithmic scale. The VFG

voltage was swept from 0 V to -3 V and the VDS voltage was varied from 0.0 V to -2.0 V in 

steps of -0.5 V. The SiNWs presented p-channel enhancement transistors and had the VTH

of about -0.7 V. The subthreshold slope extracted from the transfer-characteristic curve in 

the logarithmic scale is 90 mV/decade. As discussed above, the p-channel enhancement 

mode of the devices is a result of the depleted charge carriers in the SiNW due to fixed 

charges at the oxide layers [84, 180, 181].   

Figure 4.16 shows the output characteristics of the SiNW chips with a wire width of 130 

nm and a length of 3 µm. The VDS voltage was swept from -3 V to 3 V and the VFG voltage 

was applied from 0.0 V to -3.0 V in steps of -0.5 V. At VFG = 0.0 V, which is below the 

threshold voltage, there is no electric current flow present between source to drain as 

related to the value shown in the logarithmic scale in figure 4.15. When VFG > VTH, IDS

increases and shows a linear behavior at low VDS due to , and a 

saturation at high VDS due to . In this situation, the SiNW transistors 

behave like long-channel field-effect transistors as described in section 2.1.  
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Figure 4.15. Typical front-gate characterisitics of SiNW with high boron doped contact lines. 

The chips show a p-enhancement transistor behavior with a threshold voltage of -0.7 V.  

Figure 4.16. Output characteristic of a 130 nm × 3 µm SiNW on 4×4 arrays (6 NWs in 

parallel) 
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The transfer characteristics of the SiNWs out of the 4×4 transistor arrays of the first 

process with different width are shown in figure 4.17. It can clearly be seen that the smaller 

wires have a higher threshold voltages and a larger subthreshold slope. This behavior is

similar to the performance of the chip with non-implanted contact lines. As discussed 

previously, this behavior is caused by influence of the interface charges. Another effect is 

that in general the front-gate oxide is thicker in average when the diameter of the wires is 

smaller. The reason for this is that for smaller wire the (111) plane is dominating and in 

general the gate oxide growth is faster at the (111) plane as discussed in section 4.1. As it

can be seen in figure 4.5, the gate oxide layer is thicker on the (111) plane. This leads to an 

increase of the threshold voltage due to equation 2.1. Here, the threshold voltage is a 

function of the gate-oxide capacitance. It is also noted that the interface charges are 

dominating inside the smaller wire structures. In this case, the smaller wires need a higher 

gate voltage to reach the flat-band voltage. The same explanations as already described in 

section 4.2.1 for the back-gate characteristics are also applying for the front-gate

characteristics.  

Figure 4.17. Front-gate characteristic of the SiNW chips with different wire diameters.  

Single wire on 28x2 arrays out of second fabrication process 

In the second fabrication process, the chips were design differently compared to the first 

fabrication process. In this design, one sensing point had a single SiNW, which was 

addressable between comment source and individual drain contacts. To eliminate the effect 

of the serials resistance that will be discussed later, the drain source contact lines were 

implanted with higher dose of Boron ions. As shown in section 3.1.1, the wire lengths were 

5 µm, 10 µm, 20 µm and 40 µm and the wire widths were 200 nm and 400 nm in the mask 

design. The SiO2 gate oxide was about 7 nm on (100) plan as shown in figure 4.5.  
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Figure 4.18. Front-gate transfer characteristics of a single SiNW out of the second 

fabrication process. The wire had a width of 160 nm and a length of 10 µm. 

Typical transfer characteristics and output characteristics of the single SiNW out of the 

second generation chips are shown in figure 4.18 and figure 4.19, respectively. The SiNW 

had wire width of 160 nm and wire length of 10 µm. The devices shows p-channel 

transistor behavior and a long channel effect with a threshold voltage of – 0.7 V as 

expected from the above results. The devices show better performance compared to the 

first chip design. Due to small and long wire, the resistance of the SiNW was dominating 

in the working condition as can be seen from the transfer characteristics of the devices. The 

current amplitude of the devices is much smaller compared to the first generation of 4×4 

arrays. Depending on the wire dimension, the IDS were in the range from 300 nA to 3 µA 

so that the maximal transconductance were also varied from few hundred nS to around 2 

µS in the working voltages. The long wires showed smaller current than the short one 
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because their resistances were scaling in correspondence with the wire lengths. The 

mobility of holes was calculated for the devices are about 100 cm2/ (Vs-1).

Figure 4.19. Output characteristics of a single SiNW out of the second fabrication process. 

The wire had a width of 160 nm and a length of 10 µm

A comparison of the different wire geometry is shown in figure 4.20. The subthreshold 

slope achieves 85 mV/decade for the short wires (less than 10 µm lengths) and increases 

when the length of the wire increases. This effect can be explained by an increasing charge 

scattering in a smaller and longer wire. 

Figure 4.20. Transfer characteristics of different wire geometry in linear scale and in 

logarithmic scale.

A comparison of SiNW having the same length but different width is shown in figure 4.21.

The threshold voltage dependence with respect to the size of the SiNWs is barely visible. 

This is a direct result of the changes in the chip fabrication protocol, which reduced the 

interface charges of the gate oxide compared to the first fabrication process.  
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Figure 4.21. Output and transfer characteristic of a SiNW chip with individually 

addressable wires. The wires have a length of 20 µm and a width of 120 nm (red curve) or 

330 nm (black curve), respectively. 

4.2.3. Influence of the contact lines resistance effect to the SiNW arrays 

characteristics  

The influence of the contact lines resistance is an important aspect for the performance and 

the reliability of the devices. The contact line resistances are generally very high due to the 

thin and long contact lines. In designs, the source contact line and the drain contact line 

resistances are about 100-150 kOhm and about 150 kOhm, respectively, leading to a total 

contribution of the serial resistance of 300 kOhm. The resistance of the SiNW structure 

alone depends on the applied VFG, while the resistances of the contact lines are 
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independent of the applied VFG. At high VFG, the resistance of the SiNW decreases and the 

resistance of the contact line dominate. This effect can be seen in the change of the shape 

of the transfer-characteristic curves (figure 4.14). As a result the IDS saturates at high VFG

caused by the contribution of the contact line resistance. In the transfer characteristics of 

the 4×4 array with six nanowires in parallel, the IDS saturate early with increasing VFG. At a 

certain value of applied voltages (VFG and VDS), the resistance of the contact lines 

dominates, which leads to a change in the transfer-characteristics curves.

To explain the influence of the contact line resistance, the equation 2.8 and 2.9 need to be 

extended by ohmic contact resistances RS and RD in serial at source and drain contacts. 

Which a certain VFG and VDS applied voltage, the respective effective voltage (Veff) are: 

VFG, eff = VFG - IDSRS      4.2

and

VDS, eff = VDS – (RS-RD)IDS     4.3

By replacing the equation 4.2 and 4.3 to the equation 2.8and 2.9, the IDS of the p-type 

channel transistor is given by 

μ × 

       4.4

for the linear region and  

  μ    4.5

for the saturation region. 

In these two equations, RS and RD are the resistances of the source and drain contact,

respectively. 

At low IDS, the small correction factor RSIDS to the large gate-voltage term (VGS-VTH) can 

be neglected, and only the total resistance matters. While at high IDS, the term RSIDS needs 

to be taken into account. 

The serial resistances of the contact lines also affect the reliability of the large array. Inside 

the large array, the SiNWs are located in different places with different source-and drain-

contact lengths. This affects the performance of the array device. Usually in our chip 

design, only one working point was set for the entire chip. Therefore the source bar 

resistance also limits the performances, when all channels of the large array are operated at 

the same time. In this case, the respective current IDS for each wire will be limited by the 

respective source resistance. 
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For the 4×4 array of the first design, the influence of the serial resistance of the contact line

dominates due to the parallel operation of six nanowires at one gate contact, as it was 

already described in detail by Eschermann [185]. By using a mathematic correction factor 

the influence of the serial resistances can be eliminated.  

In the second design, the influence of the serial resistances was eliminated technically by 

increasing the resistance of the nanowires and elevating the doping level of the contact 

lines. In addition, the longer wires are advantageous for sensing applications and are also 

improving the performance of the arrays.  

Figure 4.22 show the transfer characteristics of different channels out of the 28×2 arrays. 

The graph shows that the electric behavior is identical for all channels irrespective of their 

position in the array. In comparison to the 4×4 arrays of the first design, the difference of 

the current IDS is negligible. 

Figure 4.22. Front-gate characteristics of different channels out of a single SiNW design 

(160 nm × 10 µm) of the 28×2 arrays. Compared to the first design, the influence of the 

contact line resistance was eliminated due to the high resistance of the SiNWs. 

4.2.4. Coupling of back-and front-gate 

One of the specific properties of SOI-based devices, in general, or our SiNW in particular 

is an electrostatic coupling of the back-gate and front-gate contacts. This means that the 

back gate bias can be influenced by the front gate bias or vice versa. In most publications, 

the back-gate voltage is used to operate the SiNWs for biomolecular sensing, without 

controlling the potential of the front-gate electrolyte. That is a critical point, since the front 
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gate has a large influence in the electrochemical sensing experiments. If the potential of the 

electrolyte was kept floating, this was always leading to an instability of the signal [73,

75]. As discussed above, the back-gate operation of the device was not stable at all,

especially when the electrolytes solution on the front-gate side of the SiNWs was 

exchanged. This leads to a systematic error for biochemical sensing, that mostly occurs at 

the front oxide. 

The relation between the back-gate and the front-gate contact for fully depleted or partly 

depleted SOI-based electronic devices was already discussed in detail in text books [156,

157]. 

Figure 4.23. Back-gate transfer characteristic of a SiNW chip with front oxide in contact 

to air (dashed lines) or to an electrolyte solution (solid lines). 

Figure 4.23 shows the transfer characteristic of a single 120 nm × 20 µm SiNW before and 

after the electrolyte was introduced to the front gate side. The electrolyte was not kept at a

fixed potential, e.g. by a reference electrode. It can be seen that the back-gate 

characteristics of the SiNW changes strongly after the introduction of the electrolyte 

solution to the front-gate side. In particular, the threshold voltage shifted from -10 V to -

2.5 V and the current amplitude was strongly increased. This effect was consistent for all 

the measurements with a first time introduction of the electrolyte solution.  

When the electrolyte solution was introduced, amphoretic groups are forming in the front–

gate side. These groups create a negatively charge at the front-gate oxide–electrolyte 

interface as described in section 2.2. The surface charges at the front gate can accumulate 

the holes inside the transistor channel. 
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One of the disadvantages of these devices is the reliability of their performance, which 

needs to be improved. A fluctuation of the threshold voltage has been observed when the 

electrolyte solution was exchanged. Each time, a new portion of the buffer solution was 

exchanged; a change in the threshold voltage was detected. Big shifts of the transfer 

characteristic to the left or to the right in comparison to the previous recording were 

observed. In other cases, no changes could be detected at all. To further investigate this 

instability, the unstable surface charges at the front oxide need to be taken into account, if

the back-gate operation should be used for sensing. Without a controlled potential of the 

electrolyte solution, any disturbance of the system may change the charges at the oxide–

electrolyte interface leading to instability of the threshold voltage. 

The influence of the back-gate voltage to the front-gate transfer characteristics of single 

SiNWs out of the second design (330 nm width and 10 µm) is shown in figure 4.24. The 

back gate was biased at VBG = -30 V (blue curve), VBG = 0 V (black curve), and VBG = 30 

V (red curve), respectively. At VBG = -30 V, the hole carriers accumulate in the SiNW 

leading to a decrease of the front-gate threshold voltage compared to the threshold voltage 

at VBG = 0 V. This effect was unexpected, because at this voltage the device should work 

in accumulation mode as shown before in figure 4.8. When VBG = 30 V, the front-gate 

threshold did not change, however, the current amplitude was smaller compared to VBG = 0 

V.  

Figure 4.24. Transfer characteristic of the front-gate voltage with different back-gate 

voltage.

In the experiments in this thesis, the front gate was always dominating the conductance of 

the wires. If the front-gate voltage was applied at any potential, the effect of the back-gate 
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voltage was somehow eliminated. The current behavior was dependent on the front-gate 

voltage and only slightly changed with changing back-gate voltage. The effect of the front-

gate voltage to the back-gate transfer characteristics is shown in figure 4.25 for two 

different wire widths: 130 nm on top and 300 nm at the bottom, respectively. It can be seen 

from the cross section of the wire shown in figure 4.5, that the small wire was nearly free-

standing, so that the front gate nearly became a wrapped–all–around gate of the wire. 

Therefore it shows a stronger electrostatic coupling to VFG compared to the wider wire. For 

the larger wire (300 nm width, bottom figure) the influence of the back-gate voltage is 

stronger because of the larger contact area of the BOX to the SiNW. This effect needs to be 

taken into account, when using the wires for biosensing as well as for future chips designs 

and fabrication processes. 

Figure 4.25. Back-gate transfer characteristics of the SiNW of different width as indicated 

by the schematic cross-section at VFG = -1.0 V. 

4.2.5. Signal reliability 

Electric signal reliability of the SiNWs is an important factor for all sensing applications.

The more stable the electric signals are, the less errors can be introduced by side effects. 
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Hysteresis 

Generally, the transfer characteristics of the SiNW transistors showed a hysteresis 

behavior, when the gate voltage was swept forward and backward. The front-gate 

characteristics showed a small hysteresis while the back-gate characteristics showed large 

hysteresis. In addition, the hysteresis effect was dependent on the scan rate during 

recording. The underlying reason for this behavior could be the presence of fixed surface 

charges at the gate oxide, which seem to be polarizable. The hysteresis of the chip with 

different scan rates for the back-gate voltage to the transfer characteristics curve with the 

front oxide in contact to air is shown in figure 4.26.

Figure 4.26. The hysteresis effect of the back- gate transfer characteristics of the SiNW 

chip, which become visible with different scan rates. 

Drift 

Signal drift is a well-known behavior of field-effect devices in electrolyte solutions, 

especially when SiO2 is used as gate oxide [186, 187]. The drift behavior of the front-gate 

transfer characteristics of the SiNWs was really small and mostly was not visible if

transfer-characteristics curves for different measurements at the same condition were 

recorded. However, the long term drift of IDS after a working point was set is a coherent 

problem of FET devices, especially when the devices are operated in side an electrolyte 

solution. Figure 4.27 shows the drift of the signal over time for the in situ measurement. 

The current IDS decrease very fast in the first 500 seconds and nearly saturated afterwards. 

The ΔIDS was about 1.5% of the total IDS and did not depend on the working point. 

However, this effect needs to be taken into account for all the in situ measurement. 
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Figure 4.27. Drift of the current IDS versus time after a working point was set. 

Effect of plasma cleaning to the SiNW characteristics 

For biosensor applications, the oxide surface needs to be functionalized with specific 

catcher molecules that bind reliably to the probe molecules. The quality of the 

functionalization process such as silanization also depends on the initial treatment of the 

SiO2 surface. For the SiO2 surfaces, either amino silane (APTES) or epoxy silane (GPTES) 

was used to create a covalently bound, bio-functionalized surface. In most publications, the 

surfaces are treated with oxygen plasma for cleaning of organic contaminations and 

activation of SiOH groups for a good coverage of the silane molecules on the surface. 

However, the oxygen plasma also affects the electrical properties of the nano-electronic 

devices. Figure 4.28 show the transfer characteristics of the SiNW chip before and after 

surface treatment with oxygen plasma with the parameters given in table 4.4. Obviously, 

the oxygen plasma degraded the electric performance of the SiNWs devices by inducing 

surface charges at the oxide surface. In our experiments this change was found to be 

irreversible. Further use of oxygen plasma leads to even a higher degradation of the 

devices. We performed many trials with different parameters of the oxygen plasma, but 

none of them gave sufficient results. Therefore, oxygen plasma was not further used as 

cleaning and activation procedure in this thesis. 

Gas Pressure Power Time

O2 0.6 mbar ~10 W 2 min

Table 4.4. Parameters for cleaning and activation of the oxide surface of the SiNWs prior 

to the silanization process. The process was carried out using a low pressure plasma 

system (Pico, Diener electronic GmBH, Germany). 
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Figure 4.28. Front-gate transfer characteristic of the SiNW before (blue curves) and after 

(red curves) oxygen plasma treatment.  

4.2.6. Transfer functions of the SiNWs. 

Figure 4.29 shows the transfer function of the SiNW chips measured with the custom-made 

amplifier measurement set up (figure 3.13). A small sinusoid signal (10 mV) was applied 

to the reference electrode with the frequency ranging from 1 Hz to 1 MHz. The transfer 

functions of the SiNWs behave similar to the transfer functions of the micro scale ISFET 

of our group [42, 188]. Mainly the chips together with the first amplifier stage formed a 

low pas filter. The distortion of the transfer function curves at higher frequencies (above 10 

kHz) was caused by the electronic hardware of the amplifier.  

Figure 4.29. Transfer function of a 160 nm × 10 µm SiNW in 0.01× PBS buffer, (pH 7) 

Figure 4.30 shows the transfer function of the SiNWs, which were measured in different 

NaCl solution from 0.01 mM to 10 mM. H(ɷ) represents the normalized value of the 

transconductance gm. The increase in the cut-off frequency with increasing NaCl 
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concentrations is mainly caused by the change of the electrolyte conductivity. The 

underlying principles of this effect were already described in section 2.2. This effect was 

previously employed to observe the electrolyte conductivity [42, 111, 158]. 

Figure 4.30. Transfer function of one channel output composed of 6 SiNWs (130 nm × 3 

µm) in parallel of the 4×4 array chips with different concentration of the electrolyte

solution. 

4.3. Summary and discussion

The SiNW sensors were successfully fabricated and characterized. In the chip fabrication 

process, novel methods were applied by using a nanoimprint lithography technique in 

combination with anisotropic etching of silicon using TMAH. The process is a high 

throughput compatible and a mass production would be possible. 

Nanoimprint lithography is a novel and powerful tool to fabricated nanostructures. 

However, the combination of nanoscale and microscale structures in one step of thermal 

imprint lithography is a big challenging due to the proximity effect as discussed in section 

2.3. By a modified treatment of the residual resist layer and by a change of the layout 

design, the proximity effect of our thermal imprint process was minimized. In the second 

design with the 28×2 arrays, the residual resist layer was evenly distributed over the large 

area of the chips as well as over the whole 4 inch wafer. As a result, the fabrication process 

is reliable with a very high yield of devices on wafer (more than 90%). 

By using TMAH anisotropic etching of Si on SOI wafer with defined SiO2 nanostructures 

as a hard mask, the SiNW had a trapezoid cross-section with a very smooth surface. The 

size of the SiNWs can be tuned by controlling the etching time. The variation of wire 

widths were about 10 nm for the same design on the wafers and mostly cause by the mold 
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fabrication. A 60 nm bottom width of the SiNWs was achieved with the length of the wire 

up to 40 µm. 

A very smooth surface of the finished SiNWs was achieved in the second process 

compared to the first process. Reason for this improvement was the thin oxide layer, which 

was grown on the Si layer before deposition of the LPCVD oxide. As a result, the SiNW 

arrays of the second process had high quality and a stable functionalization was possible. 

The electronic signals were stable in the electrolyte environment, because of the high 

quality LPCVD oxide layer passivation of the contact lines. The electronic characterization 

of the SiNWs were carried out thoroughly with both designs (4×4 array of the first 

generation and 28×2 array of the second generation) using either back-gate or front-gate 

operation. The properties of the SiNW are summarized in table 4.5. The non-implanted 

contact line chips showed both p-channel and n-channel transistors behavior with back-

gate operation, while the SiNWs with highly boron doped contact lines showed only a p-

channel transistor behavior. The back-gate operation with electrolyte on the front-gate side 

without any control of the front-gate potential was very instable in all experiment and 

could not be used for sensing applications. 

The front-gate characteristics showed that the SiNWs with non-implanted contact lines 

were n-channel transistors and the SiNWs with highly boron doped contact lines were p-

channel, enhancement-mode transistors. Generally, in contrast to back-gate operation, the 

electric signals of the front-gate operations were stable and reliable. A subthreshold slope 

of 90 mV/decade indicated that a high quality front-gate oxide was achieved in our 

fabrication process, which can enhance the sensitivity of the SiNWs devices. 

Implanted CL Non-implanted CL

Back-gate control

(in dry environment)

p-type only

unstable operation

p- and n-type

unstable operation

Front-gate control

(in wet environment)

p-type only

stable operation

n-type only

stable operation

Table 4.5. Obtained SOI transistor types from a lowly p-doped silicon layer depending on 

implantation status of the contact lines and depending on front-gate or back-gate 

operation. 

The SiNW chips still have some limitations that could be improved in a next chip design. 

First, the effect of the serial resistance of the contact lines is limiting the device 

performance especially for the 4×4 array with 6 SiNWs parallel per sensor spot. In the 
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second generation, this effect was improved by using single, small and long wires at each 

sensing point. However, with a shorter wire (less than 10 µm) the resistance of the contact 

line is still dominating at high VFG. This effect can in future be overcome by several 

options: i) design the metal contacts closer to the SiNWs; ii) using a silicide for the contact 

lines; iii) increase the thickness of the top Si layer and use a longer etching time to 

minimize the size of the SiNWs. The second and the third options have an advantage over 

the first one, because the fabrication process could employ the high quality LPCVD oxide 

for passivation of the contact lines. The usage of LPCVD oxide for passivation is of 

general importance for a stable operation of the devices inside the electrolyte environment.  

Second, the usage of a thick layer of SiO2 as a hard mask for the TMAH etching resulted in 

a strong under etching of the BOX layer during the chip processing. The under etching of 

the BOX eventually leads to free-standing wires such that the ratio of the front-gate surface 

areas exposed to the liquid was different with different wire width. This effect has to be 

taken into account for future chip fabrications as well as for the electronic characterization, 

when a comparison of the device operation should be done. 

The use of a protecting thin thermal grown oxide prior to LPCVD deposition of the 

passivation resulted in more reliable devices. However, the SiNWs had a trapezoid shape 

with two different silicon (100) and (111) planes. The gate oxide on the (111) plane was 

thicker than that on the (100) plane leads to a difference in the specific gate oxide 

capacitance of the devices with different wire width. With the smaller wires, the gate oxide 

was in average much thicker than on the larger wires, where the (100) plane was 

dominating. This effect was limiting the performance of the smaller wire. One could 

overcome this effect by using a thicker Si layer and using long etching times to achieve a 

desired wire diameter having only the (111) plane exposed. The second option would be to 

use the native oxide. The third option would be to use self-assembled monolayer of 

polymer acting as gate dielectrics as well as surface functionalization for direct binding of 

the probe molecules to the Si surface [52, 54, 61].

The threshold voltage of the devices from both designs for the front gate operation is about 

-0.7 V, which was much higher than initially expected. The high threshold voltage 

demands relatively high VFG voltage applied for the chip operation, which limits the device 

operation as well as many cause side-effects like electrochemical reactions on the surface. 

One could reduce the threshold voltage by increasing the doping level of the SiNW in

future fabrication processes.
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Chapter 5. Applications of the SiNW arrays as 

biochemical sensors 

In this chapter, the use of SiNW-FETs as chemical and biological sensors is presented and 

discussed. As shown in chapter 4, the SiNW sensors can be operated by both back-gate and 

front gate configurations. In related literatures, the back-gate configuration was normally 

used for the detection of charged molecules without front-gate control [53, 61, 70].

However, as shown above, the back-gate characteristics of the devices used in this thesis 

were not consistent. Disturbances of the electrolyte solution such as (partial) solution 

exchange can cause big changes of the electric signal, creating signal artifacts. Another 

disadvantage of the back-gate operation is that one needs to apply high voltages. The high 

back-gate voltages lead to instabilities of the devices throughout long experiments [61], as 

well as to difficulties in the development of portable electronic read out systems for the 

SiNW-FETs. For this reason, experiments in this work were carried out using front-gate 

operation with a highly reproducible signal as shown in chapter 4. Several experiments 

were further carried out with back-gate operation. However, the results of those 

experiments will not be shown in this chapter. Therefore, the gate-source voltage shown in 

this chapter always specifies the front–gate voltage (VFG) applied through the reference 

electrode, which was immersed in the electrolyte chamber of the encapsulated chips. A 
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commercial electrochemical reference electrode was used for all the experiments to avoid 

any side effects that could happen by using a pseudo-reference electrode such as an

Ag/AgCl wire or other metal electrodes (Au, Pt). The measurements were carried out with 

the both setups shown in figures 3.8 and 3.9. 

5.1. pH sensitivity of the SiNWs 

To investigate the pH sensitivity of the SiNWs, the transfer characteristics and output 

characteristics of the devices were carried out with different pH buffer solutions in the first 

experiments. The experiments were performed thoroughly with all SiNW chip types in 

both fabrication rounds. In order to avoid any degeneration effects, only new chip (not 

used before) were used for pH sensitivity experiments. The encapsulated chips were 

cleaned thoroughly before every experiment using the protocol described in section 3.4. 

The characteristics were first started with a solution of a value pH 2, and then the pH-value 

was step-wisely increased with an increment of 2 to a maximum of pH 10. In between 

solution exchanges, the chips were cleaned by deionized water and dried by Ar gas, before 

the new pH solution was introduced. 

The typical transfer characteristics of a p-channel SiNW-FET measured with different 

solutions of pH values are shown in figure 5.1 in linear and logarithmic scales, 

respectively. As can be seen in this figure, the transfer characteristics shifted to lower 

voltages (less negative) from the left to the right with increasing pH-value of the solution. 

This effect can be explained by the change of the flat–band voltage of the SiNWs caused 

by the change of the surface charges at the oxide-electrolyte interface. When the pH value 

of the solution increase, according to the site-binding model [96], the hydroxyl group on 

the oxide surface donate a proton to the solution and leaving negative charge on the oxide 

surface as described in section 2.1.2. The surface potential change is related to the change 

of the surface charge at the oxide interface according to Grahame equation (equation 2.25). 

Consequently, the flat-band voltage of the SiNW change leading to the shifting of the 

transfer characteristics curves according to the change of the pH value. More details about 

the pH sensitivity of SiNWs will be later discussed. The shifting of the flat-band voltage 

extracted from the transfer characteristics curves were approximately 41 mV/pH in both 

the linear and the subthreshold regions.  
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Figure 5.1 Transfer characteristics of a p-type SiNW transistor measured with different 

pH-values solutions in linear scale (A) and in logarithmic scale (B).

Figure 5.2. Output characteristics of a SiNW transistor measured with solutions with 

different pH-values. The output characteristics was measured in the subthreshold regime 

(VFG= -0.5 V) (left) and in the linear regime (VFG- = -1.0 V) (right). The pH values were 

represented by the same color in both graphs. 



5.1 pH sensitivity of the SiNWs 

100

The output characteristics of the same chip as shown in figure 5.1 measured with different 

pH solution is shown in figure 5.2 for different VFG (VFG = -0.5 V (in the left) and VFG = - 

1.0 V (in the right), respectively). As can be seen in these figures, at low value of VFG (VFG 

= -0.5 V, the figure in the left), the SiNW works in the subthreshold regime such that IDS is 

exponentially dependent on the pH-value. At VFG = -1.0 V the SiNW-FETs are working in 

the accumulation regime. In this case, the current magnitudes depend linearly on the pH 

value, when ǀVDSǀ > ǀVFG - VTHǀ. 

Figure 5.3. Transfer characteristics of an n-type SiNW transistor measured with solutions 

of different pH-values in linear scale (A) and in logarithmic scale (B).

Figure 5.3 presents typical transfer characteristics measured with an n-channel SiNW-FET 

chip (non–implanted contact lines) for pH solutions from 4 to 10 in a step of 1. As can be 

seen in these figures, for n-type transistor, the flat-band voltage shifts to higher voltage, 

(more positive) from the left to the right, with an increase of the pH-value. However, it has 

to be considered that VFG is positive for n-type transistors, meaning that the increase of the 

pH-value leads to depletion of the charge carriers (electrons) in the channel. This effect is 
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contrary to the effect occurring in p-type transistors as shown in figure 5.1. The same value 

of 41 mV/pH of the flat-band voltage change was observed for the n-type SiNWs. Again, 

the flat-band voltage shifted linearly with the pH-value both in the linear and the 

subthreshold regions. 

In general, the SiO2 surfaces showed a drift in the output signal of the devices for long-

time measurements [61]. However, the SiNW chips worked very reliably in all 

experiments. The transfer characteristics of the transistors did not show any change of the 

threshold voltage without changing the pH-value of the solution. 

Figure 5.4. Dependency of IDS on the pH-value in the subthreshold region (left) and in the 

linear region (right).

In the next step, real-time pH sensitivity measurements were carried out by recording the 

transistor current IDS during an exchange of the electrolyte solution with a microfluidic 

system, which was integrated on chips as described above. The current IDS were measured 

as a function of the pH-value by operating the device at a constant working point. This

working point was chosen based on the transfer characteristics of the devices measured 
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with a pH solution of 2. The pH-value of the solution was altered starting from 2 to 10 and 

back to 2 with an interval of 2 – 3 minutes.

Figure 5.4 (top) shows the change of IDS, working in the subthreshold regime (VFG = -0.5 

V, VDS = -1.0 V). As can be seen in this figure, the IDS is logarithmic proportional with the 

pH values in three decades from pH 2 to pH 10. When the SiNW operates in subthreshold 

mode, the change of IDS is exponential proportional with the change of the applied gate 

voltage as: 

        5.1

where  

          5.2

As a consequence, the surface potential at the gate oxide surface changes, created by 

the different pH solutions cause a logarithmic scale change in IDS.  

During the solution exchange, the signal dropped back to a current of about 20-30 pA, 

which was the basic noise level of the measurement systems with Keithley 4000SCM. The 

signals that were measured during the solutions were introduced, showed a very low noise 

and almost no drift. For the pH-sensing in this measurement mode, the sensor showed a 

small electrochemical hysteresis between increasing and decreasing pH-values.

Figure 5.4 (below) shows the real-time pH sensitivity measurement above subthreshold 

voltage. The working point was chosen at maximum tranconductance of the devices at pH 

7, VFG = -1.2 V and VDS = -1.5 V. When the SiNW operates in the regime, IDS is 

proportional to square of the threshold voltage as:  

         5.3

and in this case the relationship between VTH and the surface potential is also as described 

in equation 5.2. Consequently, in this measurement mode, IDS showed a linear behavior in 

relation to the pH-values as: 

    5.4

The results of the pH-sensitivity in term of flat-band voltage shifting of the different 

SiNW-FET are summarized in figure 5.5. Figure 5.5.A presents the results including the 

data of the two measurements shown in figure 5.1 and another measurement with an 80 nm 

device. Figure 5.5.B presents the pH sensitivity of a single-wire SiNW transistor out of the 

28×2 arrays. One can clearly see that, when re-calculated to equivalent front-gate voltage 

changes ΔVFG, the sensors exhibit the same pH-sensitivity, which was not depending on 

the operating point or device dimensions [75, 81]. 
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Figure 5.5. Comparison of the two different pH-characterization measurements (operation 

in the subtreshold or the linear region). The sensors exhibited a sensitivity of 41 mV/pH, 

which is typical for a silicon oxide surface. With front-gate operation in both regions, the 

sensors showed a reproducible response independent of the nanowire size.

 In this study, the SiNW FET sensors were electronically operated similar to what is 

usually done with larger-scale FET devices used for ion-sensitivity measurements. With 

respect to the terminology used in this field, we can apply the basic equations used to 

describe the process of pH-sensing for the SiNW-FETs as well [189]. The threshold 

voltage VTH of these devices (equation 2.1) is shortly described as: 

VTH = V0 – Ѱs     5.5

where V0 is constant,  Ѱs is the effective surface potential, which is a function of the pH-

value and the ionic charge q: 

    5.6
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α is the so-called sensitivity factor, which depends on the geometry of the devices, 

environmental factors such as the temperature and primarily on the chemistry of the gate 

oxide surface. For an ideal case, the oxide surface has a maximum sensitivity factor α = 1. 

At room temperature, a maximum sensitivity of  

   5.7

can be obtained. SiO2 is well known as a non-ideal surface for pH sensing. With a 

sensitivity of 41 mV/pH, the α value of SiNW devices is 0.69, which is typical for a SiO2

surface [95]. As the results of this section proved, the pH sensitivity of our SiNW 

transistors does not depend on the size of the devices (cross-section) in contrast to what 

was  reported in several articles with back-gate operation of SiNW devices [53, 61], and 

also does not depend on the working point of the devices. A reason for this could be that 

the diameter of our devices is larger (> 80 nm) than in other reports, where it was shown 

that the sensitivity of the SiNWs increases, when the diameter of the SiNWs reaches a 

value below 140 nm [184]. However, even with wires smaller than this critical value, the 

pH-sensitivity is similar to the sensitivity of larger devices. On the other hand, using the 

front gate with an electrochemical reference electrode our SiNWs showed a pH-response 

as expected from theory. Some other experiments concerning the pH-sensitivity were 

carried out with a Ag/AgCl pseudo-reference electrode showing that the pH response was 

not linear for the whole pH-value range (pH 2 to pH 12) and could even achieve high 

values of pH-sensitivity (~60 mV/pH) in the range from 4 to 8. However, when analyzing 

these experiments, the contribution of changes at the reference electrode-electrolyte 

interface with different pH solutions needs to be taken into account as shown in equation 

2.1 for the threshold voltage of the ISFET device. 

In pH-sensitivity experiments, two different types of hysteresis might occur. The first one 

is an electrical hysteresis, which might originate from electrical polarization of fixed 

charges inside the wire structure or at the Si/SiO2 interface region. For the SiNWs 

fabricated in this work by combining nanoimprint lithography, TMAH wet etching and 

formation of a high quality gate oxide, almost no electrical hysteresis was visible in the 

characteristics. The measurements presented in figure 5.1, 5.2 all included forward and 

backward measurements, where both respective lines overlap. Thus, it can be concluded 

that no electrical hysteresis was visible, proving the high quality of the top-down processed 

SiNW-FET sensors. A second type of hysteresis in pH-value measurements can originate 

from incomplete changes of pH-solutions, especially in the continuous measurements 
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shown in figure 5.4, when measuring during forward and backward pH-value steps. This is 

mainly influenced by the geometry of the liquid cell, the method of solution exchange, and 

surface effects at the liquid-solid interface.  

5.2. Detection of Ca2+ ions by the SiNW devices 

A proof–of–principle measurement to detect Ca2+-binding with a peptide-modified SiNW 

surface was performed to prove the one possible application of the SiNW sensors. The 

peptide was immoblized on the SiNW chip as already discribed in section 3.5. In this case, 

the peptide was covalently bound to the SiNW surface through the GPTES silane. The 

binding event between peptide and Ca2+-ions is reversible since the ions can be washed 

away from the peptide by using a Ca2+-free solution. When binding the Ca2+-ions, the 

conformation of the peptides change, leading to a change of the dielectric constant of the 

peptide layer as well as the capacitance [164]. The binding of the Ca2+-ions to the peptide 

increases the number of positive charges on the SiNW surface [127], leading to a change of 

the surface potential Ѱs. Both effects lead to a change in the flatband voltage of the 

peptide-modified SiNW when binding with Ca2+ ions. For a p-type transistor, the binding 

event leads to a shift of the flatband voltage to more negative values according to equation 

2.1. Figure 5.6 shows the change in the transfer characterisitics of a SiNW transistor in 

response to the binding of Ca2+-ions to the peptides. The black curves represent 

measurements done in 0.01×PBS buffer for the peptide-functionalized SiNWs. The red 

curves show the measurments in 0.01×PBS buffer containing 40 µM Ca2+. The binding of 

the ions to the peptide leads to a shift of the flatband voltage up to 100 mV to more 

negative. When the Ca2+-ions were washed away using the same buffer as in the first 

measurements, the flatband voltage shifted back to the initial value as shown in the blue 

curves. 

For real-time measurements during the binding process, the device was set to its operating 

point (VDS = -1.2 V, VFG = -1.0 V), and the drain-source current was recorded for two 

independent channels, addressing different SiNWs on the chip. The reference measurement 

was carried out with the same buffer solution to subtract any existing drift of the device. 

Figure 5.7 shows the raw data recorded during the addition of Ca2+-ions (left) and the 

analysis signal after eliminate the drift (right) of the two different single SiNW on the 28×2 

arrays.  
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Figure 5.6. Transfer characteristics for SiNW-FETs functionalized with CaM peptide. 

Black curves show the initial measurements in 0.01×PBS buffer. Red curves show the 

measurements after addition of 40 µM Ca2+-ions to the buffer. Blue curves show the 

measurements in 0.01×PBS buffer after rinsing the chips.

Figure 5.7. Real-time detection of Ca2+ ions bind to a CaM peptide-modified SiNW. 

Recorded current signal for two independent transistors (Channel 1, Channel 2). The 

distance between the two channels were 500 µm. IDS decreases after addition of Ca2+ions 

to the electrolyte, when ions bind to the functional peptides and increase the threshold 

voltage leading to a decrease of current IDS. The figure in the left presents the raw data of 

the measurement and the figure in the right shows the signals after drift correction using a 

reference measurement signals.

When Ca2+ is added to the solution, the ions spread out due to diffusion until the 

electrolyte contains a homogeneous concentration of 20 µM. Once the Ca2+-ions reach the 

gate surface of a recorded channel, they bind to the immobilized functional peptide. Hence, 

the accumulation of positive surface charges at the gate oxide depletes the holes in the p-

type SiNW. Consequently, the drain-source current increases by approximately 100 nA 
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and saturates after 3 minutes after adding the Ca2+ ions. Moreover, one finds a time delay 

between the two recorded channels, which corresponds to the diffusion time necessary to 

overcome the distance between the two gates. A second addition of Ca2+ to increase the 

concentration to 40 µM did not lead to a further increase in the current, since the 

immobilized peptides at the gate electrode are saturated. Artifacts due to solution addition 

can be excluded, since the addition of Ca2+-free electrolyte solution showed no effect. 

Control measurements, performed on a clean SiNW-transistor, given no indication for ion 

binding reactions (results not shown).

These results presented here are only primarily results illustrating that the peptide-modified 

SiNWs are highly sensitive to the binding of Ca2+-ions. More experiments need to be done 

to determine the sensitivity limit of the devices as well as the selectivity to other bivalent 

ions such as Mg2+.  

These results, together with the results from other groups [127, 163], proved that SiNWs 

are capable to be used as chemical sensors for Ca2+-ion detection and could also be used to 

study the biological activity of organisms by identifying biological processes such as 

muscle contraction, protein secretion, cell death, and development, where changes in Ca2+-

ions concentration are involved. This model of ion detection could also be extended for 

detection of other ions such as Pb2+, K+, Na+ in the environment as well as it can be applied 

to study cell activity. 

5.3. Potentiometric detection of poly D lysine (PDL) molecules on the SiNW devices 

The adsorption of PDL onto the SiNW surface changes the surface charge density at the 

oxide-electrolyte interface and leads to the change of the surface potential. PDL is 

positively charged at pH 7; its binding to the gate surface of the p-type transistors shifts the 

threshold voltage to more negative potentials. Consequently, it decreases the current IDS at 

the working point. 

Figure 5.8 shows the transfer characteristics of a SiNW sensor (130 nm × 20µm) before 

and after adsorption of PDL onto the SiNW gate surface. Measurements were carried out 

in 0.01 × PBS buffer, pH 7. As it can be seen, the transfer characteristic curves shifted to 

more negative values of about -130 mV related to a change in IDS of 60 nA. 
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Figure 5.8. Transfer characteristic of a single SiNW sensor (130 nm × 20µm) recorded 

before and after PDL adsorption on the surface. Both measurements were done in 0.01× 

PBS, pH 7. After PDL adsorption, the chip was rinsed several times with the same buffer 

before the measurement.

Figure 5.9. Time dependence of the change of IDS when PDL was introduced to the 

electrolyte solution It can be seen that the adsorption of PDL occurs quite fast that a 

diffusion of PDL molecules from channel 1 to channel 17 (500 µm) take about 170 s.

The kinetic of the adsorption reaction of the PDL on the SiNWs was investigated by real 

time recording of the current change after injection of the PDL into the electrolyte chamber 

(0.01×PBS, pH 7). The PDL solution was diluted in the same buffer to a final 

concentration of 400 µg/mL. After a reference measurement for about 100 seconds, a 

volume of 10 µL of PDL solution was gently introduced the electrolyte at the edge of the 

chamber to achieve a total PDL concentration of 20 µg/mL. After PDL molecule diffused

into the electrolyte and consequently adsorbed on the SiNW surface, the current decreased

dramatically. Figure 5.9 presents the real-time measurement of the current change during 
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the adsorption of the PDL molecules onto the surface of the SiNWs. The difference in the 

time scale of the current change of the black and the red curves is due to the different 

distance of the sensor to the spot where the PDL was introduced. The distance between 

these two channels was 500 µm. A second addition of PDL to the electrolyte induced only 

a small change of the current. This means that the surfaces of the SiNWs were already 

saturated with PDL molecules. The results also indicated that with a PDL concentration of 

less than 20 µg/mL, the SiO2 surface was already saturated  

In the other measurements, after PDL was introduced into the electrolyte chamber, the 

same effects were observed. However, after reaching the minimum, the current slowly 

increased again on the channel close to the spot where the PDL solution was introduced 

(black curve). Meanwhile, in other channel the current slowly increased and stabilized at a 

minimum value (red curve) as indicated in figure 5.10. In this experiment, the second 

introduction of PDL to the solution did not cause any further change of the current. The 

increase again of the current on the channel 1 (black curve) after a minimum has been 

reached can eventually be attributed to a redistribution of the PDL molecules adsorbed on 

the SiNW surface to the solution due to the equilibrium condition. Whereas the other 

channel did not show such changes on the signal and equilibrium condition was reached 

due to the diffusion of PDL on the solution. In figure 5.10, the time scale between the 

maximum of the current for this two channels with a distance of 500 µm was about 530 s.  

Figure 5.10. Time dependence of the change of IDS as PDL was introduced to the 

electrolyte solution  
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Figure 5.11. Concentration dependence of the output voltage, when PDL solutions of 

different concentration were introduced to the SiNW surface 

Figure 5.11 presents a concentration dependence measurement of PDL adsorption. A low 

concentration of PDL (250 ng/mL) induced only a slight change of the output signal. When 

the concentration was increased to 2 µg/mL, the output voltage dramatically increased and 

reached a steady state after a few minutes. Further increase in the concentration to 5 µg/mL 

did not lead to a further increase in the output voltage. Consequently, the SiO2 surface was 

saturated with PDL molecules at a concentration of 2 µg/mL. 

5.4. Potentiometric detection of polyelectrolytes multilayer build up on the SiNW 

Apart from the development of a sensor device for protein, DNA or other chemical and 

biological detection, a lot of other interesting questions might be addressed by the 

application of SiNW transistors as sensor devices. Among these, gaining a better 

understanding of the mechanisms involved in the adsorption of polyelectrolyte multilayers 

is an intriguingly discussed question in literature [191]. 
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Figure 5.12. Transfer characteristic of the SiNWs (6 wires in parallel, 130 nm × 3 µm) out 

of the 4×4 arrays recorded after adsorption of the first three layers of PEs on the SiNWs

surface. The adsorption of positively charged PAH on the SiNW (red curve) lead to a 

change of 110 mV to more negative potential compared to the freshly cleaned SiO2 surface 

(black curve). The adsorption of the negatively charged PSS onto the PAH layer shifted the 

transfer characteristics curve back to more positive potential at about of 40 mV.

Figure 5.13. Transfer characteristics of a SiNW from the second design recorded after 

each layer of PE adsorption on the SiNW surface. The adsorption of positively charged

PAH onto the SiNW (red curve) lead to a change of 110 mV to more negative potential 

compared to the freshly cleaned SiO2 surface (black curve). The adsorption of negatively 

charged PSS onto the PAH layer shifted the transfer characteristics curve back with a 

value of about 84 mV.

In this thesis, polyelectrolyte multilayer composed of PAH and PSS were deposited 

through a buffer solution containing PAH or PSS onto the clean and fresh gate oxide 

surface. In between each layer, the sensor was rinsed with the pure buffer solution several 
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times. The buildup of polyelectrolyte multilayers was monitored by a change in the 

threshold voltage of the transfer characteristics of the SiNWs. 

The transfer characteristics of the SiNW chips after deposition of each layer of PE is

shown in figure 5.12 for the 4×4 arrays of the first chip generation, and in figure 5.13 for 

the 2×28 array of the second chip generation, respectively. After the first PAH adsorption, 

the flat band voltage of the chips was shifted 110 mV to lower voltage (more negative 

potential), respectively. This change was caused by the change of the charge density at the 

surface interface due to the positively charged PAH. This effect is very similar to the 

adsorption of the PDL layer above. The second adsorption of the negatively charged PSS

shifted the flat-band back voltage to a more positive potential. In further adsorption steps, 

the shift in flat-band voltage alternated for the PAH/PSS adsorption due to the alternating 

charge type at the surface of the SiNWs. In addition, the change of the flat-band voltage of 

the 4×4 array chips after the second layer was about 40 mV, while with the 2×28 arrays 

chips, the second PSS adsorption lead to the change in the flat-band voltage of 80 mV. A 

further increase in the number of PE layers yielded a reduction in the signal response as 

described in previous publication for field-effect detection of polyelectrolyte adsorption 

[42, 82, 158, 171].  

Figure 5.14 The change of the gate voltage upon layer-by-layer adsorption of 

polyelectrolytes onto the SiNW surface. The graph shows a time-dependent measurement 

using a flow cell. 

Real-time observations of the flat-band voltage change upon buildup of PE multilayers on 

the SiNW sensors were carried out with a microfluidic system. The microfluidic cell was 

aligned onto the 2×28 array devices out of the second design. The solution was introduced 

by an external flow cell. The electrochemical reference electrode was fixed at the outlet of 
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the flow cell (figure 3.14). For the measurement the TTF box set up with a parallel 16 

channel readout was used. Firstly, the transfer characteristics of the chips were measured in 

phosphate buffer and then the working point was set at the maximum of the 

transconductance value. To get a reference value for the output, pure phosphate buffer was 

flushed through the microfluidic chamber. After that, the pure buffer was exchanged to a 

buffer containing PAH (50 µM of PAH in 10 mM phosphate buffer, pH 5.5). Because 

PAH is positively charged at the pH value used, it was spontaneously adsorbed onto the 

freshly cleaned SiO2 surface, resulting in a very large potential change of 110 mV. After 

20 min, the cell was rinsed with the buffer leading only to a marginal signal change. Such 

effects were previously observed and can be attributed to rinsing off loosely bound 

molecules or reorganization in the respective sheet of the polyelectrolyte structure [42,

171]. After rinsing, the PSS solution (50 µM of PSS in 10 mM phosphate buffer, pH 5.5) 

was introduced leading to a signal change of about 80 mV. Further, alternating exchange of 

the PE solution caused an alternating output signal slowly reducing in amplitude (figure 

5.14). 

Figure 5.15. Capacitance model explain the buildup of the PE multilayers onto the planar 

devices (in the left) [192], and onto the SiNW structure (in the right). 

A model to explain the recorded field-effect signals during the PE multilayer build up was 

developed by several groups [171, 191, 192]. Several aspects contribute to the output 

signal of the field-effect devices. For instance, the changes of the flat-band voltage due to 

the charge of the polyelectrolyte on the surface; changes in the ion concentration inside the 

intermolecular spaces of the polyelectrolyte structure; presence of pores inside the PE 

multilayer, [42, 46, 171]; and the influence of capacitance changes, when layers of PEs are 

considered as an additional capacitance build-up on the surface [191, 193]. Figure 5.15

illustrates the capacitance model, where the PE layer is considered as a planar capacitor on 

the planar devices [192] and as wrapped-around capacitor on the SiNW structure.  
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5.5. Detection of biotin-streptavidin binding by the SiNW devices 

In this section, the potentiometric detection of the biotin-streptavidin binding event is 

recorded by the SiNW devices. As already discussed in subsection 3.6, biotin-streptavidin 

is one of the strongest non–covalent biomolecular interaction in nature. Streptavidin has 

four binding sites for biotin. This property is used for targeted molecules in many different 

biomolecular detection technologies such as ELISA [194]. In some cases, this can also be 

used for immobilization strategy of ssDNA molecules onto the solid surface of DNA 

sensors. The detection of biotin-streptavidin binding normally is employed to boost the 

sensitivity of the SiNWs and also to understand the mechanism of the detection. The 

isoelectric point of streptavidin is 6.4 [172]. 

Figure 5.16. Change of the flat-band voltage due to the immobilization of biotin onto the 

SiNW surfaces. The transfer characteristics were measured in a 0.01 × PBS buffer. The 

biotin immobilized onto the SiNWs was leading to a 33 mV shift (bottom graph), while on 

the reference channel of the same array without biotin immobilization, a shift of only 6 mV 

was induces(top graph).
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The electrical measurement in this work was carried out in 0.01× PBS buffer, pH 7. In this 

case the streptavidin molecules are negatively charged. In contrast to this, biotin is 

positively charged in this pH regime. EZ-link NHS–LC-biotin was immobilized on the 

SiNW surface as already described in section 3.7. The chip surface was modified by 

silanization with APTES yielding an amino-terminated surface. The covalent binding 

between amino groups to the NHS group was carried out in boric acid buffer at pH 8 for 2 

hours [42]. The chip was then rinsed with the boric acid buffer and subsequently rinsed 

with deionized water to remove the unbound molecules and the remaining salt solution. 

Electronic measurements were carried out in a 0.01× PBS buffer solution. 

Figure 5.16 shows the transfer characteristics of the SiNW before and after biotin binding 

to the surface [62]. As a result, the flat-band voltage shift to more negative potential 

indicated an accumulation of positive charges at the SiNW surface due to the binding of 

biotin. This binding resulted in a 33 mV flat-band voltage shift. The reference 

measurement of channels without biotin showed only a minor shift of the flat-band voltage 

of 6 mV. This result is indicating that the biotin was also partly adsorbing to the reference 

channel during the chip cleaning after the biotin immobilization.  

Figure 5.17. Time dependent of the IDS as a function of streptavidin concentration binding 

to the biotin on SiNW  

A real-time detection of the biotin-streptavidin binding was carried out by adding a 

appropriated concentration of the streptavidin to the buffer solution during the 

measurement. The SiNW chips were set to a working point and the current was recorded. 

Figure 5.17 shows the concentration dependence of the current change, when streptavidin 

was introduced to the electrolyte. The measurement started with pure 0.01 × PBS buffer. 

Then streptavidin was added to achieve a concentration of 2.5 µg/mL. After a certain time,
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the streptavidin molecules diffused to the SiNW surface and were binding to the biotin 

layer on the SiNWs. Due to the negative charge of the streptavidin, the current IDS

increased about 10 nA. Further increase in the concentration of streptavidin was leading to 

a further increase of the current IDS, however, the current increase was less compared to the 

first introduction. With 10 µg/mL of streptavidin the current IDS increased about 30 nA 

compared to the pure buffer. This was related to a shift of 25 mV in flat-band voltage. 

After rinsing the chip with buffer and again measuring the transfer characteristic in pure 

buffer, the flat-band voltage shifted to 18 mV (figure 5.18). 

Figure 5.18. Flat-band voltage shift due to the binding of streptavidin to the SiNW-

biotinylated surface. The voltage shift was 18 mV to more positive potential due to the 

negative charge of streptavidin at pH 7. The red curve represents the measurement before 

and the blue curve presents the measurement after streptavidin binding. The chip was 

rinsed carefully to remove unbound streptavidin. 

To further study the sensitivity of the SiNWs, more measurements were carried out with 

the same type of chips. Real-time measurements were firstly carried out with pure buffer 

solution at the same working point. Then the streptavidin was introduced by pipette 

starting with a concentration of 0.25 µg/ml up to concentration of 10 µg/ml. The results of 

this measurement are shown in figure 5.19. As can be seen in this figure, after the first 

streptavidin was introduced to the electrolyte chamber and diffused to the SiNW surface 

(about 2 minutes) the IDS increased and then slowly reduced to lower value. That could be 

the effect of reversible reaction of streptavidin and biotin at low ionic concentration. When 

the concentration of streptavidin is high enough in electrolyte, the binding process is much 

faster and stronger as illustrated by the larger change of IDS. 
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Figure 5.19. IDS as a function of streptavidin concentration. The measurement started at a

concentration of 0.25 µg/mL of streptavidin with the large signal change of about 1nA 

5.6. Detection of DNA immobilization and hybridization 

DNA molecules are negatively charged in electrolyte environment and can be detected by 

the SiNWs in a label-free fully electronic approach based on their intrinsic charges as 

already discussed in section 2.1 and 2.2 [52, 55, 70]. This section demonstrates the DNA 

detection with our SiNW chips in terms of DNA immobilization and hybridization on the 

SiNW surface. 

Figure 5.20. Fluorescence image of cDNA hybridized with probes ssDNA on the SiNW 

sensor chips. The non-fluorescent probe DNA was immobilized by the GPTES silanization 

protocol and hybridized with a Cy3-labeled target cDNA.

DNA was immobilized onto the SiNW surface through covalent bonding between amino-

modified ssDNA as catcher molecules and the OH-terminated surface of the GPTES silane 

as described in section 3.7. Firstly, to verify the immobilization and hybridization process, 

a fluorescence labeled cDNA (Cy-3) was for the DNA hybridization process. The DNA 
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hybridization was carried out in 1×SSC buffer for 2 hours at room temperature. After that 

the chips were rinsed to remove the unbound cDNA on the chips surface and a 

fluorescence image was taken by using a fluorescence microscope. Figure 5.20 shows the 

fluorescence image taken after the DNA hybridization process. The fluorescence signal on 

the chip after DNA hybridization improved that the procedure for DNA immobilization 

and hybridization was successfully applied to the SiNW chips with the GPTES silanization 

protocol as reported before for a planar ISFET devices with SiO2 surfaces [88].  

In the next experiments, the electronic detection of DNA was carried out for both, the 

immobilization and the hybridization steps. The transfer characteristics of the SiNW were 

measured in the same measurement buffer (0.01×PBS, pH 7) using an electrochemical 

reference electrode at the front-gate side before and after the ssDNA immobilization step. 

The electronic detection of the DNA hybridization process was carried out in either by ex-

situ or in-situ hybridization experiment as described in section 3.7.  

DNA immobilization  

Figure 5.21 presents the transfer characteristic of the SiNW chips before (black curves) and 

after the covalently immobilization of the ssDNA onto the SiNW surface (red curves). The 

upper graph presents the measurement after 2 hour of incubation and the lower graph 

presents the measurement after overnight incubation for the DNA immobilization process. 

Due to the negative charge of the ssDNA molecules in the electrolyte solution (pH 7), the 

threshold voltage shifted to more positive potential (lower value), which is typical for p-

type SiNW transistors. The flat-band voltage shift was determined to 46 mV for the 2

hours incubation time and 146 mV for the overnight incubation time. The results indicated 

that the density of the ssDNA immobilization on the SiNW surface is dependent on the 

incubation time. According to the Graham equation (equation 2.25), higher density of 

ssDNA molecules lead to larger change in the flat-band voltage of the SiNWs. The 

reference measurements on the channel without spotted ssDNA showed no shift in the flat-

band voltage. These experiments are interpreted in figure 5.22. A schematic of the ssDNA 

immobilization process was shown in the upper part of the figure. The ssDNA was 

immobilized on the different channels of the same chip at different time scales. In the first 

experiment, an ssDNA1 sequence was selected for immobilization on the upper part of the 

28×2 SiNW array (for simplification these channels are called channel 1). The transfer 

characteristics for all channels on the chip were measured after this first immobilization 

process in 0.01× PBS buffer, pH 7. After that, an ssDNA2 sequence was immobilized on 

the whole SiNW array and the transfer characteristics were measured again for all channels
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on the chip. The lower figure presents the transfer characteristics of the SiNW measured 

after each time of ssDNA immobilization. As it can be seen in this figure, there is a big 

shift of 150 mV in the flat-band voltage between the channel without ssDNA1 

immobilization (black curve) and the channels with ssDNA1 sequence immobilization 

(green curve). After the ssDNA2 sequence was immobilized, the entire chip shows the 

similar flat-band voltage. The blue and the red curves present the transfer characteristics of 

the same channels as shown in the black and the green curves, respectively. Therefore, 

these results are indicating that after the first immobilization step the SiNW surface was 

already saturated with ssDNA1 molecules as it can be seen on the transfer characteristics 

of channel 2. There was no change in the flat-band voltage of the channel 2 after the 

second DNA immobilization (green and the red curves) visible.  

Figure 5.21. Transfer characteristics of the SiNW devices before (black curves) and after 

ssDNA immobilized (red curves). The upper graph presents the result for the short 

incubation time (2 hours) and the lower graph presents the flat-band voltage shift for the 

long incubation time (overnight).  
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Such kinds of measurements were performed many times. The changes in the flat-band 

voltage of the SiNWs after the DNA immobilization process varied for the different 

measurement. The resulting ΔVTH value for the DNA incubation overnight varied from 100 

mV to 150 mV very consistently. An explanation for this quite large variation of the ΔVTH

value could be that the spotting was not homogenous leading to a different density of the 

DNA on the surface of the SiNW. 

Figure 5.22. Two steps DNA immobilization on different channels of the same SiNW array 

with flat-band voltage measurement at different times. The upper image illustrates the 

process steps and the lower graph measured flat-band voltage shifts after each ssDNA 

immobilization step. 
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DNA hybridization 

Figure 5.23. Changes in the threshold voltage VTH of the SiNWs due to the hybridization of 

cDNA. The red curves present the transfer characteristic before and the blue curves after 

the DNA hybridization.

The detection of the DNA hybridazion was carried out many times as well either by ex-situ 

processes or real-time measurements. For the ex-situ detection, the DNA hybridization was 

carried out in 1×SSC buffer for two hours at room temperature [42]. After that, the chips 

were rinsed 3 times with the same buffer to remove the non-specifically bound cDNA 

molecules and then rinsed with deionized water to remove residual salt of the buffer 

solution. The transfer characteristics of the SiNWs were measured before and after the 

hybridization process in 0.01× PBS buffer soltuion. For the real-time detection, a working 

point of the SiNW chips were set to the maximum of the transconductance at certain VDS. 
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The real-time measurements were carried out in 0.01× PBS buffer as well and the IDS

current during the DNA hybridization was mornitored. The cDNA was diluted in the same 

buffer and was added with a certain amout to the electrolyte solution. 

Figure 5.23 presents two examples of ex-situ DNA hybridization experiements. In these 

figures, all the red curves present the measurement before the hybridization and all the blue 

curves present the measurement after the hybridization process, respectively. As can be 

seen in these figures, the flat-band voltage shifted to lower values (more positive 

potentials) after the hybridization process. This shift is also caused by the negative charge 

of the hybridizing DNA molecules. When the hybridization reaction takes place, the higher 

number of negative charges at the SiNW surface change the surface potential (Ѱs)

according to the Grahame equation (section 2.1.2). The change of the surface potential due 

to negative charges leads to an accumulation of  hole carriers in the SiNW structure and the 

transfer characteristics shifts to a more positive potential. In our experiments, the voltage 

changes after DNA hybridization were in the range between 25 mV to 40 mV with the 

concentration of 500 nM cDNA as shown in figure 5.23. The measurements on the 

reference channel of the same chips without ssDNA immobilized showed no change in the 

signal.  

Figure 5.24. Changes of the flat-band voltage of the SiNW chip due to DNA 

immobilization and hybridization. Due to the nagative charge of the DNA, the threshold 

potential VTH shifted to lower values for the p-type SiNW transistors. The black curves are 

the measurement after GPTES silanization. The red curves and the blue curves are the 

measurements after ssDNA immobilization and cDNA hybridization, respectively. 
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The total signal change recorded by the SiNWs due to DNA immobilization and 

subsequent hybridization processes are exemplarily presented in figure 5.24. The transfer 

characteristics were measured after GPTES silanization (black curves), after ssDNA 

immobilization (red curves) and after DNA hybridization (blue curves). All the 

measurement were carried out in 0.01×PBS buffer, pH 7. As can be seen in this figure, the 

transfer characteristic curves always shifted to the right (more positive VFG) due to the 

nagative charge of the DNA molecules. The obtained signals are in agreement with the 

theoretical predictions [103, 105-108, 195].

In the following paragraph, some examples for the real-time detection of DNA

hybridization are presented. The cDNA solution was introduced to the electrolyte chamber 

during the real-time recording of IDS. The working point (VDS, VFG) was chosen at the 

maximum transconductance of the SiNWs obtained from the transfer characteristics 

measured after the DNA immobilization steps. 

The measurement started with the pure buffer solution (0.01×PBS, pH 7) and was carried 

out for few minutes until the signal was stabilized and could be considered as the reference 

signal. The cDNA was then introduced into the electrolyte chamber by pipetting. To avoid 

the side effect such as the variation of the pH value and the salt concentration of the 

electrolyte, the cDNA was carefully diluted in the same measuring buffer (0.01×PBS, pH 

7).  

Figure 5.25. Example one: A real-time detection of DNA hybridization. The probe ssDNA 

was immobilized onto the chip and the cDNA was added during the measurement. The ΔIDS

of 8 nA is related to a 15 mV change of the threshold voltage VTH. The SiNW chip had a 

300 nm width and 10 µm length. 
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Figure 5.25 shows the real-time measurement of IDS during the DNA hybridization reaction 

(example one). In this experiment, the value of IDS remained unchanged, when first adding 

a reference buffer solution to the electrolyte chamber at 20th minute (first arrow). While 

after about one minute of adding cDNA solution to the electrolyte chamber (second arrow), 

the absolute current |IDS| increases dramatically and then decreases to a plateau after 30 

minutes. The ΔIDS was 8 nA and was related to a 15 mV change in VFG in this particular 

measurement. This corresponds to the lower value as shown above for the ex-situ

experiments. 

The second example of a real-time DNA hybridization experiment is shown in figure 5.26.

In this experiment, adding of a fully-mismatch DNA to the electrolyte chamber was not 

causing any change in the signal (blue curve). As soon as the cDNA was added to the 

electrolyte, |IDS| increased and was also stable after 30 minutes. The ΔIDS change can be 

calculated to a change in VFG of 17 mV. 

Figure 5.26. Example two: Real-time detection of the DNA-hybridization process. The 

reference measurement is shown in blue and the signal of the DNA hybridization is shown 

in black. The two measurements present the same channel of a SiNW chip and were 

measured in a sequence. 
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5.7. Summary and discussion 

Table 5.1 summaries the measured results of the SiNWs presented in this chapter and 

compares to related results of previously works on the microscaled ISFET [42, 82, 171]  

The presented results showed that the SiNW pH sensitivity of the sensors is reproducible 

and reaches value of 41 mV/pH. The pH sensitivity of the SiNW does not depend on the 

size of the wire as well as on the working point of the devices in contrast to what was 

reported in literatures with only back-gate operation [61]. In comparison to the microscale 

ISFET, the SiNWs showed higher sensitivity, however, the pH sensitivity of the SiO2

surface of ISFET in literatures is in the range from 20 mV to 40 mV depends on the quality 

of the oxide layer [94, 95, 186]. It mean that with the front-gate operation of the devices, 

the pH sensitivity of the SiNW is the pH sensitivity of the SiO2 surface or the quality of the 

SiO2 surface and can be explained by the site binding model and obey the Nerntian 

equation. A low hysteresis of the pH sensitivity experiment indicated that the fabrication 

protocol of SiNW provided a high quality of the devices. The pH-sensitivity measurements 

in subthreshold regime open a new direction to employ the open-gate FETs for small-

signal sensing, where a small change of surface potential creates a large change of 

transistor current IDS. This effect is recently being employed to enhance the sensitivity of 

SiNW devices for biosensor detection [190]. 

Analytes Threshold voltage change (mV) - absolute value

SiNW Planar ISFET 

[42, 82, 171]

pH sensitivity 41 mV 25-30 mV

Ca2+ ion + peptide 100 mV -

PDL 150 mV

PEs 80-110 mV 10-20 mV 

Biotin

Streptavidin

33 mV

18 mV

-

-

DNA immobilization

DNA hybridization

40-150 mV

20-40 mV

1-10 mV 

1-6 mV 

Tabel 5.1. Obtained results for biomolecular detection. These results are compared with 

the micro-scaled ISFET devices. 
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The peptide modified SiNW was sensitive to detect the presents of Ca2+ in solution. As 

shown in section 5.2 the binding of the Ca2+ led to flat band voltage change up to 100 mV 

with the concentration of 20 µM. Two possible reasons explain the large change in the flat 

band voltage of SiNW: i) the change of the input capacitance due to the conformation of 

the peptide [184] and ii) the change of charge distribution at the interface due to the 

binding of the positively Ca2+ to the negatively peptide sequence. Real-time studies 

showed the Ca2+ diffusion inside the electrolyte solution as well as the binding kinetics of 

the ions to the fixed peptide on the substrate.

The adsorption of PDL onto the SiNWs led to changes in the threshold voltage up to 140 

mV due to the buildup of a positively charged layer on the SiNW surface. The kinetics of 

the PDL adsorption was investigated by in situ measurements, which additionally gave 

information about the diffusion of the large molecules in the electrolyte solution. With 

fresh and cleaned surfaces, the PDL adsorption was fast and significantly stable. However, 

in all presented measurements, the PDL was only manually introduced into the electrolyte 

by using a micropipette, such that a diffusion coefficient could not be extracted. In order to 

gain more details about the diffusion and the adsorption of PDL on the surface, 

experiments employing a microfluidic system will be carried out in the future. 

The signals recorded for the PE multilayer build up on the SiNW chips in this thesis are 

much higher than the signals previously recorded by microscale ISFETs [42, 82, 171] or on 

with SOI microwires [188]. The signals recorded with the nano-scale devices are higher 

compared to the micro-scale device as expected and described in other publications [22]. In 

the case of SiNWs, the surface-to-volume ratio is much higher compared to the standard 

ISFET devices leading to the higher sensitivity. This point needs to be taken into account 

to explain all contributions to the resulting output signal of the SiNW devices. For the 

SiNW structure, the gate surface is nearly wrapped-all-around the wires (figure 5.16, right) 

and the change of the gate capacitance is affecting the entire cross-section of the wire 

leading to a higher output signal compared to the planar devices. In addition, our chip 

fabrication protocol created very smooth surfaces of the SiNWs, thus, reducing the defects 

at the surface and, hence, increasing the sensitivity of the SiNWs. This structural effect can 

be used to explain the higher output signals for the protein detection as well as for the 

DNA detection as shown below. 

In this work, the SiNWs were sensitive to detect protein molecules such as the biotin-

streptavidin binding. The biotin molecule bound to the amino-modified SiNW surface 

which led to a 33 mV change in the VTH while a value of 18 mV was achieved when 
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streptavidin molecules bound to biotinylated SiNW. The concentration dependence of this 

detection was investigated and a large signal change was visible at very low concentrations 

of streptavidin (0.25 µg/mL). However, the measurement was carried out at pH 7 close to 

the isoelectric point of streptavidin. The output signal could be enhanced if the pH of the 

solution was increased to values different from the isoelectric point. In addition, 

measurements with a pH solution around the isoelectric point will give more information 

about the activity of the protein in future. 

The label-free, fully-electronic detection of DNA was demonstrated by the SiNW 

transistors. The immobilization of ssDNA on the SiNW led to large changes of up to 150

mV or even higher for a longer incubation time and 45 mV for a shorter incubation time on 

the transfer characteristics. These results indicated that the incubation time affected the 

density of the probe molecules on the surface. For the covalent bonding, especially on the 

GPTES surface, the negative charge of the surface caused by the opening of the epoxy ring 

eventually creating a repulsive force to the probe DNA, making it hard for the DNA to 

approach the surface. In addition, a large variation of the flat-band voltage shift was 

observed after DNA immobilization. This may be caused by the non-uniform spotting 

procedure of ssDNA onto the GPTES surface. Due to hydrophobic properties of the 

GPTES surface, the droplet of DNA solution can eventually move on the surface leading to

a different density of the probe DNA on the silicon nanowire.  

The label-free detection of the DNA hybridization was also demonstrated by the SiNWs.

For the ex-situ detection, the output signals were in the range from 25 mV to 40 mV for 

DNA concentration of 500 nM. The hybridization reaction was taking place inside a high 

salt concentration buffer electrolyte. In this case, the negative charges of the DNA 

molecules are compensated by the cations in the buffer solution. Hence, the electrostatic 

repulsion between the probe and the target DNA is reduced to minimum and the target 

DNA can easily form a double strand with the probe DNA on the SiNW surface. In 

contrast to this, the in-situ measurements in a low salt concentration of the buffer solution 

were not very reliable. The observed changes in the signals were not reliable. Following 

effect could be the reasons for this behavior. Firstly, at a low salt buffer concentration, the 

DNA charge is not fully compensated by the counter ions. The electrostatic repulsion of 

the two single stranded DNA molecules is slowing down and reducing the probability of 

the hybridization process [52]. In addition, the GPTES surface is also negatively charged,

which even increases the electrostatic repulsion between the surface and the target DNA. 

Secondly, the DNA hybridization changes the local concentration of the electrolyte by 
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redistribution of the ions at the interface or inside the inter-molecular space [108, 171].

Negative charges of DNA on the surface attract a higher number of positive ions, which 

modify the interface properties. This effect also results in a change of the surface potential 

and contributes to the total change of the output signal. Thirdly, the DNA hybridization is a

reversible process which depends on several environmental properties. Eventually such 

side effects can lead to a degradation of the signal. Furthermore, the long-time 

measurements of the SiNWs can introduce a local heating effect on the SiNW [196] which 

could also lead to a denaturation of the double strand DNA.

Nevertheless, in comparison to the results of the DNA detection, that have been done in 

our group with the standard microscale ISFET [42, 46, 82], the output signals of the 

SiNWs are generally much higher in both immobilization and hybridization experiments.

These results prove that the SiNW devices are much more sensitive than the micro-scale 

device due to the high surface-to-volume ratio as well as the device geometry. In future 

design, a further downscaling of the SiNWs and using suspended NWs can eventually lead 

to even more sensitive detection of charged biomolecules.  

A general conclusion about the sensitivity of the devices is that the SiNW devices are more 

sensitive than the ISFET in term of the threshold voltage shifting. The PEs multilayer and 

the DNA immobilization and hybridization experiments were carried out in the nearly 

same protocol as previously experiments of the ISFET. In this case, the surface density of 

the biomolecules or the surface charge on the SiNW and ISFET should be similar. 

According to the Graham equation in chapter 2, the surface potential is related to the 

charge density on the SiO2 surface. Applying this theory to the ISFET and the SiNW, one 

could expect that same signal is achieved for both kinds of sensors. However, as shown in 

table 5.1, the SiNW presents 8-10 times higher than the ISFET. The detail explanation for 

this effect was not yet established in the frame of this thesis. 



6. Conclusions and outlooks 

129

Chapter 6. Conclusion and outlook 

6.1. Conclusions 

In this thesis, a novel approach for the wafer scale fabrication of the SiNW arrays for the 

sensor application was established and the devices showed much higher sensitivity 

compared to the normal microscaled ISFET. With the fabrication techniques that combine 

the novel nanoimprint lithography and TMAH etching of the Si, a large amount and highly

reproducible of the SiNW-FET chips were fabricated. The chips were design in a large 

arrays posse a possibility of the reliable SiNW on chip as well as from chip to chip on the 

same wafer. The chips fabrication process was established create the reliable process from 

wafer to wafer. Nanoimprint lithography was employed to fabrication of the SiNW chip 

due to the high throughput. With this method, the whole 4 inch wafer was structured with a 

massive of chip in one step of replication structures from the imprinted mold. By 

optimization the process, we have overcome the proximity effect of the nanoimprint 

lithography such as the inhomogeneous of the residual layer and achieve combination of 

the nanosize of the wire and microstructure of the contact line on the same chip. The 

optimization was considered in two terms: Control the etching process of the residual layer 

by the RIE and redesign the arrays has a homogenous distribution of the cavities and the 
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structures. By these optimization we have achieve almost 100% successful of the process 

with the smallest resolution of 100 nm in our process.  

The wet chemical etching of the Si with TMAH transfer the NW structure its self from the 

hard oxide mask on top of the Si layer. By using the SOI wafer, the Si layer was confined 

in between the top hard mask oxide and the BOX. Both of these acts as the etching stop so 

that the etching of Si was controlled only in the lateral way and create a trapezoid shape 

cross-section. By this approach, the size of the SiNW is tuned by different etching time. In 

our process, a SiNW with bottom of 60 nm with the length up to 40 µm was achieve and 

reliable. The thin top silicon layer was used as contact line towards the nanowires in the 

center of the chip, so the process was enable employed the LPCVD process to passivate the 

contact line for stable operation in a liquid environment. The performance of the SiNW 

was enhanced by boron ion implantation on the contact line and subsequence annealing to 

reduce the serial resistance and reliable operation. A high quality of the gate dielectric was 

applied by growing a thin layer of the SiO2 by dry thermal oxidation at 820oC with a 

thickness of 6-10 nm.  

By this protocol that combine the nanoimprint lithography, TMAH etching with a 

conventional microtechnology, the process was establish at the IBN, Research Center 

Juelich and several processes were run though reproducible and reliable. Several layouts 

were tested through these processes. In the first design, beside the 4×4 arrays of the SiNW 

with the different wire width was fabricated for the measurement shown in this thesis, a 

16×16 and 32×32 arrays was successful fabricated to boost the process and can be used for 

further application. In the second design, the array was designed in two line, each line 

consists of 28 individual SiNW addressed. The width of the wire was 200 nm or 400 nm 

with the length are 5 µm, 10 µm, 20 µm and 40 µm. In this process, an ultra-density arrays 

(128×128) was also successful fabricated on the same wafer. We have achieve the process 

improvement through the first to the second process in term of the smooth surface by avoid 

direct deposition of the LPCVD layer on the SiNW surface. 

The SiNW was characterized carefully in term of surface topography and electrically. 

Thanks to the TMAH etching, a very smooth surface of the SiNW was achieve and ensure 

the low defect or low trap charge at the Si/SiO2 gate interface lead to the good electronic 

characteristics of the transistor. The second design (28×2 arrays) creates a nearly planar 

SiNW arrays and avoid the barrier high of the contact line passivation that can be easy 

integrated to the microfluidic systems [81] and also create better cell adhesion [185]. 
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The electronic characterization was carried out with the back-gate and front–gate 

configuration. Without the implanted contact line the SiNW shows a tri-mode operation 

with the back gate (accumulation, depletion and inversion) as p-type transistor at negative 

VBG, and n-type transistor at positive VBG while with the front gate operation, the SiNW 

behave as n-type transistors. This effect was explained by the fixed charge at the oxide 

silicon interface and also the contribution of the Schottky contact at the metal-low doping 

Si. On the other hand, the SiNW behave only like a p-type transistor both by back gate and 

front gate operation with the chip was highly implanted by boron ions on the contact line. 

The back gate operation without the potential control on the front gate was not stable in our 

measurement while the front gate operation was very stable and reproducible. A 

combination of the back gate and front gate indicated that the front gate was much stronger 

than the back gate due to the high surface to volume of the nearly wrapped all-around of 

the front gate in electrolyte.  

The electronic characterization also indicated that the sensor utilizing a front-gate contact 

via an electrochemical liquid junction referent electrode were mandatory for the stable and 

reliable operation of the SiNW-FET devices. 

The pH sensitivity of the devices was measured in the subthreshold operation regime and 

in the above threshold regime. In both cases, the pH sensitivity of the devices were 41 

mV/pH as expected when using a silicon oxide surface. We also released that the pH 

sensitivity is independent from the size of the nanowire with the front gate operation. 

In term of biosensor sensitivity, the SiNW show much higher sensitivity compared to the 

micro scale ISFET. The sensitivity of the devices was tested with the model of the 

multilayer buildup of the charge electrolyte on the surface. In this case, the first layer 

adsorption of the positively charged polyelectrolyte (PAH) or PDL lead to the change of 

the flat band voltage proximately of 120 mV to high value (p-type transistor). A second 

adsorption layer of negatively charge polyelectrolyte creates a change of 80 mV to lower 

value. These values are 6-8 times higher than the results of the same experiment with the 

microscale ISFET devices [42, 82, 171]. 

The SiNW also demonstrated as a sensitive sensor plat form for the protein, DNA or ion 

detection. The Ca2+ ion binding to the CaM peptide on the SiNW surface lead to a change 

of 100 mV on the flat band voltage with the concentration of Ca2+ is 20 µM. The binding 

process is reversible and after remove the Ca2+ from the electrolyte, the flat band voltage 
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comeback to the initial value. The binding of the streptavidin to the biotinylated SiNW was 

demonstrated and can be served as model for the protein detection. In this case, the 

streptavidin binding lead to the change of 18 mV on the flat band voltage of the device to 

lower value at pH 7 close to the isoelectric point of the streptavidin. 

SiNW was also demonstrated as sensitive DNA sensors. We develop a new surface 

modification method for the DNA immobilization that used silanization with GPTES. By 

this approach, the amino-modified ssDNA was directly covalently bound to the silane 

without cross linker step, this reduces the time consuming and the cost of the DNA 

immobilization process. The GPTES silane can also be used for direct immobilization of 

peptide or protein on the surface. 

DNA experiments were carried out based on potentiometric read out. The ssDNA 

immobilized on the SiNW lead to a change the flat band voltage of 40 mV with a low 

density of ssDNA and up to 150 mV with a high density of ssDNA. However, there are a 

variation of the flat band voltage change in these experiments from chip to chip and also 

from the experiments to experiments and difficult to evaluate the sensitivity of the different 

sensor size. The DNA hybridization leads to the change of 20 mV to 40 mV in the flat 

band voltage in the ex situ hybridization. The real-time detection of the DNA hybridization 

was demonstrated with a clear change in the signal due to this process.  

6.2. Outlooks

As discussed above, the fabrication process for the SiNW – FET arrays was established, 

however, the devices still can be improved in term of mechanic stabilities and electric 

performance. 

The variations of the wire width can be eliminated by fabricating higher imprint mold 

quality. In our case, the mold was fabricated by the e-beam lithography and RIE. By this 

process, the edges of the structures are uneven and become worst in the process flow. This 

effect can be avoid by fabricating the mold based on the simple wet-chemical anisotropic 

etching of the structures on the Si (110) wafer or on the SOI (110) wafer. The anisotropic 

etching of silicon on this wafer creates a vertical wall to the surface with the atomic 

roughness compared to few nanometer of the dry etching. 

The use of thin Si layer as contact line lead to high serial resistance and affect to the device 

performance and maybe the sensitivity of the device as well as the device noise. The 

contact line resistance can be reduced by bring in a metal contact line close to the SiNW. 
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However in this case, the use of LPCVD process for passivation layer is impossible and it

has to be used the PECVD process. The best case is employed silicidation process of the Si

contact line such as Ti-silicide or Co-silicide. By this approach we achieve both 

requirements: the small resistance of the contact line and possible to employ the LPCVD 

process for the passivation layer. A further downscaling of the SiNWs and using suspended 

NWs could eventually lead to even more sensitive detection of charged biomolecules. 

In this thesis, several proof-of-principles experiments were carried out in term of the 

biomolecular detection. In the feature, the measurements with the different concentration 

of the biomolecules need to be carried out to boost the sensitivity of the devices. Based on 

the detection of the DNA molecules and the biotin-streptavidin binding, this flat form can 

extend to detection many object such as the immune assay, enzyme, microorganisms, virus 

and small molecular or to study the cellular signal such as the signal propagation of the 

action potential in the neuronal network. 

Based on the Ca2+ ion detection, the sensor can also possible to use as chemical sensor to 

detect other ions such as Na+, K+ or many other ions. On the other hand, this platform can 

be used to enhance the signal of the cellular response such as the increase the action 

potential signal of the cell or study the apoptosis process that the specific ions are released

from the cell body to the extracellular environment or uptake from the solution to the cell 

body lead to the change of the local ion concentration.  

Thus, the work presented in this thesis could provide the new platform for the sensing 

across a large number of fields. Label-free sensing integration with high sensitive 

transducer based on electronic read out should greatly decrease costs in numerous clinical, 

public health and basic research application. 
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Appendices 

A. Chip designs and fabrication process

A.1. Chips design 

A.1.1. First chip design 
In the first design, all structures are 3 µm long and are available in four different widths (1 

µm, 500 nm, 250 nm and 100 nm). The width used on a specific chip is indicated by a 

number on the lower left corner 1, 5, 2, 01 respectively. 

Figure A.1: A detail description of a gate area 
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4×4 arrays with common source: 
This is the most widely used version, the structure of which is shown below. The pitch of 

the active sites is 200 µm. 

Figure A.2: Layout of a 4x4 arrays with common source 

16×16 arrays with crossbar addressing: 
This is a test version to see whether the concept of directly addresses active areas (pitch 

100 µm) is feasible for our devices. It only exists as one type with 500 nm wide, triangular 

wires (structure below). 

Figure A.3. Layout of a 16x16 arrays with crossbar addressing 

32×32 arrays with crossbar addressing: 
Also a test design with an even higher density of active areas (pitch 50 µm). Due to the 

reduced width of leads a higher contact resistance is expected. That is why the NWs are 

packed more densely here (250 nm width, 500 nm distance), which results in 14 NWs per 

active site. 
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Figure A.4. Layout of a 16×16 arrays with crossbar addressing 

For simplicity in all cases the ones with gate width 12 µm and length 3 µm are used as the 

existing masks for implantation and passivation always fit these dimensions, even when 

intended for different ones. In the main variations the pitch of the wires is 2 µm, which 

results in six wires per active area. 

A.1.2. Second chip design

28×2 arrays with single wire and common source 

The second chip designs were mainly based on 28×2 arrays as discussed in section 3.1. 

The widths of the wires were 200 nm and 400 nm (mask measure), the lengths of the wire 

were 5 µm, 10 µm, 20 µm and 40 µm. The pitch between two lines is 500 µm for all the 

28×2 arrays type. On a specific chip the length of the wires was indicated at the left bottom 

corner and the width was indicated at the right bottom corner. 

Figure A.5. 28 ×2 arrays with a common source: 

28×2 arrays with multiwires and common source 
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The design was based on 28×2 arrays. The length of the wire was fixed at 10 µm. The 

number of wires was from 1 to 5 wires on identical gate. The upper line has the wire 

widths of 200 nm and the lower line has the wire width of 400 nm.

Figure A.6. Number of wires variation on the test chips

4×4 arrays with single wire and common source 

The chip was design based on the standard 4×4 arrays ISFET design at IBN. There is a 

single wire at each gate. The wire length was fixed at 5 µm and the width was fixed at 400 

nm. The pitch of the gate is 200 µm. 

Figure A.7: Layout of a 4×4 arrays with common source on the second design 

128×128 arrays with crossbar addressing 

The high density arrays were added to boost the process as well as for further application 

like multiplexing detection. The wire width was fixed at 400 nm and the wire length was 

fixed at 5 µm. The pitch between the active areas is 25 µm. Each side of the chip has 64

contacts for the crossbar. 
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Figure A.8: Layout of a 128×128 arrays with common source 

A.2. Fabrication process flows 

The SiNW fabrication process was mainly described in section 3.1. In this appendix, 

details of the processing steps were described. The imprint mold was fabricated as 

described in section 3.1.3 

Photolithography masks were fabricated at IBN, the fabrication process need extra 5 

masks: Mask 1 for protects the SiNW from the implantation process. Mask 2 for opening 

the back gate contact. Mask 3 for opening the drain and source contacts. Mask 4 for 

opening the gate areas of SiNW. Mask 5 for lift-off process. 

The process was started with the SOI wafer (SOITEC-USA). The parameter of the SOI 

wafer was given in table A.1. 

Table A.1. Parameters of SOI wafers used in this thesis 

Parameters Top Si layer Buried oxide Handle wafer

Crystal orientation <100> <100>

Crystal Growth 
Method

COP free CZ

Mean thickness 340 ± 20 nm 400 ± 2 nm

Doping type / 
species

P type / Boron P type / Boron

Resistivity 14-22 �.cm 14-22 �.cm

Flat orientation <110>
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The following table A.2 gives a detail of the fabrication steps and those parameters for the 

SiNW arrays. 

Table A.2. SiNW chips fabrication process flows 

steps Processes Parameters comments

Thinned out the SOI wafers and grown oxide hard mask for TMAH

1 SOI wafer cleaning Standard RCA processes Table A.3

2 Wet thermal oxidation 1100°C, 40 min (1st run)

1100°C, 50 min (2st run)

530±5 nm

580±5 nm

3 SiO2 etching AF-91-1, 10 min

HF 1% , 15 min-20 min wafers dewet

4 Dry thermal oxide 1000°C, 180 min (1st run)

1000°C, 30 min (2sd run)

100 nm oxide

30 nm oxide

Nanoimprint lithography

1 Clean wafers and mold Aceton+isopropanol, 5 min

2 Resist spin-coating NX 1020 Table A.4

3 Nanoimprint Nanonex 2000

120°C / 200 PSI (pre-imprint)

160°C / 450 PSI (main-imprint), 
6 min. Demolding temperature:
35°C

Section 3.1.3

4 Residual etching RIE O2, 1 min Section 3.1.3

Table A.5

5 SiO2 hard mask etching RIE CHF3, 7 min (1st run)

RIE CHF3, 3 min (2sd run)

Etch-stop was 
observed by laser 
interferometer

Table A.5

6 Remove resist RIE O2, 1 min

TMAH etching to define SiNW structure

1 Remove native oxide HF 1%, 30 sec Rinsed by water

2 TMAH etching TMAH 25%, 90°C, 1 min Rinsed by water
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Implantation

1st run

1 Removed oxide mask HF 1%, 22 min Etch rate 5 
nm/min

2 Wafer cleaning SC0, 10 min See RCA

3 Oxide mask for 
implantation

LPCVD:TEOS, 650°C, 100 nm Rate 3 nm/min

4 Lithography Mask 1, AZ5214 Table A.6

5 Etch oxide mask RIE CHF3, 3 min

6 Hard beak resist 130°C, 10 min Hot plate

7 Implantation B, 7 keV, 1x1014/cm2

8 Remove resist RIE O2, 8 min

9 Remove LPCVD oxide 
on SiNW

HF 1%, 5 min Rinsed by water

10 Wafer cleaning SC0, 10 min

11 Annealing Oxidation oven, N2 atmosphere, 
900°C, 30 min

2sd run

1 Lithography AZ5124

2 Oxide etch HF 1%, 6 min-8 min Removed hard 
mask oxide on the 
contact line

3 Hard beak resist 130°C, 10 min Hot plate

4 Implantation B, 6 keV, 1x1015/cm2

5 Remove resist RIE, O2, 1min and then acetone 
10 min

6 Oxide etch HF 1%, 6min-8 min Remove oxide on 
the SiNW

7 Cleaning RCA standard

8 Annealing Oxidation oven, N2 atmosphere, 
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900°C, 30 min

LPCVD for passivation layer

1st run

1 Cleaning RCA1

2 SiO2 for passivation 
layer

LPCVD: TEOS, 650°C, 300 nm

2sd run

1 Cleaning RCA standard

2 Dry thermal oxidation 820°C, 40 min 6 nm

3 SiO2 for passivation 
layer

LPCVD: TEOS, 650°C, 400 nm

Gate and contact pad opening

1 Lithography AZ5214 Mask2+mask3

2 Oxide etch HF 1%, 10 min Open gate areas 
and bond pad

3 Remove resist Acetone + isopropanol

4 Lithography AZ5214 Mask4

5 Oxide etched AF-91-9, 8 min Open back-gate 
contacts through 
the BOX

6 Remove resist Acetone-isopropanol

7 Cleaning wafer RCA standard

8. Gate oxidation Dry thermal oxidation, 820°C, 45
min

6-7 nm

Metal deposition for contact pads

1 Lithography AZ5214 Mask 5

2 Oxide etch HF 1%, 2 min Remove the 
thermal gate oxide 
on contact pads

3 Metal evaporation E-beam evaporation, Al: 150 nm,
Ti: 10 nm, Au: 150 nm

Si/Al/Ti/Au
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4 Lift-off Acetone, overnight

5 Annealing RTP oven, N2 atmosphere, 
400°C, 10 min

ohmic contact

Table A.3. Standard RCA recipes for wafer cleaning 

Steps Process Parameters

1 SC0 H2O2:H2SO4 = 2:1, 60°C, 10 min

2 HF 1% (v/v) HF, room temperature, 10 seconds

3 SC1 H2O:H2O2:NH4OH=20:4:1, 60°C, 10 min

4 HF 1% (v/v) HF, room temperature, 10 seconds

5 SC2 H2O:H2O2:HCl=20:1:1, 60°C, 10 min

Table A.4: Recipes for thermal nanoimprint resist coating 

Step Process Parameters

1 Spin coating 4000 rpm, 30 s

2 Soft bake 90°C,20 min

Table A.5 RIE Program for etching resist and SiO2

Recipes Parameter

RIEO2 200W, 20 sccm, 0.02 mbar

RIECHF3 200W, 30 sccm, 0.03 mbar

Table A.6, Recipes for photolithography with AZ5214 resist 

Step Process Parameter

1 Clean wafer Acetone, isopropanol, water

2 Dehydrate 180°C, 5 min

3 HMDS coating Spin-coating, 500 rpm-30 s, 4000rpm–30 s

4 AZ5214 coating Spin-coating, 500 rpm–30 s, 4000rpm–30 s
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5 Soft bake 90°C, 5 min, hot plate

6 Alignment and 
expose

Suess MA6, 4.7 s, 0.7 W/cm2

7* Post expose bake 115°C, 2 min

8* Flood expose Suess MA6, 20 s, 0.7 W/cm2

9 Development MIF326, 50 s

10 Rinsed dd water, 10 min

A.3 List of equipment and chemical used in SiNW fabrication. 

Table A.7. List of equipment used for chip fabrication 

Name Type Company

Lithography equipment

Optical lithography MA6, 365 nm Suess

EBL EBPG 5HR Leica

Nanoimprinter NX-2000 Nanonex

Characterization equipment

Ellipsometer SE400 Laser SENTECH

SE800 spectra SENTECH

Profilometer Dektak 3030 Vecco

4 point measurement AP-150 Vecco

SEM Gemini 1500 VP Zeiss

STEM Titan 80-300 FEI
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FIB Helios NanoLab 400S FEI

Layer production

LPCVD E1200 R&D Centrotherm

Metal deposition PLS 500 Pfeiffer

Oxidation oven Tempress

RTP AET ADDAX RTP RM PRIMA

Ion implantation NV 3204 Eaton

RIE

Laser interferometer SL 50

Oxford instruments

SOFIE instruments

Megasonic SONOSYS

Table A.8. List of the chemical used for chip fabrication in clean room 

Chemical Company

Resist and development

AZ5214 Micro chemicals

UV 6.06 Micro resist technology

PMMA AR-P 699.04 Allresist

NXR 1020 Nanonex

AR 600–55 ALLRESIST

ma-D 532 Micro resist techonology

MIF 326 Micro chemicals
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Cleaning and wet etching

Acetone BASF

Isopropanol BASF

H2O2 (31%) BASF

HCl (37%) BASF

H2SO4 (94%) BASF

NH4OH (25%) BASF

TMAH (25%) Riedel-de-Haen

1H,1H,2H,2H-

Perfluorooctyltrichlorosilane

Fluka

B. Chemical and buffer solutions use for biomolecular sensing 

B.1. Phosphate buffer saline (PBS) 

Regent Concentration

KCl

NaCl

Na2HPO4

KH2PO4

2.7 mM

137 mM

8.1 mM

1.47 mM

Reagents dissolved in H2O (bidest). Adjusted to pH 7.4. 

0.01 x PBS buffer solution was prepared by diluting 100 times PBS buffer in H2O.

B.2. Phosphate buffer solution for DNA immobilization 

Regent Concentration

Solution A

Solution B

Na2HPO4

NaH2PO4

150 mM

150 mM
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Phosphate buffer solution was prepared by mixing two solutions to reach the respective pH 

8.5

B.3. DNA sequence

DNA was purchased for MWG-Biotech Ag, Germany. 

Name sequence

ssDNA

cDNA

fluorescence cDNA

amino C6-5’-ATGAACACTGCATGTAGTCA-3’

5’-TGACTACATGCAGTGTTCAT-3'

Cy3-5’-TGACTACATGCAGTGTTCAT-3' 

B.4. List of chemicals 

If not stated otherwise, all chemicals were purchased from Sigma (Sigma-Aldrich Chemie 

GmbH, Taufkirchen, Germany). 

Titrisol buffer

PH 1-14

Merck, KGaA

KH2PO4 Carl Roth GmbH

Na2HPO4 Carl Roth GmbH

NaH2PO4 Carl Roth GmbH

Biotin Pierce Biotechnology, Inc., USA

Hellmanex Hellmanex

C. Abbreviations

AC

APTES

BOX

BG

Alternative current

3-aminopropyl-triethoxysilane

Buried oxide

Back gate
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CMOS

COP

CVD

CZ

D

DIC

DNA

ssDNA

cDNA

DUV

EBL

EIS

FET

FIB

FG

G

GPTES

IBN

ISFET

LCC

LPCVD

M

MEA

MOSFET

MOS

NIL

Complementary metal oxide semiconductor

Crystal originating particles

Chemical vapor deposition

Czochralski

Drain

Differential Interference Contrast

Deoxyribonucleic acid

Single-stranded Deoxyribonucleic acid

Complementary Deoxyribonucleic acid

Deep UV lithography

electron-beam lithography 

Electrolyte-insulator-semiconductor

Field-effect transistor

Focused Ion Beam

Front gate

Gate

3-glycidoxypropyltrimethoxysilane

Institute of Nano- and Biosystems

Ion sensitive field-effect transistor

Ceramic Leadless Chip Carrier

Low pressure chemical vapor deposition

Molar/liter 

Micro electrode array

Metal oxide semiconductor field-effect transistor

Metal oxide semiconductor

Nanoimprint lithography
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NW

ONO

PBS

PDL

PDMS

PCB

PE

PAH

PSS

PMMA

PNA

RCA

RE

RIE

rpm

RTP

S

SiNW

SEM

SMU

SNAP

SOI

SSC

STEM

USB

TMAH

Nanowire

Oxide-nitride-oxide

Phosphate Buffered Saline

Poly(D)lysine

Polydimethylsiloxane

Printed circuit board

Polyelectrolytes

Poly (allylamine hydrochloride)

Poly(sodium 4-styrensulfonate)

Polymethylmethacrylat

Peptide nucleic acid

Wafer cleaning recipes of Radio Corporation of America

Reference electrode

Reactive ion etching 

Round per minute

Rapid Thermal Processing

Source

Silicon nanowire

Scanning electron microscope

source measurement units

superlattice nanowire pattern transfer

Silicon-on-Insulator

Saline-sodium citrate buffer

Scanning transmission electron microscope

Universal serial bus

Tetramethylamoniumhydroxid
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VLS Vapor-liquid-solid method



References 

151

References 

[1] D. V. Lim, J. M. Simpson, E. A. Kearns, and M. F. Kramer. Current and 

developing technologies for monitoring agents of bioterrorism and biowarfare. Clinical 

Microbiology Reviews, 18: 583–607, 2005. 

[2] D.C.H. Burgess, J. Wasserman, and C. A. Daahl. Global health diagnoses. Nature,

444: 1–2, 2006.

[3] F.S. Ligler and J.S. Erickson. Bioengineering: diagnosis on disc. Nature, 440: 159–

160, 2006. 

[4] C. Kumar, editor. Nanomaterials: toxicity, health and environmental issues,

volume 2 of Nanotechnologies for the life sciences. Wiley-VCH, 2005. 

[5] P. D’Orazio. Biosensors in clinical chemistry. Clinica Chimica Acta, 334 (1-2): 41–

69, 2003. 

[6] E. C. Alocilj and S. M. Radke. Market analysis of biosensors for food safety. 

Biosensensors and Bioelectronics, 18: 841–846, 2003.

[7] M. A. Cooper. Optical biosensors in drug discovery. Nature review, 1: 515, 2002. 

[8] D. Ivnitski, I. Abdel-Hamid, P. Atanasov, and E. Wilkins. Biosensors for detection 

of pathogenic bacteria. Biosensors and Bioelectronics, 14: 599–624, 1999. 



References 

152

[9] A. Offenhaeusser, C. Sproessler, M. Matsuzawa, and W. Knoll. Field-effect 

transistor array for monitoring electrical activity from mammalian neurons in culture. 

Biosensors and Bioelectronics, 12 (8): 819, 1997. 

[10] F. Patolsky, B. P. Timko, G. Yu, Y. Fang, A. B. Greytak, G. Zheng, and C. M.

Lieber. Detection, stimulation, and inhibition of neuronal signals with high-density 

nanowire transistor arrays. Science, 313 (5790): 1100–1104, Aug 2006. doi: 

10.1126/science.1128640.

[11] P. Gruendler. Chemical sensors: An introduction for scientists and engineers.

Springer, 2006. 

[12] K. Kalantar-Zadeh and B. Fry. Nanotechnology-enabled sensors. Springer, 2008. 

[13] A. Offenhaeusser and R. Rinaldi, editors. Nanobioelectronics - for Electronics, 

Biology, and Medicine. Springer, 2009. 

[14] G. A. Urban. Micro- and nanobiosensors-state of the art and trends. Measurement 

Science and Technology, 20 (1): 012001, 2009. 

[15] Jean-Pierre Colinge, Chi-Woo Lee, Aryan Afzalian, Nima Dehdashti Akhavan, Ran 

Yan, Isabelle Ferain, Pedram Razavi, Brendan O’Neill, Alan Blake, Mary White, Anne-

Marie Kelleher, Brendan McCarthy, and Richard Murphy. Nanowire transistors without 

junctions. Nature nanotechnology, 5: 225, March 2010. doi: 

http://www.nature.com/doifinder/10.1038/nnano.2010.15.

[16] V. Schmidt, H. Riel, S. Senz, S. Karg, W. Riess, and U. Gaesele. Realization of a 

silicon nanowire vertical surround-gate field-effect transistor. Small, 2 (1): 85–88, Jan 

2006. doi: 10.1002/smll.200500181.

[17] A. M. Armani, R. P. Kulkarni, S. E. Fraser, R. C. Flagan, and K. J. Vahala. Label-

free, single-molecule detection with optical microcavities. Science, 317 (5839): 783–787, 

2007.

[18] N. Chen, A. A. Zinchenko, Y. Yamazaki, Y. Yoshikawa, S. Murata, and 

K. Yoshikawa. Quantum dot probes for observation of single molecule dna and a synthetic 

polyelectrolyte higher-order structure. Soft matter, 6 (12): 2834–2841, 2010. 

[19] D. Fologe, M. Gershow, B. Ledden, D. S. McNabb, J. A. Golovchenko, and J. Li. 

Detecting single stranded dna with a solid state nanopore. Nano Letters, 5: 1905–1909, 

2005.

[20] Y. Ishii and T. Yanagida. Single molecule detection in life science. Single 

Molecules, 1 (1): 5–16, 2000. 



References 

153

[21] I. Vlassiouk, P. Takmakov, and S. Smirnov. Sensing dna hybridization via ionic 

conductance through a nanoporous electrode. Langmuir, 21 (11): 4776–4778, 2005.

[22] P. R. Nair and M. A. Alam. Performance limits of nanobiosensors. Applied Physics 

Letters, 88 (23): 233120, 2006. doi: http://dx.doi.org/10.1063/1.2211310. 

[23] P. Alivisatos. The use of nanocrystals in biological detection. Nature 

Biotechnology, 22 (1): 47–52, JAN 2004. ISSN 1087-0156. doi: 10.1038/nbt927.

[24] T. Asefa, C. T. Duncan, and K. K. Sharma. Recent advances in nanostructured 

chemosensors and biosensors. Analyst, 134 (10): 1980–1990, 2009. 

[25] C. Kumar, editor. Biofunctionalization of Nanomaterials, volume 1 of 

Nanotechnologies for the Life Sciences. Wiley-VCH, 2005. 

[26] X. H. Gao, W. C. W. Chan, and S. M. Nie. Quantum-dot nanocrystals for 

ultrasensitive biological labeling and multicolor optical encoding. Journal of biomedical 

optics, 7 (4): 532–537, 2002.

[27] J. K. Jaiswal and S. M. Simon. Imaging single events at the cell membrane. Nature 

chemical biology, 3 (2): 92–98, Feb 2007. 

[28] H. Wang, R. Yang, and W. Yang, L.and Tan. Nucleic acid conjugated 

nanomaterials for enhanced molecular recognition. ASC Nano, 3 (9): 2451–2460, 2009.

[29] C. Zhang and L. W. Johnson. Single quantum-dot-based aptameric nanosensor for 

cocaine. Analytical chemistry, 81 (8): 3051–3055, 2009.

[30] J. Fritz, M. K. Baller, H. P. Lang, H. Rothuizen, P. Vettiger, E. Meyer, 

H. J. Guntherodt, Ch. Gerber, and J. K. Gimzewski. Translating biomolecular recognition 

into nanomechanics. Science, 288 (5464): 316–318, 2000. doi: 

10.1126/science.288.5464.316.

[31] K. S. Hwang, S. M. Lee, S. K. Kim, J. H. Lee, and T. S. Kim. Micro- and 

nanocantilever devices and systems for biomolecule detection. Annual review of analytical 

chemistry, 2: 77–98, 2009. 

[32] C. Ziegler. Cantilever-based biosensors. Analytical and Bioanalytical Chemistry,

379 (7-8): 946–959, 2004. 

[33] P. Bergveld. Development of an ion-sensitive solid-state device for 

neurophysiological measurements. IEEE Transactions on Biomedical Engineering (T-

BME), 17 (1): 70–71, 1970. 

[34] N. Abramova, Y. Borisov, A. Bratov, P. Gavrilenko, V. Spiridonov, and 

E. Suglobova. Application of an ion-selective field effect transistor with a photocured 



References 

154

polymer membrane in nephrology for determination of potassium ions in dialysis solutions 

and in blood plasma. Talanta, 52 (3): 533–538, Jun 2000.

[35] M. M. G. Antonisse, B. H. M. Snellink-Ruel, R. J. W. Lugtenberg, J. F. J. 

Engbersen, A. van den Berg, and D. N. Reinhoudt. Membrane characterization of anion-

selective chemfets by impedance spectroscopy. Anal. Chem, 72: 343–348, 2000.

[36] L. Bandiera, G. Cellere, S. Cagnin, A. D. Toni, E. Zanoni, G. Lanfranchi, and 

L. Lorenzelli. A fully electronic sensor for the measurement of cdna hybridization kinetics. 

Biosensors and Bioelectronics, 22 (9-10): 2108–2114, Apr 2007. doi: 

10.1016/j.bios.2006.09.025.

[37] P. Bergveld. The development and application of fet-based biosensors. Biosensors,

2 (1): 15–33, 1986.

[38] F. Bettaieb, L. Ponsonnet, P. Lejeune, H. Ben-Ouada, C. Martelet, A. Bakhrouf, 

N. Jaffrezic-Renault, and A. Othmane. Immobilization of e. coli bacteria in three-

dimensional matrices for isfet biosensor design. Bioelectrochemistry, 71 (2): 118–125, Nov 

2007. doi: 10.1016/j.bioelechem.2007.02.004. 

[39] R. Chida, K. Igarashi, K. Kamiyama, E. Hoshino, and M. Esashi. Characterization 

of human dental plaque formed on hydrogen-ion-sensitive field-effect transistor electrodes. 

J Dent Res, 65 (3): 448–451, Mar 1986. 

[40] J. Fritz, E. B. Cooper, S. Gaudet, P. K. Sorger, and S. R. Manalis. Electronic 

detection of dna by its intrinsic molecular charge. PNAS, 99: 14142–14146, 2002. 

[41] D. Goncalves, D. M. F. Prazeres, V. Chu, and J. P. Conde. Detection of dna and 

proteins using amorphous silicon ion-sensitive thin-film field effect transistors. Biosensors 

and Bioelectronics, 24 (4): 545–551, Dec 2008. doi: 10.1016/j.bios.2008.05.006.

[42] Y. Han, A. Offenhaeusser, and S. Ingebrandt. Detection of dna hybridization by a 

field-effect transistor with covalently attached catcher molecules. Surface and interface 

analysis, 38: 176–181, 2006. 

[43] S. Ingebrandt, Y. Han, F. Nakamura, A. Poghossian, M. J. Schoening, and 

A. Offenhaeusser. Label-free detection of single nucleotide polymorphisms utilizing the 

differential transfer function of field-effect transistors. Biosensors and Bioelectronics, 22: 

2834–2840, 2007.

[44] A. B. Kharitonov, J. Wasserman, E. Katz, and I. Willner. The use of impedance 

spectroscopy for the characterization of protein-modified isfet devices: Application of the 

method for the analysis of biorecognition processes. J. Phys. Chem. B, 105: 4205–4213, 

2001.



References 

155

[45] R. B. Schasfoort, R. P. Kooyman, P. Bergveld, and J. Greve. A new approach to 

immunofet operation. Biosens Bioelectron, 5 (2): 103–124, 1990.

[46] F. Uslu, S. Ingebrandt, D. Mayer, S. Baecker-Meffert, M. Odenthal, and 

A. Offenhaeusser. Labelfree fully electronic nucleic acid detection system based on a field-

effect transistor device. Biosensors and Bioelectronics, 19: 1723–1731, 2004.

[47] B. H. van der Schoot and P. Bergveld. Isfet based enzyme sensors. Biosensors, 3 

(3): 161–186, 1987. 

[48] M. Zayats, O. A. Raitman, V. I. Chegel, A. B. Kharitonov, and I. Willner. Probing 

antigen-antibody binding processes by impedance measurements on ion-sensitive field-

effect transistor devices and complementary surface plasmon resonance analyses: 

Development of cholera toxin sensors. Anal. Chem, 74: 4763–4773, 2002. 

[49] Y. Cui and C. M. Lieber. Functional nanoscale electronic devices assembled using 

silicon nanowire building blocks. Science, 291 (5505): 851–853, Feb 2001. doi: 

10.1126/science.291.5505.851.

[50] X. Bi, W. L. Wong, W. Ji, A. Agarwal, N. Balasubramanian, and K. L. Yang. 

Development of electrochemical calcium sensors by using silicon nanowires modified with 

phosphotyrosine. Biosensors and Bioelectronics, 23 (10): 1442–1448, May 2008. doi: 

10.1016/j.bios.2007.12.012.

[51] X. Blase and M. V. Fernandez-Serra. Preserved conductance in covalently 

functionalized silicon nanowires. Phys Rev Lett, 100 (4): 046802, Feb 2008. 

[52] Y. L. Bunimovich, Y. S. Shin, W. S. Yeo, M. Amori, G. Kwong, and J. R. Heath. 

Quantitative real-time measurements of dna hybridization with alkylated nonoxidized 

silicon nanowires in electrolyte solution. J Am Chem Soc, 128 (50): 16323–16331, Dec 

2006. doi: 10.1021/ja065923u. URL http://dx.doi.org/10.1021/ja065923u.

[53] N. Elfstroem, A. E. Karlstroem, and J. Linnros. Silicon nanoribbons for electrical 

detection of biomolecules. Nano Letters, 8 (3): 945–949, Mar 2008. doi: 

10.1021/nl080094r.

[54] Z. Gao, A. Agarwal, A. D. Trigg, N. Singh, C. Fang, C. H. Tung, Y. Fan, K. D.

Buddharaju, and J. Kong. Silicon nanowire arrays for label-free detection of dna. Anal 

Chem, 79 (9): 3291–3297, May 2007. doi: 10.1021/ac061808q. 

[55] J. Hahm and C.M. Lieber. Direct ultrasensitive electrical detection of dna and dna 

sequence variations using nanowire nanosensors. Nano Letters, 4: 51–57, 2004.



References 

156

[56] K. S. Kim, H.-S. Lee, J.-A. Yang, M. H. Jo, and S. K. Hahn. The fabrication, 

characterization and application of aptamer-functionalized si-nanowire fet biosensors. 

Nanotechnology, 20 (23): 235501, Jun 2009. doi: 10.1088/0957-4484/20/23/235501.

[57] K.-W. Lee, S.-J. Choi, J.-H. Ahn, D.-Il Moon, T. J. Park, S. Y. Lee, and Y.-K. 

Choi. An underlap field-effect transistor for electrical detection of influenza. Applied 

Physics Letters, 96 (3), JAN 18 2010. ISSN 0003-6951. doi: 10.1063/1.3291617.

[58] J. A. Martinez, N. Misra, Y. Wang, P. Stroeve, C. P. Grigoropoulos, and A. Noy. 

Highly efficient biocompatible single silicon nanowire electrodes with functional 

biological pore channels. Nano Lett, Feb 2009. doi: 10.1021/nl8036504. 

[59] N. N. Mishra, W. C. Maki, E. Cameron, R. Nelson, P. Winterrowd, S. K. Rastogi, 

B. Filanoski, and G. K. Maki. Ultra-sensitive detection of bacterial toxin with silicon 

nanowire transistor. Lab Chip, 8 (6): 868–871, Jun 2008. doi: 10.1039/b802036a.

[60] F. Patolsky, G. Zheng, O. Hayden, M. Lakadamyali, X. Zhuang, and C. M. Lieber. 

Electrical detection of single viruses. PNAS, 101 (39): 14017–14022, Sep 2004. doi: 

10.1073/pnas.0406159101.

[61] E. Stern, J.F. Klemic, D.A. Routenberg, Wyrembak, D.B.Turner-Evans, A.D. 

Hamilton, D.A. Lavan, T.M. Fahmy, and M.A. Reed. Label-free immunodetection with 

cmos-compatible semiconducting nanowires. Nature, 445 (7127): 519–522, February 

2007. ISSN 0028-0836. doi: ISI:000243867300039.

[62] X.T. Vu, R. GhoshMoulick, J.F. Eschermann, R. Stockmann, A. Offenhaeusser, 

and S. Ingebrandt. Fabrication and application of silicon nanowire transistor arrays for 

biomolecular detection. Sensors and Actuators B: Chemical, 144 (2): 354–360, 2010. ISSN 

0925-4005. doi: DOI: 10.1016/j.snb.2008.11.048. 22nd International Conference on 

Eurosensors - Dresden, Germany, 7-10 September 2008. 

[63] J. Wang. Nanomaterial-based amplified transduction of biomolecular interactions. 

Small, 1 (11): 1036–1043, NOV 2005. ISSN 1613-6810. doi: 10.1002/smll.200500214.

[64] G.-J. Zhang, J. H. Chua, R. E. Chee, A. Agarwal, S. M. Wong, K. D. Buddharaju, 

and N. Balasubramanian. Highly sensitive measurements of pna-dna hybridization using 

oxide-etched silicon nanowire biosensors. Biosensors and Bioelectronics, 23 (11): 1701–

1707, Jun 2008. doi: 10.1016/j.bios.2008.02.006. 

[65] G. Zheng, F. Patolsky, Y. Cui, W. U. Wang, and C. M. Lieber. Multiplexed 

electrical detection of cancer markers with nanowire sensor arrays. Nature Biotechnology,

23 (10): 1294–1301, Oct 2005. doi: 10.1038/nbt1138.



References 

157

[66] J. F. Eschermann, R. Stockmann, M. Hueske, X. T. Vu, S. Ingebrandt, and 

A. Offenhausser. Action potentials of hl-1 cells recorded with silicon nanowire transistors. 

Applied Physics Letters, 95 (8): 083703, 2009. doi: 10.1063/1.3194138.

[67] T.-S. Pui, A. Agarwal, F. Ye, N. Balasubramanian, and P. Chen. Cmos-compatible 

nanowire sensor arrays for detection of cellular bioelectricity. Small, 5 (2): 208–212, 2009.

[68] A. Agarwal, K. Buddharaju, I. K. Lao, N. Singh, N. Balasubramanian, and D. L. 

Kwong. Silicon nanowire sensor array using top-down cmos technology. Sensors and 

Actuators A, 145-146: 207–213, 2008.

[69] O. H. Elibol, D. Morisette, D. Akin, J. P. Denton, and R. Bashir. Integrated 

nanoscale silicon sensors using top-down fabrication. Applied Physics Letters, 83 (22): 

4613–4615, 2003. doi: 10.1063/1.1630853.

[70] Z. Li, Y. Chen, X. Li, T.I. Kamins, K. Nauka, and R.S. Williams. Sequence-

specific label-free dna sensors based on silicon nanowires. Nano Letters, 4 (2): 245–247,

Feburary 2004. ISSN 1530-6984. doi: 10.1021/nl034958e.

[71] N. A. Melosh, A. Boukai, F. Diana, B. Gerardot, A. Badolato, P. M. Petroff, and 

J. R. Heath. Ultrahigh-density nanowire lattices and circuits. Science, 300 (5616): 112–

115, April 2003. doi: 10.1126/science.1081940. 

[72] F. Patolsky, G. Zheng, and C. M. Lieber. Fabrication of silicon nanowire devices 

for ultrasensitive, label-free, real-time detection of biological and chemical species. Nature 

Protocols, 1: 1711–1724, 2006. doi: doi:10.1038/nprot.2006.227.

[73] H. D. Tong, S. Chen, W. G. van der Wiel, E. T. Carlen, and A. van den Berg. 

Novel top-down wafer-scale fabrication of single crystal silicon nanowires. Nano Letters, 9 

(3): 1015–1022, Jan 2009. doi: 10.1021/nl803181x. 

[74] A. A. Talin, Luke L. H., F. Leonard, and B. Rokad. Large area, dense silicon 

nanowire array chemical sensors. Applied Physics Letters, 89 (15): 153102, 2006. doi: 

10.1063/1.2358214.

[75] X. T. Vu, J. F. Eschermann, R. Stockmann, R. GhoshMoulick, A. Offenhaeusser, 

and S. Ingebrandt. Top-down processed silicon nanowire transistor arrays for biosensing. 

Physica Status Solidi (a), 206 (3): 426–434, March 2009. doi: 10.1002/pssa.200880475.

[76] G. Pennelli. Top down fabrication of long silicon nanowire devices by means of 

lateral oxidation. Microelectronic Engineering, 2009. G. Pennelli, Microelectron. Eng. 

(2009), doi:10.1016/j.mee.2009.02.032. 



References 

158

[77] A. Belkacem, E. Andrao, J. Oberlin, C. Pomot, B. Pajot, and A. Chantre. Electronic 

defects induced in silicon by sf6 plasma etching. Materials Science and Engineering: B, 4 

(1-4): 451–455, 1989. 

[78] D. Misra and E. L. Heasell. Electrical damage to silicon devices due to reactive ion 

etching. Semiconductor Science and Technology, 5 (3): 229–236, 1990. 

[79] S. W. Pang, D. D. Rathman, D. J. Silversmith, R. W. Mountain, and P. D. DeGraff. 

Damage induced in si by ion milling or reactive ion etching. Journal of Applied Physics,

54 (6): 3272–3277, 1983. 

[80] Y. Liu, K. Ishii, T. Tsutsumi, M. Masahara, and E. Suzuki. Ideal rectangular cross-

section si-fin channel double-gate mosfets fabricated using orientation-dependent wet 

etching. Electron Device Letters, IEEE, 24 (7): 484 – 486, july 2003. ISSN 0741-3106. 

doi: 10.1109/LED.2003.815004.

[81] X. T. Vu, R. Stockmann, B. Wolfrum, A. Offenhaeusser, and S. Ingebrandt. 

Fabrication and application of a microfluidic-embedded silicon nanowire biosensor chip. 

Physica Status Solidi (a), 207 (4): 850–857, April 2010. doi: 10.1002/pssa.200983316.

[82] D. Borstlap. High-k Dielectrics As Bioelectronic Interface for Field-Effect 

Transistors. Thesis/dissertation, Rheinisch-Westfalischen Technischen Hochschule 

Aachen, 2006.

[83] G. S. May and S. M. Sze. Fundamentasl of semiconductor fabrication. Wiley, 

2004.

[84] S. M. Sze. Physics of semiconductor devices: Second edition. Wiley, 1981. 

[85] L. Bousse, S. Mostarshed, B. van der Schoot, and N.F. de Rooij. Comparison of the 

hysteresis of ta2o5 and si3n4 ph-sensing insulators. Sensors and Actuators B: Chemical, 17 

(2): 157 – 164, 1994. ISSN 0925-4005. doi: DOI: 10.1016/0925-4005(94)87044-6. URL 

http://www.sciencedirect.com/science/article/B6THH-44B6TD8-V1/2/-

a846fc2b7b1bd31b4df5d3391b6daefa. 

[86] J. F. Hsu, B. R. Huang, C. S. Huang, and H. L. Chen. Silicon nanowires as ph 

sensor. Japanese Journal of Applied Physics, 44 (4B): 2626–2629, 2005. doi: 

10.1143/JJAP.44.2626.

[87] M. L. Pourciel-Gouzy, W. Sant, I. Humenyuk, L. Malaquin, X. Dollat, and 

P. Temple-Boyer. Development of ph-isfet sensors for the detection of bacterial activity. 

Sensors and Actuators B: Chemical, 103 (1-2): 247 – 251, 2004. ISSN 0925-4005. doi: 

DOI: 10.1016/j.snb.2004.04.056. The 17th Euopean Conference on Solid-State 

Transducers, University of Minho, Guimares, Portugal, September 21-24, 2003. 



References 

159

[88] R. GhoshMoulick, X. T. Vu, S. Gilles, D. Mayer, A. Offenhaeusser, and 

S. Ingebrandt. Impedimetric detection of covalently attached biomolecules on field-effect 

transistors. Physica status solidi (a), 206 (3): 417–425, March 2009. doi: 

10.1002/pssa.200880482.

[89] J. Roeckerath. Seltenerd-basierte ternaere Oxide als alternative Gatedielektrika.

Ph.d thesis, Rheinisch-Westfaelischen Technischen Hochschule Aachen, 2008. 

[90] M. S. Lundstrom and J. Guo. Nanoscale transistors: Device physics, modeling and 

simulation. Springer, 2006. 

[91] M. W. Shinwari, M. J. Deen, and D. Landheer. Study of the electrolyte-insulator-

semiconductor field-effect transistor (eisfet) with applications in biosensor design. 

Microelectronics Reliability, 47 (12): 2025 – 2057, 2007. ISSN 0026-2714. doi: DOI: 

10.1016/j.microrel.2006.10.003. Electronic system prognostics and health management. 

[92] P. Bergveld. Thirty years of isfetology: What happened in the past 30 years and 

what may happen in the next 30 years? Sensors and Actuators B-Chemical, 88 (1): 1–20, 

2003.

[93] http://www.nextnano.de/nextnano3/input_parser/keywords/interface states.htm. 

[94] L. Bousse. Single eletrode potentials related to flat-band voltages measurement on 

eos and mos structures. J. Chem. Phys, 76: 5128–5133, 1982.

[95] R.E.G. van Hal, J.C.T. Eijkel, and P. Bergveld. A genreral model to describe the 

electrostatics potential at electrolyte oxide interface. Advances in Colloid and Interface 

Science, 69: 31–62, 1996. 

[96] D. Yates, S. Levine, and T. W. Healy. Site-binding model of the electrical double 

layer at the oxide-water interface. Journal of the Chemical Society-Faraday Transactions 

I, 70: 1807–1817, 1974. 

[97] T. Hiemstra, W. H. Riesdijk, and G. H. Bolt. Multisite proton adsorption modelling 

at the solid/solution interface of (hydr)oxides: A new approach. Journal of Colloid 

interface Science, 133: 91–104, 1989.

[98] O. Stern. The theory of the electric double layer. Electrochemi, 30: 508–516, 1924. 

[99] D. L. Chapman. A contribution to the theory of electrocapillarity. Philosophical 

Magazine, 25 (148): 475–481, 1913.

[100] G. J. Gouy. Constitution of the electric charge at the surface of an electrolyte. 

Journal de Physique Theorique et Appliquce, 9: 457–468, 1910.

[101] M.-H Lee, D.-H. Lee, S.-W. Jung, K. N. Lee, Y. S. Park, and W. K. Seong. 

Measurements of serum c-reactive protein levels in patients with gastric cancer and 



References 

160

quantification using silicon nanowire arrays. Nanomedicine, May 2009. doi: 

10.1016/j.nano.2009.04.004.

[102] M. J. Schoening and A. Poghossian. Recent advances in biologically sensitive 

field-effect transistors (biofets). Analyst, 127: 1137–1151, 2002.

[103] A. Poghossian, A. Cherstvy, S. Ingebrandt, A. Offenhaeusser, and M.J. Schoening. 

Possibilities and limitations of label-free detection of dna hybridization with field-effect-

based devices. Sensors and Actuators B, 111-112: 470–480, 2005.

[104] D. Landheer, G. Aers, W. R. McKinnon, M. J. Deen, and J. C. Ranuarez. Model for 

the field effect from layers of biological macromolecules on the gates of metal-oxide-

semiconductor transistors. J. Appl. Phys., 98: 044701, 2005. 

[105] D. Landheer, D. W. McKinnon, G. Aers, W. Jiang, M. J. Deen, and M. Shinwari. 

Calculation of the response of field-effect transistors to charged biological molecules. 

IEEE Sensors Journal, 7 (9): 1233–1242, 2007. 

[106] D Landheer, W. McKinnon, W. H. Jiang, and G. Aers. Effect of screening on the 

sensitivity of field-effect devices used to detect oligonucleotides. Applied Physics Letters,

92 (25): 253901, 2008. 

[107] B. K. Wunderlich, P. A. Neff, and A. R. Bausch. Mechanism and sensitivity of the 

intrinsic charge detection of biomolecular interactions by field effect devices. Applied 

Physics Letters, 91: 083904, 2007. doi: http://dx.doi.org/10.1063/1.2775040.

[108] W. McKinnon, D. Landheer, and G. Aers. Sensitivity of field-effect biosensors to 

charge, ph, and ion concentration in a membrane model. Journal of Applied Physics, 104 

(12): 124701–124701, 2009. doi: 10.1063/1.3050329.

[109] E. Katz and I. Willner. Probing biomolecular interactions at conductive and 

semiconductive surfaces by impedance spectroscopy: Routes to impedimetric 

immunosensors, dna-sensors, and enzyme biosensors. Electroanalysis, 15 (11): 913–947,

2003.

[110] E. Souteyrand, J. P. Cloarec, J. R. Martin, C. Wilson, I. Lawrence, S. Mikkelsen, 

and M. F. Lawrence. Direct detection of the hybridization of synthetic homo-oligomer dna 

sequences by field effect. J. Phys. Chem. B, 101: 2980–2985, 1997.

[111] M. R. Sakkari. Exploration of isfet transfer-function for biochemical applications. 

Master’s thesis, Aachen University of Applied Sciences, Campus Juelich, 2005.

[112] D. A. Raorane, M. D. Lim, F. F. Chen, C. S. Craik, and A. Majumdar. Quantitative 

and label-free technique for measuring protease activity and inhibition using a microfluidic 

cantilever array. Nano Letters, 8 (9): 2968–2974, 2008. 



References 

161

[113] B. L. Allen, P. D. Kichambare, and A. Star. Carbon nanotube field-effect-

transistor-based biosensors. Advanced materials, 19 (11): 1439–1451, JUN 4 2007. ISSN 

0935-9648. doi: 10.1002/adma.200602043. 

[114] A. Guiseppi-Elie, C. H. Lei, and R. H. Baughman. Direct electron transfer of 

glucose oxidase on carbon nanotubes. Nanotechnology, 13 (5): 559–564, OCT 2002. ISSN 

0957-4484.

[115] M. T. Martinez, Y.-C. Tseng, N. Ormategui, I. Loinaz, R. Eritja, and J. Bokor. 

Label-free dna biosensors based on functionalized carbon nanotube field effect transistors. 

Nano Letters, 9 (2): 530–536, FEB 2009. ISSN 1530-6984. doi: 10.1021/nl8025604.

[116] M. Musameh, J. Wang, A. Merkoci, and Y. H. Lin. Low-potential stable nadh 

detection at carbon-nanotube-modified glassy carbon electrodes. Electrochemistry 

communications, 4 (10): 743–746, OCT 2002. ISSN 1388-2481. 

[117] A. Star, E. Tu, J. Niemann, J.C.P. Gabriel, C.S. Joiner, and C. Valcke. Label-free 

detection of dna hybridization using carbon nanotube network field-effect transistors. 

PNAS, 103 (4): 921–926, JAN 24 2006. ISSN 0027-8424.

[118] A. R. Clapp, I. L. Medintz, J. M. Mauro, B. R. Fisher, M. G. Bawendi, and 

H. Mattoussi. Fluorescence resonance energy transfer between quantum dot donors and 

dye-labeled protein acceptors. Journal of the american chemical society, 126 (1): 301–310,

JAN 14 2004. ISSN 0002-7863. doi: 10.1021/ja037088b.

[119] J. A. Hansen, J. Wang, A. N Kawde, Y. Xiang, K. V. Gothelf, and G. Collins. 

Quantum-dot aptamer-based ultrasensitive multi-analyte electrochemical biosensor. 

Journal of the american chemical society, 128 (7): 2228–2229, FEB 22 2006. ISSN 0002-

7863. doi: 10.1021/ja060005h.

[120] I. Medintz, A. R. Clapp, H. Mattoussi, E. R. Goldman, B. Fisher, and J. M. Mauro. 

Self-assembled nanoscale biosensors based on quantum dot fret donors. Nature materials,

2 (9): 630–638, SEP 2003. ISSN 1476-1122. doi: 10.1038/nmat961.

[121] M. Curreli, C. Li, Y. H. Sun, B. Lei, M. A. Gundersen, M. E. Thompson, and C. W. 

Zhou. Selective functionalization of in2o3 nanowire mat devices for biosensing 

applications. Journal of the american chemical society, 127 (19): 6922–6923, MAY 18 

2005. ISSN 0002-7863. doi: 10.1021/ja0503478.

[122] F. N. Ishikawa, H. K Chang, M. Curreli, H. I Liao, C. A. Olson, P. C. Chen, 

R. Zhang, R. W. Roberts, R. Sun, R. J. Cote, M. E. Thompson, and C. Zhou. Label-free, 

electrical detection of the sars virus n-protein with nanowire biosensors utilizing antibody 



References 

162

mimics as capture probes. ACS Nano, 3 (5): 1219–1224, MAY 2009. ISSN 1936-0851. 

doi: 10.1021/nn900086c.

[123] A. Liu. Towards development of chemosensors and biosensors with metal-oxide-

based nanowires or nanotubes. Biosensors and Bioelectronics, 24 (2): 167–177, OCT 15 

2008. ISSN 0956-5663. doi: 10.1016/j.bios.2008.04.014.

[124] V. Pachauri, A. Vlandas, K. Kern, and K. Balasubramanian. Site-specific self-

assembled liquid-gated zno nanowire transistors for sensing applications. Small, 6 (4): 

589–594, FEB 22 2010. ISSN 1613-6810. doi: 10.1002/smll.200900876. 

[125] S. K. Kim, H. Cho, H.-J. Park, D. Kwon, J. M. Lee, and B. H. Chung. Nanogap 

biosensors for electrical and label-free detection of biomolecular interactions. 

Nanotechnology, 20 (45): 455502, NOV 11 2009. ISSN 0957-4484. doi: 10.1088/0957-

4484/20/45/455502. 

[126] Q. Zhao, R. S. S. de Zoysa, D. Wang, D. A. Jayawardhana, and X. Guan. Real-time 

monitoring of peptide cleavage using a nanopore probe. J. Am. Chem. Soc, 131: 6324, 

2009. doi: 10.1021/ja9004893.

[127] Y. Cui, Q. Wei, H. Park, and C. M. Lieber. Nanowire nanosensors for highly 

sensitive and selective detection of biological and chemical species. Science, 293 (5533): 

1289–1292, Aug 2001. doi: 10.1126/science.1062711.

[128] M. Curreli, R. Zhang, F.N. Ishikawa, H. K. Chang, R. J. Cote, C. Zhou, and M. E.

Thompson. Real-time, label-free detection of biological entities using nanowire-based fets. 

Nanotechnology, IEEE Transactions on, 7 (6): 651–667, Nov. 2008. ISSN 1536-125X. 

doi: 10.1109/TNANO.2008.2006165.

[129] O.H. Elibol, B. Reddy, and R. Bashir. Nanoscale thickness double-gated field effect 

silicon sensors for sensitive ph detection in fluid. Applied Physics Letters, 92: 193904, 

2008.

[130] O. Hayden, G. Zheng, P. Agarwal, and C. M. Lieber. Visualization of carrier 

depletion in semiconducting nanowires. Small, 3 (12): 2048–2052, Dec 2007. doi: 

10.1002/smll.200700600.

[131] R. Chen, A. I. Hochbaum, P. Murphy, J. Moore, P. Yang, and A. Majumdar. 

Thermal conductance of thin silicon nanowires. Physical Review Letters, 101 (10): 105501, 

Sep 2008. 

[132] S. Y Chou, P. R. Krauss, and P. J. Renstrom. Imprint of sub-25nm vias and 

transches in polymers. Applied Physics Letters, 67 (21): 3114–3116, NOV 20 1995. ISSN 

0003-6951. 



References 

163

[133] Y. Chen, D. Macintyre, E. Boyd, D. Moran, I. Thayne, and S. Thoms. Fabrication 

of high electron mobility transistors with t-gates by nanoimprint lithography. volume 20,

pages 2887–2890. AVS, 2002. doi: 10.1116/1.1520564.

[134] L. J. Guo, P. R. Krauss, and S. Y. Chou. Nanoscale silicon field effect transistors 

fabricated using imprint lithography. Applied Physics Letters, 71 (13): 1881–1883, SEP 29 

1997. ISSN 0003-6951. 

[135] D. J. Resnick, W. J. Dauksher, D. Mancini, K. J. Nordquist, T. C. Bailey, 

S. Johnson, N. Stacey, J. G. Ekerdt, C. G. Willson, S. V. Sreenivasan, and N. Schumaker. 

Imprint lithography for integrated circuit fabrication. Journal of Vacuum Science and 

Technology B, 21 (6): 2624–2631, NOV-DEC 2003. ISSN 1071-1023. doi: 

10.1116/1.1618238. 47th International Conference on Electron Ion and Photon Beam 

Technology and Nanofabrication (EIPBN), TAMPA, FLORIDA, MAY 27-30, 2003.

[136] W. Zhang and S. Y. Chou. Fabrication of 60-nm transistors on 4-in. wafer using 

nanoimprint at all lithography levels. Applied Physics Letters, 83 (8): 1632–1634, 2003. 

doi: 10.1063/1.1600505. URL http://link.aip.org/link/?APL/83/1632/1.

[137] Y. K. Choi, J. S. Lee, J. Z., G. A. Somorjai, L. P. Lee, and J. Bokor. 

Sublithographic nanofabrication technology for nanocatalysts and dna chips. Journal of 

Vacuum Science and Technology B, 21 (6): 2951–2955, 2003. doi: 10.1116/1.1627805.

[138] D. Schwab. Surface patterning by means of Soft Lithography for Molecular and 

Bio-Electronics. PhD thesis, Rheinisch-Westfaelischen Technischen Hochschule Aachen 

Aachen, Germany, 2007.

[139] http://www.itrs.net/links/2009itrs/Litho2009.pdf 

http://www.itrs.net/links/2003itrs/Litho2003.pdf. Technical report. 

[140] S. Y. Chou, P. R. Krauss, and P. J. Renstrom. Nanoimprint lithography. Journal of 

vacuum science and technology B, 14 (6): 4129–4133, NOV-DEC 1996. 40th International 

Conference on Electron, Ion, and Photon Beam Technology and Nanofabrication (EIBPN), 

ATLANTA, GA, MAY 28-31, 1996.

[141] E. A. Costner, M. W. Lin, W. L. Jen, and C. G. Willson. Nanoimprint lithography 

materials development for semiconductor device fabrication. Annual review of materials 

research, 39: 155–180, 2009. ISSN 1531-7331. doi: 10.1146/annurev-matsci-082908-

145336.

[142] T. DiBiase, M. Ahamdian, and I. Malik. Comprehensive defect analysis 

methodology for nano imprint lithography. Microelectronic Engineering, 84 (5-8): 989–

993, 2007. ISSN 0167-9317. doi: DOI: 10.1016/j.mee.2007.01.080. URL http://-



References 

164

www.sciencedirect.com/science/article/B6V0W-4MYD60H-6/2/-

5e9ed5b3c07771fac02e73109f357b75. Proceedings of the 32nd International Conference 

on Micro- and Nano-Engineering. 

[143] B. Heidari, I. Maximov, E. L. Sarwe, and L. Montelius. Large scale 

nanolithography using nanoimprint lithography. Journal of vacuum science and technology 

B, 17 (6): 2961–2964, 1999. 

[144] B. Heidari, I. Maximov, and L. Montelius. Nanoimprint lithography at the 6 in. 

wafer scale. Journal of vacuum science and technology B, 18 (6): 3557–3560, NOV-DEC 

2000. ISSN 1071-1023. 

[145] L. J. Heyderman, H. Schift, C. David, J. Gobrecht, and T. Schweizer. Flow 

behaviour of thin polymer films used for hot embossing lithography. Microelectronic 

Engineering, 54 (3-4): 229 – 245, 2000. ISSN 0167-9317. doi: 10.1016/S0167-

9317(00)00414-7. 

[146] Y. Hirai, S. Yoshida, and N. Takagi. Defect analysis in thermal nanoimprint 

lithography. Journal of vacuum science and technology B, 21 (6): 2765–2770, NOV-DEC 

2003. ISSN 1071-1023. doi: 10.1116/1.1629289. 47th International Conference on 

Electron Ion and Photon Beam Technology and Nanofabrication (EIPBN), TAMPA, 

FLORIDA, MAY 27-30, 2003.

[147] H.-J. Park, S. K. Kim, K. Park, H. K. Lyu, C. S. Lee, S. J. Chung, W. S. Yun, 

M. Kim, and B. H. Chung. An isfet biosensor for the monitoring of maltose-induced 

conformational changes in mbp. FEBS Letters, 583 (1): 157–162, Jan 2009. doi: 

10.1016/j.febslet.2008.11.039.

[148] H. C. Scheer, H. Schulz, T. Hoffmann, and C. M. S. Torres. Problems of the 

nanoimprinting technique for nanometer scale pattern definition. Journal of Vacuum 

Science and Technology B, 16 (6): 3917–3921, NOV-DEC 1998. ISSN 1071-1023. 42nd 

International Conference on Electron, Ion, and Photon Beam Technology and 

Nanofabrication (EIPBN), CHICAGO, ILLINOIS, MAY 26-29, 1998. 

[149] W. B. Young. Analysis of the nanoimprint lithography with a viscous model. 

Microelectronic Engineering, 77 (3-4): 405 – 411, 2005. ISSN 0167-9317. doi: DOI: 

10.1016/j.mee.2005.01.024.

[150] O. Tabata, R. Asahi, H. Funabashi, K. Shimaoka, and S. Sugiyama. Anisotropic 

etching of silicon in tmah solutions. Sensors and Actuators A, 34 (1): 51–57, JUL 1992. 

ISSN 0924-4247. 6TH INTERNATIONAL CONF ON SOLID-STATE SENSORS AND 

ACTUATORS ( TRANSDUCERS 91 ), SAN FRANCISCO, CA, JUN 24-28, 1991.



References 

165

[151] J.T.L. Thong, W.K. Choi, and C.W. Chong. Tmah etching of silicon and the 

interaction of etching parameters. Sensors and Actuators A, 63: 243–249, 1998.

[152] H. Seidel, L. Csepregi, A. Heuberger, and H. Baumgartel. Anisotropic etching of 

crystalline silicon in alkaline solutions. J. Electrochem. Soc, 137: 3612–3626., 1991.

[153] S. Ingebrandt. Charakterisierung der Zell-Transistor Kopplung. Thesis/dissertation, 

Johannes Gutenberg-Universitaet Mainz, 2001.

[154] S. Schaefer. Electrical characterization of the cell-sensor adhesion with transistor 

transfer function measurements. Master’s thesis, University Koeln, 2008. JUEL-4261. 

[155] S. Gilles. Chemical modification of silicon surfaces for the application in soft 

lithography. Master’s thesis, Technische Universitat Bergakademie Freiberg, 2006.

[156] K. Bernstein and N. J. Rohrer. SOI circuit design concepts. Kluwer Academic 

Publishers, New York/Boston/Dordrecht/London/Moscow, 2002. doi: eBook ISBN 0-306-

47013-6.

[157] T. Sakurai, A. Matsuzawa, and T. Douseki. Fully-Depleted SOI CMOS Circuits 

and Technology for Ultralow-Power Applications. Springer, 2006. 

[158] M. Kottuppallil-Mathew. Detection of biomolecular recognition reactions at the 

solidliquid interface utilizing the isfet transfer function. Master’s thesis, Aachen University 

of Applied Sciences, 2006. 

[159] S. Meyburg. Transistor Arrays for the Direct Interfacing with Electrogenic Cells.

PhD thesis, RWTH Aachen University, 2005. 

[160] D. Chin and A. R. Means. Calmodulin: a prototypical calcium sensor. Trends Cell 

Biol., 10: 322–328, 2000. 

[161] W. Y. Cheung. Calmodulin plays a pivotal role in cellular-regulation. Science, 207: 

19–27, 1980.

[162] C.B. Klee, T.H. Crouch, and P.G. Richman. Calmodulin. Annual Review of 

Biochemistry, 49: 489–515, July 1980. doi: 10.1146/annurev.bi.49.070180.002421.

[163] T.-W. Lina, P.-J. Hsieh, C.-L. Lin, Y.-Y. Fang, J. X. Yang, C.-C. Tsai, P. L. 

Chiang, C. Y. Pan, and Y.-T. Chen. Label-free detection of protein-protein interactions 

using a calmodulin-modified nanowire transistor. PNAS, 107 (3): 1047–1053, January 

2009.

[164] M. Hitzbleck. Calcium binding to surface tethered oligopeptides. Master’s thesis, 

RWTH-Aachen, 2009. 

[165] J. Koetz and S. Kosmella. Polyelectrolytes and nanoparticles. Springer, 2007. 



References 

166

[166] G. Decher, J. D. Hong, and J. Schmitt. Buildup of ultrathin multilayer films by a 

self-assembly process .3. consecutively alternating adsorption of anionic and cationic 

polyelectrolytes on charged surfaces. Thin Solid Films, 210 (1-2): 831–835, 1992.

[167] G. Decher. Fuzzy nanoassemblies: Toward layered polymeric multicomposites. 

Science, 277 (5330): 1232–1237, 1997.

[168] G. Decher and J. B. Schlenoff. Multilayer thin films: sequential assembly of 

nanocomposite materials. Wiley-VCH, 2003. 

[169] R. Dronov, D. G. Kurth, H. Moehwald, F. W. Scheller, J. Friedmann, D. Pum, 

U. B. Sleytr, and F. Lisdat. Self-assembly of s-layer-enveloped cytochrome c 

polyelectrolyte multilayers. Langmuir, 24 (16): 8779–8784, AUG 19 2008. ISSN 0743-

7463. doi: 10.1021/la8006958.

[170] L. Xiaodong, H. Qiaoling, Zhao S., and Shen J. Structure studies of micelle-

enhanced polyelectrolyte microcapsules. Acta polymerica sinica,  (8): 785–790, AUG 

2008. ISSN 1000-3304. 

[171] A. Poghossian, M. H. Abouzar, M. Sakkari, T. Kassab, Y. Han, S. Ingebrandt, 

A. Offenhaeusser, and M.J. Schoening. Field-effect sensors for monitoring the layer-by-

layer adsorption of charged macromolecules. Sensors and Actuators B, 118: 163–170, 

2006.

[172] G. R. Bullock. Techniques in immunocytochemistry. Academic Press, 1989. 

[173] R. J. McMahon, editor. Avidin-biotin interactions: methods and applications.

Humana Press, 2008. 

[174] G. T. Hermanson, editor. Bioconjugate Techniques. Elsevier, second edition 

edition, 2008. 

[175] http://en.wikipedia.org/wiki/DNA. 

[176] J. D. Watson and F. H. C. Crick. Molecular structure of nucleic acids - a structure 

for deoxyribose nucleic acid. Nature, 171 (4356): 737–738, 1953.

[177] U. Schnakenberg, W. Benecke, and D. Loechel. Nh4oh-based etchants for silicon 

micromachining. Sensors and Actuators A: Physical, 23 (1-3): 1031–1035, 1990. 

[178] D. R. Kim, C. H. Lee, and X. Zheng. Probing flow velocity with silicon nanowire 

sensors. Nano Letters, 9 (5): 1984–1988, Mar 2009. doi: 10.1021/nl900238a.

[179] S. J. Tan, I. K. Lao, H. M. Ji, A. Agarwal, N. Balasubramanian, and D. L. Kong. 

Microfluidic design for bio-sample delivery to silicon nanowire biosensor - a simulation 

study. Journal of Physics: Conference Series, 34: 626–630, 2006.



References 

167

[180] P. Paelinck, O.Vancauwenberghe, and F. Van de Wiele. Fast simulation tool for 

mos/soi process optimization. Mat. Res. Proc, 107: 359–362, 1988.

[181] S.-M. Koo, M. D. Edelstein, Q. Li, C. A. Richter, and E. M. Vogel. Silicon 

nanowires as enhancement-mode schottky barrier field-effect transistors. Nanotechnology,

16 (9): 1482, 2005. URL http://stacks.iop.org/0957-4484/16/i=9/a=011. 

[182] S.-M. Koo, Q. Li, M. D. Edelstein, C. A. Richter, and E. M. Vogel. Enhanced 

channel modulation in dual-gated silicon nanowire transistors. Nano Letters, 5 (12): 2519–

2523, Dec 2005. doi: 10.1021/nl051855i. 

[183] S. Chen, J. G. Bomer, W. G. van der Wiel, E. T. Carlen, and A. van den Berg. Top-

down fabrication of sub-30 nm monocrystalline silicon nanowires using conventional 

microfabrication. ACS Nano, 3 (11): 3485, 2009. doi: DOI: 10.1021/nn901220g. 

[184] N. Elfstroem, R. Juhasz, I. Sychugov, T. Engfeldt, A. E. Karlstroem, and 

J. Linnros. Surface charge sensitivity of silicon nanowires: size dependence. Nano Letters,

7 (9): 2608–2612, Sep 2007. doi: 10.1021/nl0709017.

[185] J. F. Eschermann. Silicium Nanodraehte fuer die extrazellulaere Ableitung 

elektrischer Aktivitaet. PhD thesis, Rheinisch-Westfaelischen Technischen Hochschule 

Aachen, 2010. 

[186] P. Bergveld. The future of biosensors. Sensors and Actuators A, 56: 65–73, 1996.

[187] S.R. Morrison, M.J. Madou, and K.W. Frese. Imperfections in and ions diffusion 

through oxide layers on silicon. Applied Surface Science, 6 (2): 138–148, 1980. 

[188] M. Yuan. Electronic and electrochemical characterization of silicon micro wire 

field-effect transistors as label-free biosensors. Master’s thesis, Fachhochschule Aachen, 

2009.

[189] Y. Chen, X. Wang, S. Erramilli, P. Mohanty, and A. Kalinowski. Silicon-based 

nanoelectronic field-effect ph sensor with local gate control. Applied Physics Letters, 89: 

223512, 2006. doi: doi:10.1063/1.2392828.

[190] X. P. A. Gao, G. Zheng, and C. M. Lieber. Subthreshold regime has the optimal 

sensitivity for nanowire fet biosensors. Nano letters, 10 (2): 547–552, FEB 2010. ISSN 

1530-6984. doi: 10.1021/nl9034219.

[191] M. Schonhoff. Layered polyelectrolyte complexes: physics of formation and 

molecular properties. Journal of Physics Condensed Matter, 15 (49): R1781–R1808, 2003. 

[192] M. G. Nikolaides. Silicon-on-Insulator based thin-film-resistor for the detection of 

biomolecular interactions. PhD thesis, Technischen Universitaet Muenchen, 2004.



References 

168

[193] P. A. Neff, A. Naji, C. Ecker, B. Nickel, R. von Klitzing, and A. R. Bausch. 

Electrical detection of self-assembled polyelectrolyte multilayers by a thin film resistor. 

Macromolecules, 39: 463–466, 2006.

[194] http://en.wikipedia.org/wiki/ELISA. 

[195] Y. Liu and R. W. Dutton. Effects of charge screening and surface properties on 

signal transduction in field effect nanowire biosensors. J. Appl. Phys., 106: 014701, 2009. 

[196] O. H. Elibol, B. Reddy, and R. Bashir. Localized heating and thermal 

characterization of high electrical resistivity silicon-on-insulator sensors using nematic 

liquid crystals. Applied Physics Letters, 93: 131908, 2008. 



Acknowledgements 

169

Acknowledgements 

I would like to express my deepest gratitude to my advisors, collaborators as well as to my 

family and friends whose have supported me during this duration. Without support from 

them, this research project would not have been possible.

First of all, I thank Prof. Dr. Andreas Offenhaeusser for the opportunity to conduct an 

interdisciplinary project at the IBN-2 and all his supports and give me a chance to do the 

promotion at RWTH-Aachen. 

Prof. Dr. Sven Ingebrandt for his supervision, support and encouragement he has done to 

help me. 

Prof. Dr. Wield Mowka for his interested and corrected my thesis. 

Prof. Klee and GRK Biointerface-1035 committee for give me the opportunity as a 

member of the interdisciplinary school. I have learned many new things from here. 

Regina Stockmann for her support in the SiNW fabrication and all the things she has done 

to help me. 

Dr. Jan Eschermann for his corporation on the SiNW fabrication project and be a friend 

Dr. Boris Hofmann and Dr. Stefan Eick for all their supports, encouragements and 

correction my thesis. 

Micheal Proempers for his help and the first lesson on the cleanroom processing 

Dr. Petra Schulte for her discussion in biology and sharing a friendly office atmosphere  

Rita Fricke, Marko Banzet, Stephan Schall for routine working help in the laboratory.  

Alexander Kisner for discussion and correction one part of my thesis. 

Dr. Ranjita Goulk Moulik for helping me in surface modification  

Dr. Yan Hua and Manu Mathew-Kottupallil for the first lesson about the biosensor 

experiments with ISFET. 

S Bippus, R. Bley (PE department, FZ Julich) for the support in administration 

H. Bochem for SEM measurements and discussion 



Acknowledgements 

170

Juergen Mueller, Alfred Steffen, Jana Mohr, Hans Wingens, Stephany Bunte for support in 

clean room processing and materials 

Dr. Sandra Gilles for sharing nanoimprint lithography and surface modification 

experiences 

Dr. Anna Reska, Dr. Mathias Schindler sharing the experiences  

Stefan Trellenkamp and Mona Mohr for the help in electron-beam writing for the mold and 

lithography mask fabrication. 

K.H. Deussen for the support in LPCVD processes 

Mrs. Meertens and Mr. Heidelmann (Ernst Ruska center Juelich) for STEM preparation 

and measurements. 

W. Michelsen for the ion implantation 

Dieter Lomparski for his support in programming of the electronic amplifier and spotter 

machine. 

N. Wolter for the modification of the electronic measurement setups. D. Strobl and his 

team for the mechanical workshop especial for the microfluidic template fabrication. 

Martina Hitzbleck for the measurement with Ca2+

Dr. Dirk Mayer, Dr. Bernhard Wolfrum, Dr. Youlia Mourzina, Dr. Simone Meffert for 

their supervision and discussion 

Finally, I would like to thank my wife and my daughters, my uncle Nguyen family, and my 

parents for their constant support. 



Curriculum Vitae 

171

Curriculum Vitae 

Personal information 

Name: VU, XUAN THANG

Nationality: Vietnamese

Sex: Male

Date of Birth: June 15th, 1979

Place of Birth: Thai Binh Pro., Vietnam

Education and research  

2.2010- present 

Research associate at University of Applied Science Kaiserslautern, Germany 

4. 2006 – 1.2010

Ph.D student at Institute 2: Bioelectronics (IBN-2), Institute for Bio- and Nanosystems 

(IBN), Research Center Juelich and member of graduate school “Biointerface-1035”, 

RWTH Aachen University, Germany 

8. 2003 – 3. 2006 

Research associate at International Training Institute for Materials Science (ITIMS), Hanoi 

University of Technology, Vietnam. 

9.2001- 7.2003

Master studies at International Training Institute for Materials Science (ITIMS), Hanoi 

University of Technology, Vietnam: “Magnetic and electrochemical properties of LaNi5-

xMx (M = Ge, Ga) hydride materials”

1997- 9.2001

Bachelor studies at Faculty of Physics, University of Science, Vietnam National 

University, Hanoi, Vietnam. 



Publications 

172

Publications 

Publications in peer-reviewed journals 

1. Vu, X. T.; Eschermann, J. F.; Stockmann, R.; Ghosh Moulick, R.; Offenhäusser, A.; 

Ingebrandt, S., “Top-down processed silicon nanowire transistor arrays for biosensing”, 

Physica Status Solidi A, 206 (2009) 3, 426 – 434 

2. Vu, X. T.; Ghosh Moulick, R.; Eschermann, J. F.; Stockmann, R.; Offenhäusser, A.; 

Ingebrandt, S., “Fabrication and application of silicon nanowire transistor arrays for 

biomolecular detection”, Sensors and Actuators B, 144 (2010) 2, 354 – 360 

3. Vu, X. T.; Stockmann, R.; Wolfrum, B.; Offenhäusser, A.; Ingebrandt, S., “Fabrication 

and application of a microfluidic-embedded silicon nanowire biosensor chip” Physica 

Status Solidi A, 207 (2010) 4, 850 – 857

4. S. Ingebrandt, X. T. Vu, J.F. Eschermann, R. Stockmann, A. Offenhäusser, “Top-down 

Processed SOI Nanowire Devices for Biomedical Applications”, Submitted to ECS 

transactions 2011. 

5. Hitzbleck, M.; Vu, X.T.; Ingebrandt, S.; Offenhaeusser, A.; Mayer, D., “Designed 

functional peptides for capacitive detection of Ca2+ ions in solution” Submitted to 

Langmuir 2010 

6. Eschermann, J. F.; Stockmann, R.; Hüske, M.; Vu, X. T.; Ingebrandt, S.; Offenhäusser, 

A.,“Action Potentials of HL-1 Cells Recorded With Silicon Nanowire Transistors”, 

Applied Physics Letters, 95 (2009) 8, 083703 

7. Ghosh Moulick, R.; Vu, X. T.; Gilles, S.; Mayer, D.; Offenhäusser, A.; Ingebrandt, S., 

“Impedimetric detection of covalently attached biomolecules on field-effect transistors”, 

Physica Status Solidi A, 206 (2009) 3, 417 – 425 

8. Vu, X. T.; Ghosh Moulick, R.; Eschermann, J. F.; Stockmann, R.; Offenhäusser, A.; 

Ingebrandt, S., “Silicon nanowire transistor arrays for biomolecular detection”, 

Proceedings of Eurosensors XXII, Dresden: 07 - 10. September 2008 . 

9. Phuong, T. D.; Mai, T. A.; Vu, X. T.; Ingebrandt, S.; Nguyen, C. D., “DNA sensor 

based on carbon nanotubes for influenza virus (H5N1-TYPEA) detection”, Proceedings of 

Eurosensors XXII, Dresden, 7 - 10 September 2008. - 2008. - S. 1177 – 1180

10. Eschermann, J. F.; Stockmann, R.; Vu, X. T.; Dufaux, T.; Offenhäusser, A.; 

Ingebrandt, S., “Nanowire Arrays for the Extracellular Recording of Electrical Activity and 



Publications 

173

Adhesion Strength”, 19th MicroMechanics Europe Workshop - Technical Digest. - 2008. - 

S. 279 – 282

11. Abouzar, M. H.; Ingebrandt, S.; Poghossian, A.; Zhang, Y.; Vu, X. T.; Moritz, W.*; 

Schöning, M. J., “Nanoplate field-effect capacitive (bio-)chemical sensor array based on 

SOI structure”, Procedia Chemistry 1, Lausanne (Switzerland) 6-9 September (2009). - S. 

670 – 673

Presentations 

1. X.T. Vu, Y. Han, M.M. Kottuppallil, A. Offenhäusser, S. Ingebrandt; “Electronic 

detection of biomolecules binding using Field – Effect Devices”. Nanoelectronic day 2006 

2. X.T.Vu, J.Eschermann, R. Stockmann, S.Ingebrandt. A. Offenhäusser  “Developing Si 

nanowire nanosensors for bio-molecular detection” InternalKoliqium Graduiertenkolleg 

Biointerface Rolduc, Netherland: 11.10.2007 - 12.10.2007 

3. X.T.Vu; “Silicon nanowire transistors for biomolecular detection” Joint Seminar MPI 

Mainz, Bad Münster am Stein: 05.05.2008 - 07.05.2008

4. Vu, X. T.; Eschermann,J. F.; Stockmann,R.; Offenhaeuser,A.; Ingebrandt,S. “ Nanowire 

transistor for biosensor applications” EnFI 08 (Engineering of Functional Interfaces) 

Workshop, Jülich: 12.06.2008 - 13.06.2008 

5. Vu, X. T.; Ghosh Moulick,R.; Eschermann,J. F.; Stockmann,R.; Offenhäusser,A.; 

Ingebrandt,S. “Silicon nanowire transistor arrays for biomolecular detection”, Eurosensors 

XXII, Dresden: 07.09.2008 - 10.09.2008

6. X.T. Vu, R. Stockmann, B. Wolfrum, A. Offenhäusser, and S. Ingebrandt, “Fabrication 

and application of a microfluidic-embedded silicon nanowire biosensor chip”, EnFI 09 

(Engineering of Functional Interfaces) Workshop, Hasselt University, Belgium, 18-

19,June, 2009 

7. Xuan Thang Vu, M. Klotz, K-H. Schäfer, S. Ingebrandt, “Electronic Detection of 

Human CNTF with Silicon Nanowire Transistor Arrays”, Workshop EnFI 2010, Philipps 

Universität Marburg, July 15 & 16, 2010  

8. Xuan Thang Vu “Silicon nanowire arrays for bioelectronics application”, Nano-

conference in Metz, France, on 24.-25.11.2010 

Poster 

1. X.T. Vu, Y. Han, M.M. Kottuppallil, A. Offenhäusser, S. Ingebrandt, “The use of field –

effect devices for electronic detection of biomolecules” Third Focused Workshop on 

electronic recognition of bio-molecules (ERBM3)”. University of Liège, Belgium, 

September 6-8, 2006. 



Publications 

174

2. Vu,X. T.; Eschermann,J. F.; Dufaux,T.; Stockmann,R.; Offenhaeuser,A.; Ingebrandt,S. 

“Silicon nanowire array biosensors for biomolecular detection” Nanoelectronic Days 2008 

Aachen: 13.05.2008 - 16.05.2008 

3.S. Ingebrandt, X.T.Vu, J.F. Eschermann, R. Stockmann, A. Offenhaeusser, „Top-down 

processed silicon nanowire devices for biosensing applications“ Biosensors 2010, 20th

Anniversary world congress on biosensors: 26-28 May 2010, Glasgow, UK. 

4. X.T.Vu, R. Stockmann, A. Offenhaeusser, S. Ingebrandt, “Silicon nanowire transistor 

devices in a dip-chip design for detection of biological analytes” Biosensors 2010, 20th

Anniversary world congress on biosensors: 26-28 May 2010, Glasgow, UK. 

5. A.H. Abouzar, A. Poghossian, X.T. Vu, S. Ingebrandt, W Moritz, M.J. Schoening, 

“(Bio-) chemical sensor array based on nanoplate SOI capacitors”, Biosensors 2010, 20th

Anniversary world congress on biosensors: 26-28 May 2010, Glasgow, UK. 

6. Vu,X. T.; Eschermann,J. F.; Stockmann,R.; Ingebrandt,S.; Offenhaeuser,A.  “Nanowire 

nanosensors for biomolecular detection” International Colloquium Biointerface; Detection 

and control of surface – indicated Biomolecular and Cellular functions, Rolduc, Kerkrade, 

NL: 24.06.2008-26.06.2008

7. Vu,X. T.; Eschermann,J. F.; Stockmann,R.; Ghosh Moulick,R.; Offenhäusser,A.; 

Ingebrandt,S. “ DNA detection with an array of silicon nanowire transistors”  Fourth 

Focused Workshop on electronic recognition of bio-molecules (ERBM 4), University of 

Liège, Belgium: 11.09.2008 - 12.09.2008

8. Phuong,T. D.; Mai,T. A.; Vu,X. T.; Ingebrandt,S.; Nguyen,C. D., “DNA sensor based 

on carbon nanotubes for influenza virus (H5N1-TYPEA) detection” Eurosensors XXII, 

Dresden: 07.09.2008 - 10.09.2008 



Schriften des Forschungszentrums Jülich 
Reihe Schlüsseltechnologien / Key Technologies 

1. Soft Matter 
From Synthetic to Biological Materials 
Lecture manuscripts of the 39th IFF Spring School March 3 – 14, 2008 
Jülich, Germany 
edited by J.K.G. Dhont, G. Gompper, G. Nägele, D. Richter, R.G. Winkler (2008), 
c. 1000 pages 
ISBN: 978-3-89336-517-3 

2. Structural analysis of diblock copolymer nanotemplates using grazing 
incidence scattering 
by D. Korolkov (2008), III, 167 pages 
ISBN: 978-3-89336-522-7 

3. Thermal Nonequilibrium 
Thermal forces in fluid mixtures 
Lecture Notes of the 8th International Meeting on Thermodiffusion, 
9 – 13 June 2008, Bonn, Germany 
edited by S. Wiegand, W. Köhler (2008), 300 pages 
ISBN: 978-3-89336-523-4 

4. Synthesis of CMR manganites and ordering phenomena in complex 
transition metal oxides 
by H. Li (2008), IV, 176 pages 
ISBN: 978-3-89336-527-2 

5. Neutron Scattering 
Lectures of the JCNS Laboratory Course held at the Forschungszentrum Jülich 
and the research reactor FRM II of TU Munich 
edited by R. Zorn, Th. Brückel, D. Richter (2008), ca. 500 pages 
ISBN: 978-3-89336-532-6 

6. Ultrafast Magnetization Dynamics 
by S. Woodford (2008), 130 pages 
ISBN: 978-3-89336-536-4 

7. Role of Surface Roughness inTribology: from Atomic to Macroscopic Scale 
by C. Yang (2008), VII, 166 pages 
ISBN: 978-3-89336-537-1 

8. Strahl- und Spindynamik von Hadronenstrahlen in Mittelenergie-
Ringbeschleunigern 
von A. Lehrach (2008), II, 171 Seiten 
ISBN: 978-3-89336-548-7 

9. Phase Behaviour of Proteins and Colloid-Polymer Mixtures 
by C. Gögelein (2008), II, 147 pages 
ISBN: 978-3-89336-555-5 



Schriften des Forschungszentrums Jülich 
Reihe Schlüsseltechnologien / Key Technologies 

10. Spintronics – From GMR to Quantum Information 
Lecture Notes of the 40th IFF Spring School March 9 – 20, 2009 
Jülich, Germany 
edited by St. Blügel, D. Bürgler, M. Morgenstern, C. M. Schneider,  
R. Waser (2009), c. 1000 pages 
ISBN: 978-3-89336-559-3 

11. ANKE / PAX Workshop on SPIN Physics 
JINR, Dubna, Russia / June 22. – 26, 2009 
Org. Committee: A. Kacharava, V. Komarov, A. Kulikov, P. Lenisa, R. Rathmann, 
H. Ströher (2009), CD-ROM 
ISBN: 978-3-89336-586-9 

12. Entwicklung einer Nanotechnologie-Plattform für die Herstellung  
Crossbar-basierter Speicherarchitekturen 
von M. Meier (2009), 135 Seiten 
ISBN: 978-3-89336-598-2 

13. Electronic Oxides –  
Correlation Phenomena, Exotic Phases and Novel Functionalities 
Lecture Notes of the 41st IFF Spring School March 8 – 19, 2010 
Jülich, Germany 
edited by St. Blügel, T. Brückel, R. Waser, C.M. Schneider (2010), ca. 1000 
pages 
ISBN: 978-3-89336-609-5 

14. 4th Georgian-German School and Workshop in Basic Science 
Tbilisi, Georgia / May 3 – 7, 2010 
Org. Committee: E. Abrosimova, R. Botchorishvili, A. Kacharava, M. Nioradze,  
A. Prangishvili, H. Ströher (2010); CD-ROM 
ISBN: 978-3-89336-629-3 

15. Neutron Scattering 
Lectures of the JCNS Laboratory Course held at Forschungszentrum Jülich and 
the research reactor FRM II of TU Munich 
edited by Th. Brückel, G. Heger, D. Richter, G. Roth and R. Zorn (2010),  
ca 350 pages 
ISBN: 978-3-89336-635-4 

16. Ab initio investigations of magnetic properties of ultrathin transition-metal 
films on 4d substrates 
by A. Al-Zubi (2010), II, 143 pages 
ISBN: 978-3-89336-641-5 

17. Investigation of a metal-organic interface realization and understanding of 
a molecular switch 
by O. Neucheva (2010), 134 pages 
ISBN: 978-3-89336-650-7 



Schriften des Forschungszentrums Jülich 
Reihe Schlüsseltechnologien / Key Technologies 

18. Reine Spinströme in lateralen Spinventilen, in situ Erzeugung und 
Nachweis 
von J. Mennig (2010), V, 95 Seiten 
ISBN: 978-3-89336-684-2 

19. Nanoimprint Lithographie als Methode zur chemischen Oberflächen-
strukturierung für Anwendungen in der Bioelektronik 
von S. Gilles (2010), II, 169 Seiten 
ISBN: 978-3-89336-686-6 
 

20. Macromolecular Systems in Soft- and Living-Matter 
Lecture Notes of the 42nd IFF Spring School 2011 February 14 – 25, 2011 
Jülich, Germany 
edited by Jan K.G. Dhont, Gerhard Gompper, Peter R.Lang, Dieter Richter, 
Marisol Ripoll, Dieter Willbold, Reiner Zorn (2011), ca. 1000 pages 
ISBN: 978-3-89336-688-0 
 

21. The spin structure of magnetic nanoparticles and in magnetic 
nanostructures 
by S. Disch (2011), V, 342 pages 
ISBN: 978-3-89336-704-7 
 

22. Element-selective and time-resolved magnetic investigations in the 
extreme ultraviolet range 
by P. Grychtol (2011), xii, 144 pages 
ISBN: 978-3-89336-706-1 

 
23. Spin-Transfer Torque Induced Dynamics of Magnetic Vortices in 

Nanopillars 
by V. Sluka (2011), 121 pages 
ISBN: 978-3-89336-717-7 

 
24. Adsorption von Phthalocyaninen auf Edelmetalloberflächen 

von I. Kröger (2011), vi, 206 Seiten 
ISBN: 978-3-89336-720-7 

 
25. Time-Resolved Single Molecule FRET Studies on Folding/Unfolding 

Transitions and on Functional Conformational Changes of Phospho-
glycerate Kinase 
by T. Rosenkranz (2011), III, 139 pages 
ISBN: 978-3-89336-721-4 

 
26. NMR solution structures of the MIoK1 cyclic nucleotide-gated ion channel 

binding domain                         
by S. Schünke (2011), VI, (getr. pag.) 
ISBN: 978-3-89336-722-1      



Schriften des Forschungszentrums Jülich 
Reihe Schlüsseltechnologien / Key Technologies 

27. Neutron Scattering 
Lectures of the JCNS Laboratory Course held at Forschungszentrum Jülich and 
the research reactor FRM II of TU Munich 
edited by Th. Brückel, G. Heger, D. Richter, G. Roth and R. Zorn (2011),  
ca 350 pages 
ISBN: 978-3-89336-725-2 

28. Neutron Scattering 
Experiment Manuals of the JCNS Laborator Course held at Forschungszentrum 
Jülich and the research reactorFRM II of TU Munich 
edited by Th. Brückel, G. Heger, D. Richter, G. Roth and R. Zorn (2011),  
ca. 180 pages 
ISBN: 978-3-89336-726-9 

29. Silicon nanowire transistor arrays for biomolecular detection 
by X.T.Vu (2011), vii, 174 pages 
ISBN: 978-3-89336-739-9 

                                                                                          



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Schlüsseltechnologien / Key Technologies
Band / Volume 29
ISBN 978-3-89336-739-9

Sc
hl

üs
se

lt
ec

hn
ol

og
ie

n
K

ey
 T

ec
hn

ol
og

ie
s

Silicon nanowire transistor arrays for biomolecular  
detection

Xuan Thang Vu

29 M
itg

lie
d 

de
r 

H
el

m
ho

ltz
-G

em
ei

ns
ch

af
t

Xu
an

 T
ha

ng
 V

u
Si

N
W

 tr
an

si
st

or
 a

rr
ay

s 
fo

r 
bi

om
ol

ec
ul

ar
 d

et
ec

tio
n



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [419.528 595.276]
>> setpagedevice




